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Abstract
The high temperature phase of SrPd2Sb2 polymorphs exhibits bulk superconductivity below 0.6 K. The electron phonon coupling
constant and density of states are two major factors that control the superconductivity in this intermetallic compound. Here we
report the detailed physical properties including structural, elastic, electronic, and optical properties of this superconducting phase
by using DFT-based computational method. The calculated lattice parameters and density of states show good agreement with
the experimental data. This intermetallic is ductile and comparatively soft with respect to other members of this family. This
compound exhibits metallic conductivity mostly emerging from Pd and Sb atoms that is different from other similar type of
superconducting materials. The strong covalent interactions in Sb-Sb and Sb-Pd bonds define the electronic characteristics of this
superconducting material. The optical properties of this superconductor are fairly comparable with other similar compounds in
this family.

Keywords Superconductivity . DFT study . Physical properties

1 Introduction

ThCr2Si2 structured superconductors possess interesting
physical properties, e.g., mixed valency, heavy fermion na-
ture, valence fluctuation, etc. These superconductingmaterials
exhibit very rich physics owing to their close energies regard-
ing the charge, spin, and orbital dynamics [1, 2]. The group of
ternary intermetallic materials contain more than 2000 repre-
sentatives [3]. These materials are mostly derived from the
BaAl4 type structures. Among these representatives,
ThCr2Si2 structure was first reported by Sikirica et al. in
1965 [4]. A comprehensive geometric investigation of nearly
600materials in this group had been done by Just et al. in 1996
[5]. In recent years, again ThCr2Si2-type superconductors
have received excessive consideration through the discovery
of (Ba0.6K0.4)Fe2As2 high-temperature superconductor with

ThCr2Si2-type structure [6]. In addition, Pd, Pt, and Ni-
based ThCr2Si2-type borocarbides [7–9] have been reported
over the last years with relatively high transition temperature.
It shows the hope to form a family of novel high temperature
superconductors.

Among Pd-based superconductors, the high-temperature
phase of SrPd2Sb2 polymorphs is a familiar low-temperature
BCS superconductor with superconducting critical tempera-
ture of nearly 0.60 K [10]. This superconducting material
possess ThCr2Si2-type structure with bulk superconductivity.
The density of states at Fermi level and electron-phonon cou-
pling are two major factors that determines the transition tem-
perature of this superconductor. It is still interesting to inves-
tigate the detailed physical properties of this material for
gaining a deep understanding about the structure-property re-
lationship of this material.

Although experimental study on the superconducting prop-
erties of SrPd2Sb2 was done by Kase et al. in 2016 [10], there
is no information available in the literature about the detailed
physical properties of this material. In this literature, we aim to
study the detailed physical properties, e.g., structural, mechan-
ical, electronic, and optical properties of this ternary pnictide
SrPd2Sb2 superconductor. The density functional theory-
based theoretical investigation reveals interesting physical
properties of this material.
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2 Theoretical Methodology

The calculations were performed by using the density func-
tional theory-based CASTEP code [11, 12]. Generalized gra-
dient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) exchange correlation functional was used
for treating the exchange correlation energy [13, 14]. The
Pd-4s2 4p6 4d10 5s0.5, Sb-4d10 5s2 5p3, and Sr-4s2 4p6 5s2

were taken as valence electrons for pseudoatomic calcula-
tions. The sets of OTFG ultrasoft pseudopotentials with
Koelling-Harmon relativistic treatment were employed for
calculating the investigated properties of the compound. The
Monkhorst-Pack scheme was used to construct the K-point
sampling of the Brillouin zone [15]. The wave functions were
expanded at 550 eV cut-off energy with 6 × 6 × 8 grids in the
primitive cell of SrPd2Sb2 superconductor. The cut-off energy
and K-point are chosen very carefully to obtain the ground
state of SrPd2Sb2 superconductor as shown in Fig. 1a. All the
calculations were performed by using the same cut-off energy
and K-point to ensure the ground state properties of this su-
perconductor. BFGS (Broyden-Fletcher-Goldfarb-Shanno)
relaxation scheme was used for relaxing the crystal structure
[16]. The finite strain theory was employed to calculate the
elastic stiffness constants of the compound [17]. Volume

conserving strains were used in the primitive cell of the re-
ported superconductor. Voigt-Reuss-Hill (VRH) averaging
scheme [18] was used for calculating the polycrystalline me-
chanical parameters from the estimated Cij. The polycrystal-
line elastic moduli, Pugh’s ratio, Poisson’s ratio, universal
elastic anisotropy, and Vickers hardness were evaluated by
using Eqs. (2)-(13) given elsewhere [19]. The optical proper-
ties were investigated by using the CASTEP tool based on the
standard DFT Kohn-Sham orbitals.

3 Results and Discussion

3.1 Structural Properties

The high-temperature phase of SrPd2Sb2 superconductor be-
long to the tetragonal crystallographic system with space
group I4/mmm (139). The conventional unit cell contains ten
atoms with two formula units. The optimized crystal structure
of SrPd2Sb2 superconductor is illustrated in Fig. 1b. The cal-
culated and experimental unit cell parameters are tabulated in
Table 1. It is evident that the calculated values agree
well with the experimental results. This is a good indi-
cation about the reliability of the present DFT-based
first-principles calculations.

Fig. 1 a K-point and planewave cutoff energy convergence result for structure optimization. b Crystal structure of the high-temperature phase of
ThCr2Si2-type SrPd2Sb2 superconductor

Table 1 Unit cell
parameters of
ThCr2Si2-type SrPd2Sb2
superconductor

Properties SrPd2Sb2

This study Expt. [10]

a0 (Å) 4.692 4.621

c0 (Å) 11.096 10.776

c0/a0 2.364 -

V0 (Å
3) 244.27 -

Table 2 The evaluated elastic constants Cij (in GPa) of SrPd2Sb2
superconductor

Compounds C11 C12 C13 C33 C44 C66

SrPd2Sb2 127.45 15.10 49.54 99.78 29.13 11.09

SrPd2Ge2 [20] 141.05 31.76 65.50 105.79 39.29 21.37
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3.2 Mechanical Properties

Since the high-temperature phase of the studied superconduc-
tor SrPd2Sb2 belongs to the tetragonal family, it has six
independent single crystal elastic constants. The evalu-
ated elastic constants are tabulated in Table 2 with com-
parison of SrPd2Ge2 superconductor [20]. It is evident
from Table 2 that the calculated elastic constants of
SrPd2Sb2 superconductor are nearly comparable with
the SrPd2Ge2 superconductor as both belong to the same
crystal family and share same crystal structure with slightly
different chemical compositions. For being mechanically sta-
ble in nature a compound with tetragonal structural symmetry

should maintain the following stability criteria proposed by
Born-Huang [21].

C11 > 0;C44 > 0;C33 > 0;C66 > 0
C11 þ C33−2C13 > 0;C11 −C12 > 0
2 C11 þ C12ð Þ þ C33 þ 4C13 > 0

9
=

;
ð1Þ

As shown in Table 2, the calculated elastic constants follow
all of the Born-Huang stability criteria implying the mechan-
ical stability of SrPd2Sb2 superconductor. From Table 2, it is
also evident that C11 > C33. This implies that the atomic bond-
ing between (100) and (001) planes does not have the same
strength. The incompressibility along [100] direction is stron-
ger than [001] direction. Again C44 is somewhat larger than
C66 indicating that the [100](001) shear is tougher than the
[100](010) shear for this intermetallic.

The polycrystalline mechanical properties are calculated
from the single crystal elastic constant values as shown in
Table 3. It is evident that the value of bulk modulus, shear
modulus, and Young’s modulus of SrPd2Sb2 superconductor
are somewhat smaller than those of SrPd2Ge2 superconductor.
It implies that the studied intermetallic is somewhat softer
compared with SrPd2Ge2 superconductor. However, both
the superconductors possess smaller elastic moduli compared

Table 3 Calculated polycrystalline bulk modulus B (GPa), shear
modulus G (GPa), Young’s modulus E (GPa), B/G values, Poisson’s
ratio ν, elastic anisotropy AU, and Vickers hardness Hv (GPa) of
SrPd2Sb2 superconductor

Polycrystalline elastic properties

Compound B G E B/G ν AU Hv

SrPd2Sb2 64.74 26.40 69.72 2.45 0.32 1.53 1.75

SrPd2Ge2 [20] 79.26 32.65 86.12 2.42 0.32 0.78 2.44

Fig. 2 Electronic band structure a and density of states; b of SrPd2Sb2 superconductor
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to other members of this family [19, 22] indicating softer
nature of these intermetallics.

The Pugh’s ratio (B/G) is used to predict the brittleness and
ductility of material [23]. B/G < 1.75 determines the brittle-
ness of a material otherwise the compound should be ductile.
As shown in Table 3, the high-temperature phase of SrPd2Sb2
is ductile in nature similar as SrPd2Ge2 superconductor. The
Poisson’s ratio helps to understand the nature of bonding force
in crystal [24]. As shown in Table 3, both the intermetallics
possess central force as both of them follow 0.25 < ν < 0.50
criteria. The Poisson’s ratio is also useful to predict the failure
mode of a compound [25, 26]. ν < 0.26 determines the brit-
tleness of a material; otherwise, the compound should be duc-
tile. According to the Poisson’s ratio, both the intermetallics
are ductile in nature similar as predicted by the Pugh’s ratio.
The universal elastic anisotropy index AU is used to
estimate the anisotropic nature of a crystal [27]. AU =
0 for a completely isotropic materials otherwise the
compound should be anisotropic. From Table 3, it is
evident that the studied compound is anisotropic as the
value of AU deviates from zero. The Vickers hardness
Hv [28] of a material can be estimated by using a new
theoretical model suggested by Chen et al. [29]. The
value of Hv is comparatively smaller implying the soft
nature of the studied compound similar as predicted by
the value of bulk, shear, and Young’s modulus.

3.3 Electronic Properties

Figure 2 shows the electronic band structure and density of
states (DOS) of SrPd2Sb2 superconductor. As illustrated in

Fig. 2a, there is no band gap at the Fermi level (EF) as valance
band and conduction band overlap with each other. It implies
metallic nature of SrPd2Sb2 superconductor. This electronic
behavior is consistent with other similar type of
superconducting materials [19, 20, 22, 30]. The partial and
total DOS of the studied compound is plotted in Fig. 2b.
The valance band is mostly composed of Pd-d and Sb-p states
with minor contributions from Sr-s and Sb-s states. On the
other hand, the conduction band is mostly composed of Sr-s,
Sb-s and Sb-p states. However, Pd-d and Sb-p orbitals con-
tribute most at the Fermi level. Therefore, the metallic con-
ductivity of SrPd2Sb2 superconductor mostly emerges from
Pd and Sb atoms that is different from other similar type of
superconducting materials [19, 22]. The calculated DOS at
Fermi level N(EF) is 2.17 states eV−1 fu−1 that is slightly
higher than the experimentally evaluated N(EF) 1.54 states
eV−1 fu−1 [10]. More experimental and theoretical investiga-
tions are required to understand the existing discrepancy be-
tween these values.

For gaining comprehensive understanding of the chemical
bonding of SrPd2Sb2, superconductor Mulliken atomic popu-
lations [31] have been calculated and analyzed (Table 4). It is
evident from Table 4 that Pd atom retains negative charges,
whereas Sr and Sb atom retains positive charges. Therefore,
charge transfer occurs from Sr and Sb atom to Pd atom [19,
32]. A low value of the bond population specifies the ionic
character (for a perfectly ionic interaction, the value of the
bond population should be zero), whereas a value deviating1
from zero indicates increasing level of covalency [33].
According to this statement, both the Pd-Sb and Sb-Sb bonds
have covalent character. There is no bonding with Sr atoms.

Table 4 Mulliken atomic
populations of SrPd2Sb2
superconductor

Species s p d Total Charge Bond Population Length (Å)

Sr 2.15 5.98 0.82 8.95 1.05 Pd-Sb −1.91 2.6862

SrPd2Sb2 Pd 2.73 6.97 9.40 19.11 −1.11 Sb-Sb −2.16 2.9326

Sb 1.21 3.21 10.0 14.42 0.58

Fig. 3 Charge density map of SrPd2Sb2 superconductor. a Electron distribution of Pd and Sb atoms on XY-plane. b Electron distribution of Sb and Sr
atoms on XY-plane. c Electron distribution of Sr, Pd, and Sb atoms on XZ-plane
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The bond length of Pd-Sb and Sb-Sb bonds is also tabulated in
Table 4.

For further justification of the above explanation about the
chemical bonding of SrPd2Sb2 superconductor, the total elec-
tron density has been calculated. It should be noted that this
calculation has been performed by using the conventional unit
cell of SrPd2Sb2 superconductor. Figure 3 exhibits the elec-
tron density distribution map of SrPd2Sb2 superconductor. As

shown in Fig. 3a, the charge density of Sb and Pd atoms are
overlapped with each other. This implies the covalent charac-
ter of Pd-Sb bonds [34, 35]. It is clear from Fig. 3b that there is
no interaction between Sr and Sb atoms. Figure 3c represents
the complete picture of chemical bonding in SrPd2Sb2 super-
conductor. Charge sharing between two Sb atoms and Sb and
Pd atoms undoubtedly indicates the formation of Sb-Sb and
Sb-Pd bonds with covalent character. There is no bonding

Fig. 4 The optical functions a reflectivity, b absorption coefficient, c conductivity, d loss function, e real part of refractive index, and f imaginary part of
refractive index of SrPd2Sb2 superconductor for polarization vector [100]
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with Sr atoms. These strong covalent interactions in Sb-Sb
and Sb-Pd bonds define the electronic characteristics of this
superconducting material.

3.4 Optical Properties

Optical properties of materials are particularly useful to know
the response of a material upon incident electromagnetic
wave. For optoelectronic applications, the visible part of elec-
tromagnetic spectrum plays a vital role in tuning the efficiency
of the respective devices. In this case, the response of a mate-
rial to visible spectra is crucial. This response can bemeasured
by various optical functions such as, absorption coefficient,
reflectivity, optical conductivity, loss function, and refractive
index.

The calculated reflectivity of SrPd2Sb2 superconductor is
illustrated in Fig. 4a. The reflectivity of this compound is
gradually decreased with the increase in photon energy. The
rate of decrement is not linear. Some peaks are observed in the
reflectivity spectra. In the infrared and visible region of elec-
tromagnetic spectrum, reflectivity is high. It falls sharply in
the ultraviolet zone and becomes almost zero after 35 eV
(plasma edge) with a sharp peak at 24 eV. Reflectivity of this
superconductor is fairly comparable with other similar com-
pounds in this family [20, 36].

The absorption coefficient is defined as the fraction of en-
ergy absorbed per unit length of a material [37, 38]. Figure 4b
illustrates the absorption spectrum of SrPd2Sb2 superconduc-
tor as a function of incident photon energy up to 40 eV. The
absorption spectrum starts from 0 eV, i.e., there is no band gap
in SrPd2Sb2. This finite absorption at low energies indicates
the availability of free charge carriers in SrPd2Sb2, again
confirming the metallic nature of this intermetallic as stated
in section 3.3 (Fig. 2a). It can also be noted that this compound
shows fairly good absorbance at the ultraviolet region with
some minima and maxima.

Photon energy dependent optical conductivity of SrPd2Sb2
superconductor is shown in Fig. 4c. The optical conductivity
is finite at 0 eV that again implies the metallic nature of this
intermetallic. The optical conductivity increases sharply at the
infrared region then starts to decrease at the visible region. The
conductivity gradually decreases to zero at the ultraviolet re-
gion with some minor peaks. This is a common characteristic
of the metallic compounds.

Figure 4d illustrates the energy loss spectrum of SrPd2Sb2
superconductor as a function of incident photon energy. The
loss function indicates the energy loss of a fast electron tra-
versing the material and is large at the plasma frequency
[39–42]. Two notable peaks are observed with the prominent
one at 26 eV, that corresponds to the rapid drop in the
reflectance.

The refractive index of a material is a dimensionless num-
ber that describes how fast light travels through the material

[43, 44]. The refractive index varies with wavelength.
Figure 4e illustrates the real part of refractive index of
SrPd2Sb2 superconductor. The refractive index of this inter-
metallic is high in the low energy region (infrared region) and
gradually falls off in the high energy region (from visible to
ultraviolet region). The refractive index of SrPd2Sb2 super-
conductor at 2.12 eV (584.83 nm) is 2.933 that is compara-
tively larger than diamond (2.42 at 589 nm). For a real refrac-
tive index, only scattering can occur while for a complex
index, both scattering and absorption can take place. The
imaginary part of the refractive index is directly responsible
for the absorption of the light in the medium. Figure 4f illus-
trates the imaginary part of refractive index of SrPd2Sb2 su-
perconductor. The value of the imaginary part of refractive
index is low in the infrared region and high in the visible
region following the gradual decrease in ultraviolet region.

4 Conclusions

In conclusion, we report the detailed physical properties of a
weak-coupling bulk superconductor SrPd2Sb2 having
superconducting critical temperature of 0.6 K. The electron
phonon coupling constant and density of states are two major
factors that control the superconductivity in this intermetallic
compound. This intermetallic is mechanically stable, ductile,
and soft in nature. This compound exhibits metallic conduc-
tivity emerges from Pd and Sb atoms. The strong covalent
interactions in Sb-Sb and Sb-Pd bonds define the electronic
characteristics of this superconducting material. This interme-
tallic shows good reflectivity in the infrared and visible region
of electromagnetic spectrum with strong absorbance in the
ultraviolet region. This computational aspect will help to un-
derstand the basic physical properties of this superconducting
polymorph that could be beneficial for future exploration to
achieve desired properties in this class of superconductor.
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