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The ab initio calculation is performed to investigate about the structural and the electron
transport properties of the experimentally reported (parent) compounds viz., BaFegAsa,
SrFea Aso, CaFegAse and the novel compounds which are anticipated from our com-
putational work namely BaFesBia, SrFeaBia, CaFeaBis with different magnetic order.
The space group of the reported compounds is 14/mmm (139) and belong to ThCr2Sis
type. The formation energies of the reported compounds are compared in the anti-
ferromagnetic (AFM), nonmagnetic (NM) and ferromagnetic (FM) orders. From the
comparison, it reveals that the anti-ferro magnetism is the stabled state for the reported
compounds. At ambient temperature with constant relaxation time, the resistivity, power
factor, Seebeck coefficient and electrical conductivity are computed by using BoltzTraP
transport theory code. To explain the superconducting nature of the novel compounds
the transition temperature (T¢), electron—phonon coupling factor and Debye tempera-
ture are calculated and presented. The mechanical stability of the compounds is exam-
ined by using Young’s, bulk and shear modulus, anisotropy constant and Poisson’s ratio
which are calculated by using Tetra-elastic code. The Mechanical Temperament of these
compounds is analyzed by using Pugh’s ratio. The ELATE tool is used to visualize the
elastic properties of these compounds. The thermodynamical stability of the compounds
is examined by using Gibbs free energy, vibrational Helmholtz free energy and entropy
which are calculated by using Gibbs2 code. All the properties of the theoretically pre-
dicted (novel) compounds are analyzed and compared with their parent (experimentally
reported) compounds.
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1. Introduction

The ThCrsSiy type tetragonal system is commonly known as 122 compounds and
it is one of the ideal system to demonstrate the essence of iron (Fe) pnictide
(Pn where Pn are P, As, Sb and Bi) unconventional superconductors among
the recently discovered Fe-based high-temperature superconductors.! From the
literature, it is understood that several structural families are possible for iron
pnictides such as ternary 111 (e.g., LaFeAs), 122 (e.g., BaFesAss), quaternary 1111
(e.g., LaFeAsO) and five-component 32225 (e.g., SrzScoFesAs;05), etc.? The gen-
eral trend observed in these series is optimal critical temperature (7;) is higher
in the order 1111 > 122 > 11. This observation implies that the optimal T, is
enhanced by the inter-layer spacing of FePn layers and these materials are used
to make superconducting bulk magnets interesting for novel permanent magnet
applications.? Recently, it was found that the transition temperature of iron pnic-
tide superconducting compounds is about 55 K.* Hence, it is considered as one
among the best group of unconventional superconducting system. The analyses
of magnetic and electronic structures of the compounds help to investigate about
superconductivity.® The literature®® shows that the ternary iron-based arsenide
namely AFesAss compounds, (where A is alkali earth metal) turn into super-
conducting upon hole or electron doping. In ab initio calculation, the magnetic
moment, bonding nature and interaction between the atoms are to be resolved
by Fe-As distance.? In addition, these compounds are exploring possible effects of
Lifshitz transition *under temperature/pressure.1? The structural transition is also
accompanied by a transition into an antiferromagnetically (AFM) ordered state.

11-15 are proposed

The current scientific results of iron pnictide superconductors
the new ideas on unconventional superconductors, in which these materials are
involved with magnetic elements that are previously considered to be contrary
to superconductivity. Recent research proved that the antiferromagnetism (AFM)
and the superconductivity are microscopically coexisting in unconventional super
conductors.1® Although nickel pnictide critical temperature (T¢) are much lower
than the T¢’s of the iron pnictide superconductors, some of these low T com-
pounds resemble the high T iron pnictides in their crystal structure and also in
some of their properties.!” Subedi et al.!® have mentioned that though BaNisAs,
and BaFes Ass have similar band structure, the Fermi level is shifted up in BaFe;Aso
compound owing to the difference in valence electron count and it leads to remark-
able difference in their electronic properties (i.e.,) change in transition metal alone
results in two different compounds with significant change in their superconduct-
ing Tc range. This suggests that the so-called mechanism of superconductivity
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in nickel-based 122 compounds might be different from that in iron-based 122
compounds.

The present study deals with the band structure study of newly proposed
iron-based 122 pnictides, namely (Ca/Sr/Ba)Fe;Biy compounds. In our earlier
work, we have performed the preliminary band structure analysis of iron pnictide
compounds namely (Ca,Sr,Ba) FeoBis (see Ref. 19) with various potential schemes.
The BaFe;Bisy, SrFesBis, CaFeyBis compounds are not yet experimentally synthe-
sized. Hence, the lattice parameters of above-mentioned compounds are derived
from experimentally synthesized BaFesAss, SrFesAs,, CaFesAss compounds re-
spectively and then it is optimized. Hence, these compounds are marked as their
parent compounds. From the results, it is observed that the existence of unconven-
tional superconductivity is possible in the reported compounds. Hence, this work
motivates us to investigate the possibilities of superconducting parameters in var-
ious magnetic orders of proposed compounds and their parent superconducting
compounds to lead comparative study. In the present study, the optimized struc-
tural, magnetic and electronic properties of all the compounds are computed in
the AFM, nonmagnetic and ferro magnetic orders and the stability nature of the
compounds are analyzed. Resistivity calculation helps to understand and confirm
the possibility of superconductivity in the reported compounds. The mechanical
stability of the compounds and ductile/brittle nature of the compounds are well
examined by analyzing their Mechanical properties by using Tetra-elastic code.

2. Computational Details

In the present study, the computations are performed by using Full Potential
Linearized Augmented Plane Wave (FP-LAPW) method employed in the WIEN
2K code.?? The applied schemes of potentials are Generalized Gradient Approxi-
mation (GGA)?! and GGA + Hubbard (GGA+U). The negligible core leakage is
obtained by fine tuning the radius of muffin tin spheres (Ryr) and 1000 k-points
(optimized) are used in the Brillouin Zone (BZ). In throughout, the calculation
suitable plane wave expansion (Ryr * Kyax) is fixed as Ref. 7. In this entire self-
consistent calculations the force, charge and energy accuracies are 1 mRy, 0.001 |e|
and 0.0001 Ry, respectively. Pressure—volume relation has been obtained by Birch
and Murnaghan equation of state?? and the total energy has computed. The struc-
tural parameters are calculated from volume optimization followed by ¢/a optimiza-
tion and then position minimization. The same optimization procedure has been
followed in an AFM, nonmagnetic (NM) and ferro magnetic (FM) orders of these
compounds.

The elastic constants of tetragonal structure are calculated by Tetra-elastic code.
It is compatible with the highly accurate all electron full potential linearized aug-
mented plane wave plus local orbital [FP-(L)APW+lo] method as implemented in
WIEN2k code. In order to testify new Tetra-elastic code, few tetragonal structure
compounds whose elastic constants are known experimentally and theoretically were
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used and there is good agreement with the previous calculations. The tetra-elastic
package calculates the tetragonal elastic constants based on the second-order deriva-
tive E”(g) of polynomial of Energy versus Strains at zero strain (¢ = 0). This code
is used to calculate the six independent elastic constants of tetragonal symmetry,
namely; C11, C12, C13, C33, C44 and C66.

3. Results and Discussion

3.1. Structural stability analysis of proposed compounds under
NM, FM and AFM order

To validate our study, initially the parent compounds namely (Ca,Sr,Ba)FesAs, are
analyzed by computational method which belongs to tetragonal structure ThCroSiy
type (T-type) and 139 (I4/mmm) space group.*?* The position of atoms for
Ca,Sr,Ba; Fe and As/Bi are (0, 0, 0), (0, 0.5, 0.25) (0, 0, Zas Bi), respectively.
Here, Z g i is the internal coordinate which is responsible to the iron and pnictide
distance.?

Initially, the volume and ¢/a ratio optimization followed by position minimiza-
tion has performed in nonmagnetic order. All the above-mentioned optimization
steps are performed with suitable spins calculation for ferro and AFM order. The
structural parameters of the novel compounds namely (Ca,Sr,Ba)FesBis are initially
framed from their respective parent compound. Then all the structural parameters
of the novel compounds are optimized by following volume, ¢/a ratio and position
optimization are tabulated in Tables 1-3.

In all the above-mentioned magnetic orders, the formation energy of
the mixed metal arsenide ((Ca,Sr,Ba)FesAss) and mixed metal bismuthides
((Ca,Sr,Ba)FesBiy) compounds are calculated by using, Fr = Erotal — Fa — Ere —
Eag/Bi- Erotal (see Ref. 9) where Er, Ex, Ere, Eaq/p; are the total energy and
energy of alkaline (E,), iron (Ep.), arsenide (or) bismuth (Eas/p;), respectively.
The formation energy of all these compounds are compared in NM, FM and AFM
magnetic orders (Tables 1-3). The lowest energy leads the system to be more stable;
in accordance with this observation, the reported compounds are stable in AFM
order. From the literature, it shows that the iron arsenide AFM is pertinent to un-
conventional (high-T,.) superconductivity.2> The pnictides with high atomic number
(bismuth /antimony) can exhibit higher T value compared to the pnictides which
have smaller atomic number (arsenide and phosphide). Example; LiFeSb and
LaFeAsO compound has been predicted to have a higher T compared to LiFeAs
and LaFePO compounds, respectively. In addition, Bi-based 2212 compounds (T, =
92 K) and 2223 (T, = 110 K) compounds are reported as high-temperature super-
conducting compounds (HTSC).2¢ In view of all these observations from the litera-
ture, it is understood that the reported novel compounds namely (Ca/Sr/Ba)Fe;Bis
may exhibit high-temperature superconductivity. Hence, further studies have been
carried out to enhance and validate our prediction.
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3.2. Electronic, magnetic and thermo electric properties
of the compounds to exhibit their superconducting nature

In computational study, Stoner criterion is the important tool to examine the
magnetic stability of the compounds.?” Itinerant magnetism emerges in metallic
systems that exhibit high density of states (DOS) at the Fermi level and suffi-
cient delocalization of magnetic electrons to achieve appropriate band dispersion.
Both the conditions are typically satisfied for systems containing d-electrons. Stoner
showed that such conditions can lead to spontaneous spin polarization of the elec-
tronic band structure at the Fermi level, creating an unbalanced spin distribution
(magnetic ordering).2® The Stoner criterion states that the stability of magnetism
can be achieved, when N(Er) I is greater than 1 due to spontaneous polarization
or else it leads the instability of magnetism (N (Ep)I < 1) and the classic value of
I is 0.9.29. The obtained values of Stoner criterion for all the proposed compounds
are presented in Table 4 and the values are greater than one. Hence, the stability in
magnetism is confirmed in the novel compounds similar to their parent compounds.
Further, to analyze the magnetic nature of the compounds magnetic susceptibility
is calculated by using the formula x = pup2N(Er) and the results assured the AFM
behavior of the compounds (Table 4).

The spin polarization (P) at the Fermi energy level is one of the important fac-
tors to resolve the superconducting point contact.3%3! The characterization of P is
not significant when it is 0% and 100%. The intermediate spin polarizations have
remarkable significance and it may support for superconductivity. The spin polar-
ization at Er (P) can be calculated as P = N(Eg)up — N(Er)down/N(Ep)up +
N(Er)down and the obtained values are presented in Table 4. The observed val-
ues are shown that, the bands of “s” and “d” orbital are the one of the factors to
control P value. If the contribution from d-states increases, it leads to the incre-
ment in value of P. The total and partial Density of States histograms with spin
(up and down) calculation for stable AFM state are shown in Figs. 1 and 2. The
DoS histograms revealed that the major contribution of N(Eg) is raised by Fe—d
states than other elements/states and the same satisfies the above discussion about
spin polarization (P) factor. Due to more hybridized s — d bands in CaFe;Bis and
SrFes As, compounds, the P value is less than other compounds.

BoltzTraP code interfaecd in WIEN2K program is used to analyze the thermo
electric properties of the projected compounds.3* The computed electrical resistivity
(p), Seebeck coefficient, electrical conductivity per unit relaxation time (o/7) and
power factor are provided in Table 4 and the obtained values are agreed well with
the existing results. The positive and negative Seebeck coefficient arises due to
dominant hole and electron transport contribution, respectively.® The computed
electrical resistivity value at 300 K of the parent and novel compounds is in the range
of 0.01-1.28 uf2-cm (Table 4) are feasible to predict the nature of superconductivity
in these compounds. The same observation is supported from their conductivity
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Fig. 1. (Color online) Total and partial spin-up and spin-down DOS histograms in AFM state
(GGA+U) (a) CaFegAsz, (b) SrFeaAsz and (c) BaFegAsa.

values are in the range from 0.07807 102! Q! m~! s~! to 30.497 102!Q~ 1 m~! s~}

and power factors upto 357 uW/(cm K?2).
The electron and phonon coupling factor should be less than 0.5 for unconven-
tional superconductors.4! In order to improve the strength of our above discussions,
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Fig. 2. (Color online) Total and partial spin-up and spin-down DOS histograms in AFM state
(GGA+U) (a) CaFeaBia, (b) SrFesBis and (c¢) BaFesBis.

the electron and phonon coupling constant is obtained by using the relation,
Ath = 37/[272 Kg?N(Er)] — 1 (see Ref. 42) and shown in Table 4. The obtained
Aeh values (=0.38) are not more than 0.5 and it helps to know about the possible
superconducting nature of the proposed compounds. To extend our study, the su-
perconducting transition/critical temperature is calculated for all the reported com-
pounds. Hence, the Debye’s temperature (fp) is calculated by using the relation,

1950341-10



Coexistence of superconductivity and antiferromagnetism

0p = (h v, /Kg) (672q/V)/? (see Ref. 43) where h is the Planck’s constant, vy, is
the elastic wave velocity, Ky is the Boltzmann’s constant, ¢ is the number of atoms
in the unit cell and V' is the volume of the unit cell. All these values are obtained by
using tetra-elastic code.* By applying fp and A, values in McMillan Formula, the
transition temperature (7,) of the reported compounds is calculated as follows,*>
T. =0p/1.45 exp [—(1.04(1+ )/ (A—px—0.62 )], where px (0.13) is the Coulomb
coupling constant and the calculated values of fp and T, are presented in Table 4
and agreed well with available results. These values show that BaFesBis exhibits

high T, (30.78 K) than CaFe2Biy (12.97 K) and SrFe;Biy (12.05 K) compounds.

3.3. Mechanical properties and thermodynamic stability
of the compounds

The tetra elastic code is used to compute the elastic parameters viz., c11, ¢33, c44,
66, c12 and c13 (Table 5). The observed results have good agreement with the
available results. These elastic constants are used to check the Born mechanical
stability criteria*® and the conditions are c11 > 0, c44 > 0, ¢66 > 0, c11-¢12 > 0,

Table 5. Mechanical properties of (Ca/Sr/Ba)Fes(As/Bi)2 in AFM (stabled) state.

Parameter CaFes Aso CaFesBio SrFes Aso SrFesBig BaFes Aso BaFesBis

C11 (GPa) 103.08 157.6165 151.5507 158.3187 116.12 286.2568
(166)47
Ci2 (GPa) 37.0511 56.7841 27.7362 43.7872  28.4828 276.4381
(30)47
C13 (GPa) 57.6212 82.2714  31.7828 62.6403  76.7827 117.4250
(36.8)*7
Csz3 (GPa) 138.8486 156.0884  82.0855 86.2347  131.6611 13.3808
(65)47
Cy4 (GPa) 78.1355 5.6176 3.8686 4.8185 78.0881 127.1184
(0)47
Ces (GPa) 114.5348 43.5272  70.1208 10.6628  68.5273 11.5212
(80.5)47
Bulk 71.82 68 63 83 81 178
modulus (70 £ 4)48 (67 + 4)48
(B) (GPa)
Shear 31 (Gmin) 21 4 (Gmin) 12 18 (Gmin) 58
modulus 115 (Gmax) 70 (Gmax) 78 (Gmax)
(G) GPa)
Young’s 77 (Emin) 73 15 (Emin) 36 53 (Emin) 157
modulus 186 (Fmax) 147 (Fmax) 174 (Fmax)
(E) (GPa)
Poisson’s —0.42 (0min) 0.675 0.02 (omin) 0.426 —0.40 (0 min) 0.35
ratio (o) 0.58 (0max) 0.88 (0max) 0.80 (0max)
(GPa)
Anisotropic 8.3 6.5 3.1 1.2 2.6 2.8
factor
(AU)
Pugh ratio 0.48 0.30 0.33 0.14 0.11 0.33
(G/B)
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2¢11 4+ ¢33 4+ 2¢12 4+ 4¢13 > 0, c11 4+ ¢33 — 2¢13 > 0.50. These elastic constants are
used to calculate Young’s (E), bulk (B), shear (G) modulus and Poisson’s ratio (o).
The universal anisotropy factor is given by, AV = 5Gv/Gry Byv/Br — 6,% where
Gy is Voigt shear modulus, Gr is Reuss Shear modulus, By is Voigt bulk modulus
and Bg is Reuss bulk modulus, respectively. In an isotropic medium, AY is zero
and in anisotropic medium AV is nonzero. The observed AV values are presented
in Table 5 and all these values are nonzero. Hence, the proposed materials are
observed as highly anisotropic material. In our earlier work, an anisotropic nature of
these materials is revealed from their electron density plots through bonding nature
between the atoms.'® The existence of covalent bonding is in between Fe and As
(Bi) atoms; metallic bonding exists in between As (Bi) and As (Bi) atoms and ionic
bonding nature exists in between alkali earth metal (Ca/Sr/Ba) to FeAs(Bi) blocks.
The mixed bonding nature reveals the anisotropic bonding nature of the proposed
materials. The present study verified the same through its mechanical parameters.
One of the evidences to find mechanical nature of the compound is Pugh’s ratio
(G/B); if G/B exceeds the value 0.5, the material is brittle and the lower value
(<0.5) shows ductility nature. In this study, the compounds are exhibiting Pugh’s
ratio (Table 5) less than 0.5; hence, it indicates the ductile nature of the materials
and the result is consistent with the earlier reports.!

Further, the elastic properties of all the materials are visualized by using Elate®?
tool to analyze the elastic tensors. By using the elastic constants, the eigenvalues of
the stiffness matrix (A1, A2, A3, Ag, A5, Ag in GPa) are calculated. It helps to exam-
ine the mechanical stability and anomalous mechanical behavior of the compounds
including the possibility for large negative linear compressibility or negative area
compressibility or the potential for adsorption or pressure-induced large-scale struc-
tural transitions. Elate tool is used to obtain the 3D image of Young’s modulus,
Shear modulus and Poisson ratio by using the triangular form of 6 x 6 symmet-
ric matrix of elastic constants and the obtained figures (Figs. 3-7) are used to
analyze the distribution of elastic property along 3D axes. The different shape of
the 3D images allows the determination of directions of particular interest in the

(a) (b) (©)

Fig. 3. (Color online) CaFeaAsy — (a) 3D Young modulus, (b) 3D Shear modulus and (c) 3D
Poisson’s ratio.
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elastic properties, which are not necessarily along the crystallographic axes of the
material. For a stable structure, the eigenvalues are positive and the stiffness ma-
trix is invertible. The calculated eigenvalues of the stiffness matrix of CaFesAssy
(59,66,74,79,115,220); SrFepAsy (4,4,65,70,124,197); BaFesAss (6,58,69,76,78,148);
CaFeyBis (1,3,6,6,44,167); SrFesBiy (5,5,11,11,16,182) shows that the mechanical
stability of these compounds. The eigenvalue of the stiffness matrix is negative for
BaFe;Bis compound; it shows the mechanical instability of the system through the
observation of elastic tensors and unable to plot 3D images of various moduli, but
the same compound is satisfied under Born stability criteria. Hence, it may indicate
the possibility of structural deformation of this compound due to external stress.®
The plot of Young’s modulus with their spherical coordinates at different direc-
tions is used to depict the features of elastic anisotropy; Directional dependence of
Young’s modulus figures of CaFesAsy [Fig. 3(a)], BaFesAss [Fig. 5(a)], CaFeyBis
[Fig. 6(a)] shows that strong anisotropic properties in [100], [010] and [001] planes
due to its lack of uniform distribution of stress and strain (Nonspherical curve). In

(a) (b) (©)

Fig. 4. (Color online) SrFezAsz — (a) 3D Young modulus, (b) 3D Shear modulus and (c) 3D
Poisson’s ratio.

Y
_2[1’)0 ;

-

(a) (b) (©

Fig. 5. (Color online) BaFeaAsz — (a) 3D Young modulus, (b) 3D Shear modulus and (c) 3D
Poisson’s ratio.
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5 X

(a) (b) ©

Fig. 6. (Color online) CaFesBiz — (a) 3D Young modulus, (b) 3D Shear modulus and (c) 3D
Poisson’s ratio.
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Fig. 7. (Color online) SrFesBip — (a) 3D Young modulus, (b) 3D Shear modulus and (c) 3D
Poisson’s ratio.

SrFes(As/Bi)g, [Figs. 4(a) and 7(a)] show that uniform distribution along x and
y-axis but not along in z-axis [001], hence showing lower anisotropy than “Ca” and
“Ba” based materials. The Shear modulus give the maximum (Gmax) along [001]
direction while the G, along the [100] direction [Figs. 3(b), 4(b), 5(b), 6(b) and
7(b)] and the same reveals the anisotropic nature of the compound. The surface
corresponding to the maximum Poisson ratio is shown in blue and the surface corre-
sponding to the minimum Poisson ratio is shown in green [Figs. 3(c), 4(c), 5(c), 6(c)
and 7(c)] along [001] plane. In these figures, the solid green lobes represent positive
values of Poisson’s ratio and translucent red lobes for negative values. From these
observations, it shows that all the mechanical parameters are more dominant along
[001] plane in the reported compounds.

The thermodynamic stability occurs when a system is in its lowest energy
state or chemical equilibrium with its environment. Theoretically, the stability of a
particular structure is derived by determining its minimum Gibbs free energy (G)
using the relationship G = E + PV + TS, where E is the internal energy, P is
the pressure, V' is the volume and S is the vibrational entropy. These calculations
have been performed for the reported compounds with the Gibbs2 code.?* The
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Fig. 8. Gibbs free energy versus temperature.

thermodynamic properties are determined by using quasi-harmonic Debye model
which is implemented in Gibbs code and shown in Fig. 8. One can see that the Gibbs
free energy, decreases slightly with increasing temperature in all the reported com-
pounds and the same depicts the thermodynamic stability of the compounds. The
trend followed in between the Gibbs free energy (G) and the temperature is same
for parent compounds namely (Ca/Sr/Ba)FesAsy shown in Figs. 8(a), 8(c) and 8(e)
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and novel compounds namely (Ca/Sr/Ba)Fe;Biy are shown in Figs. 8(b), 8(d) and
8(f), respectively. The vibrational Helmholtz free energy is an important parameter
to determine the dynamic stability of a structure. A structure with more negative
value of the Helmholtz free energy will be considered to be more stable. In these
reported compounds, Helmholtz free energy is found to be decreased on increasing
temperature and the stability is confirmed.

4. Conclusion

The theoretically proposed CaFe;Biy, SrFesBis and BaFe;Bis compounds are
analyzed to understand their stable magnetic nature. By comparing the possi-
ble parameters such as total and formation energy, magnetic moment of these
compounds in AFM, nonmagnetic (NM) and ferro magnetic (FM) orders, it is
observed AFM is the stabled nature of the proposed materials. The comparative
structural, electronic and magnetic properties analysis between (Ca,Sr,Ba)Fe;Biy
and (Ca,Sr,Ba)FesAsy suggests that (Ca,Sr,Ba)FeyBis compounds are isostruc-
tural with experimentally reported superconducting (Ca,Sr,Ba)FesAss compounds.
The obtained resistivity 0.01-1.25 (uf-cm) of (Ca,Sr,Ba)FesBiy compounds pro-
vided a lead to the possible superconductivity nature of these compounds. These
observations concluded that contemporaneous of superconductivity and AFM is
possible in (Ca,Sr,Ba)FesBis compounds alike their parent compounds. BaFe,Bis
might exhibit high T.(~ 30 K) than other proposed materials. All the parent
(Ca,Sr,Ba)Fes Ass and novel (Ca,Sr,Ba)FesBiy materials exhibit ductile nature and
are satisfied by Born stability criteria. (Ca,Ba)Fea(As/Bi)s materials exhibit strong
anisotropic mechanical properties than SrFes(As/Bi)s. Eigen values of the stiffness
matrix gives a clue for possible phase transformation of BaFe;Bis compound.
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