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We have investigated the structural, elastic, electronic, and lattice dynamical properties of CaPd2Ge2 in the body-centred tetragonal
ThCr2Si2 structure using a generalized gradient approximation of the density functional theory and the ab initio pseudopotential
method. The calculated second-order elastic constants indicate that CaPd2Ge2 is mechanically stable and behaves in a ductile manner.
Our electronic results show that the states close to the Fermi level are primarily contributed by Pd d and Ge p orbitals. A detailed
analysis of electron–phonon interaction calculations reveals that the mechanism for superconductivity in CaPd2Ge2 is mainly governed
by interactions of Pd d and Ge p electrons around the Fermi level with acoustic phonon modes and low–frequency optical phonon modes,
which strongly change PdGe4 tetrahedral bond angles. The values of the average electron–phonon coupling constant and the logarithmic
average frequency are calculated to be 0.66 and 77.3 K, respectively. Inserting these values into the Allen–Dynes formula with using
an acceptable value of µ∗= 0.13 for the effective Coulomb repulsion parameter, the value of superconducting transition temperature is
obtained to be 1.69 K, which is in excellent agreement with its experimental value.

1 Introduction

Recently, ThCr2Si2–type AT2X2 materials (A: an alkaline earth or a lanthanide element; T: a transition
metal; X: Si, P, Ge, or As) have received a great deal of attention of the scientific community. This
is because these compounds exhibit extraordinary properties such as intermediate valence [1–5], heavy
fermion behaviour [6–10], and different magnetic properties [11–16]. Furthermore, superconductivity in
pnictide compounds AT2Pn2 (A = alkaline earth, T = transition metal, and Pn = pnictogen) has been
studied, with the high transition temperature of Tc ∼38K in (Ba,K)Fe2As2 attained when the compound
was doped with holes [17, 18]. In recent years, iron-free pnictides such as BaNi2P2 (Tc ∼ 3 K) [19, 20],
SrNi2As2 (Tc = 0.6K) [21], SrNi2P2(Tc = 1.4 K) [22, 23], BaIr2P2 (Tc = 2.1 K) [24], BaRh2P2 (Tc = 1.0
K) [24], CaPd2As2 (Tc = 1.27 K) [25], and SrPd2As2 (Tc = 0.92 K) [25] have been synthesized. In these
compounds the magnetic metal (Fe) is either replaced by another magnetic metal (Ni) or other transition
metals (Rh, Ir, and Pd), and arsenic is totally replaced by other pnictogen–phosphorus.
The discovery of superconductivity in these ThCr2Si2–type materials has motivated physicists to study

their structural and electronic properties. Shein and Ivanovskii have investigated the structural and elec-
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tronic properties of SrNi2As2, BaNi2As2 and SrNi2P2 by means of the first-principles full potential lin-
earised augmented plane wave (FP-LAPW) [26]. This theoretical work indicated that the electronic states
close to the Fermi level are mainly contributed by Ni d states with some admixture of antibonding P
(As) p states. The linear response approach [27] has been utilized to study electron–phonon interaction
in BaNi2As2. The results of this theoretical work suggested that this material is a conventional phonon-
mediated superconductor. Moreover, the electronic properties of BaNi2P2 has been investigated by several
theoretical groups [28–31]. These theoretical works [28–31] suggested that the density of states at the Fermi
level for BaNi2P2 is dominated by Ni d states with significant admixture of P p states. Very recently, ab
initio pseudopotential calculations [32] have been made to study the structural, electronic and vibrational
properties of SrPd2Ge2, SrPd2As2 and CaPd2As2 crystallizing in the ThCr2Si2–type body–centred tetrag-
onal structure. The electronic results of this theoretical works [32] indicate that the density of states
at the Fermi level is mainly dominated by the strong hybridization of Pd d states and Ge (or As) p
states. Furthermore, electron–phonon interaction calculations [32] for these materials with the linear re-
sponse method suggest that all these compounds are phonon–mediated superconductors with the medium
electron–phonon coupling strength.
In 2014, the discovery of CaPd2Ge2 as a new superconductor with Tc = 1.69 K was reported in the

experimental work of Anand and co-workers [33]. This material also adopts the ThCr2Si2–type structure.
Due to the existence of the nonmagnetic transition metal Pd, no magnetic order is available to interfere
with the superconducting state. In addition to this, this material includes Ge atoms rather that As or P
atoms which are toxic and volatile elements, respectively. Thus, this material is a good choice for searching
the origin of superconductivity in the ThCr2Si2–type structure. Moreover, with a study of the physical
properties of CaPd2Ge2 we can examine the effect of the A element on the physical properties of APd2Ge2.
Furthermore, we can confirm whether the observed superconductivity in such materials is intrinsic of the
PdGe4 layer or not.
Although considerable progress has been made in experimental investigations of superconductivity in

CaPd2Ge2, no theoretical results are available for the electronic and lattice dynamical properties of this
material. Similarly, electron–phonon interaction in CaPd2Ge2 has not yet been studied. Thus, we investi-
gate the structural and electronic properties of CaPd2Ge2 by employing the plane-wave pseudopotential
method and the density functional theory [34, 35]. Details of the electronic band structure and the elec-
tronic density of states near the Fermi energy are presented and discussed in detail. We have also made ab
initio linear response calculations of the lattice dynamics and polarization characteristics of zone-centre
phonon modes. Furthermore, the linear response method [34, 35] has been used to determine calculate
the electron–phonon matrix elements. The Eliashberg spectral function is obtained from the calculated
phonon spectrum and the calculated electron–phonon matrix elements. By integrating the Eliashberg spec-
tral function, the average electron–phonon coupling parameter is calculated. Finally, an explanation for the
difference in the superconducting transition temperature between the isostructural materials CaPd2Ge2
and SrPd2Ge2 [32] has been put forward.

2 Theory

Calculations of the electronic properties and total energy are performed using the Quantum-Espresso
package [34, 35] within the framework of density-functional theory (DFT). The electronic exchange
correlation energy is estimated according to the generalized gradient approximation (GGA) of
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Perdew–Burke–Ernzerhof [36]. Norm–conserving pseudopotentials are employed for a description of in-
teraction between the ionic cores and valence electrons [37]. Single particle wave functions are expanded in
a plane–wave basis, with a kinetic energy cutoff of 60 Ry. The Kohn-Sham equations [38] are solved using
an iterative conjugate gradient scheme, employing a set of Monkhorst–Pack special k points [39]. The
(8×8×8) grid is chosen in order to determine the structural parameters. With this grid, the equilibrium

positions are determined with numerical uncertainty of less than 0.01 Å when all forces are smaller than
0.1 mRyd/a.u. The electronic structure and electronic density of states are calculated by employing the
(24×24×24) grid.
Phonon results have been obtained by employing the linear response method [34,35]. This method avoids

the use of supercells and allows the calculation of the dynamical matrix at arbitrary q vectors. In this
method, the eigenfrequencies and eigenvectors of lattice vibrations are determined within the framework
of self-consistent density functional perturbation theory (DFPT) [34, 35]. A static linear response of the
valence electrons is considered in terms of the variation of the external potential corresponding to periodic
displacements of the atoms in the unit cell. The screening of the electronic system in response to the
displacement of the atoms is taken into account in a self consistent manner. Thirteen dynamical matrices
are calculated on the (4×4×4) Monkhorst–Pack q–point grid, resulting in phonon frequencies converged
to within 0.05 THz. Numerical integration of the Brillouin zone is made using the 8×8×8 Monkhorst-Pack
k-point sampling.
The electron–phonon coupling and the possibility of superconductivity have been studied within the

framework of the Migdal-Eliashberg theory [40–43]. Within this theory, the Eliashberg electron–phonon
spectral function α2F(ω) is expressed as

α2F (ω) =
1

2πN(EF )

∑

qj

γqj
~ωqj

δ (ω − ωqj) , (1)

where N(EF ) is the electronic density of states at the Fermi level and γqj is the phonon line–width for
phonon mode q. When the electron energies around the Fermi level are linear in the range of phonon
energies, the phonon line–width is given by Fermi’s “golden rule” formula [42, 43]

γqj = 2πωqj

∑

knm

|gqj(k+q)m;kn|
2δ(εkn − εF )δ(ε(k+q)m − εF ), (2)

where the Dirac delta functions express energy conservation conditions, and g shows the electron–phonon
matrix element. The summations in Eqs. 1 and 2 are done using the (24×24×24) Monkhorst–Pack dense
mesh of k points in the irreducible part of the Brillouin zone.
The electron–phonon coupling parameter λqj involving a phonon state qj can be expressed as [42, 43]

λqj =
γqj

π~N(EF )ω2
qj

, (3)

where N(EF ) is the electronic density of states at the Fermi level. Finally, the average value of the
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electron–phonon coupling parameter is given as:

λ =
∑

qj

W (q)λqj , (4)

where W(q) is the weight of the q mesh point in the first Brillouin zone. The above summation has been
carried out by employing the 4×4×4 grid in q space, which corresponds to 13 special q points.

3 Results

3.1 Structural, Elastic and Electronic Properties

One of the most common crystal structures found in intermetallic compounds is the ThCr2Si2-type body-
centred tetragonal structure with space group I4/mmm. The intermetallic compound CaPd2Ge2 adopts
this structure, as plotted in Fig. 1(a). The Ca atoms are located in the corner and centre positions of the
unit cell. The transition metal Pd atoms occupy the Wyckoff site 4d [(0, 1/2, 1/4), (1/2, 0, 1/4)] and
generate two–dimensional square planes. The Ge atoms fill the Wyckoff site 4e [(0, 0, z), (0, 0, -z)]. As
the first step of our ab initio study, total energy calculations are performed to determine the equilibrium
structural parameters for CaPd2Ge2. Then, around the region of the total energy minimum, the bulk mod-
ulus (B) and the equilibrium volume have been determined by fitting the numerical data to Murnaghan’s
equation of state [44]. The calculated equilibrium lattice parameters (a and c), the internal parameter (z)
and the bulk modulus are presented and compared with recent experimental results [33] in Tab. 1. The
slight overestimation of structural parameters a and c results from the application of the GGA approxi-
mation. Comparing the optimized lattice parameters in Tab. 1 with those measured experimentally [33],
we obtained differences of 1.5% and 2.1% for the lattice parameters a and c, respectively. The value of the
calculated internal parameter is almost equal to its experimental value of 0.3745 [33]. To our knowledge,
there are no experimental results for the value of B.
The structure of CaPd2Ge2 contains two layers namely, the Pd–Ge and Ca layers which are arranged

alternatively along the z–axis (see Fig. 1(a)). The Pd–Ge layers are separated by the Ca layers. The Pd
atom is tetrahedrally surrounded by four Ge atoms while the Ge atom coordinates with four basal Pd
atoms and one apical Ge atom. The interatomic distance Pd–Ge is 2.532 Å which is smaller than the
value expected from the summation of the two atomic radii: 1.40 Å for Pd and 1.25 Å for Ge. This result
indicates that the PdGe4 layers include strong covalent Pd–Ge bonds and weaker Pd–Pd interactions while
the bonding between Ca and PdGe4 layers is rather ionic. As a consequence, the bonding in this material
can be classified as an interplay between covalent, metallic, and ionic characters. The α, β and γ angles
in Fig. 1 are good indicators of distortion in the PdGe4 tetrahedra. The values of α, β and γ are found to
be 119.66o, 104.63o and 75.37o which compare well with their experimental values of 120.26o, 104.36o and
75.64o [33]. Fig. 1(b) shows the calculated intra-layer electronic charge density along a Ge-Pd line. This
confirms covalent bonding between Ge and Pd. The peak in the bond charge density is closer to Pd than
Ge, consistent with the fact that Pd is approximately 20% more electronegative than Ge.
The elastic properties of superconducting material must be studied because the long-wavelength phonon

spectrum is intimately related to the elastic properties of the material. In this work, the second order
elastic constants are described by means of the energy of a lattice strain [45]. For a body–centred tetragonal
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material such as CaPd2Ge2, we have six independent components of second order elastic constants, i.e. C11,
C12, C13, C33, C44 and C66. The calculated values of these elastic constants for CaPd2Ge2 are presented
in Tab. 1. We note that no experimental or other theoretical results are available for comparison with our
results. The requirements of mechanical stability in a tetragonal crystal lead to the following restrictions
on the elastic constants [46]:

C11 > 0, C33 > 0, C44 > 0 and C66 > 0 (5)

C11 − C12 > 0 (6)

C11 + C33 − 2C13 > 0 (7)

2(C11 + C12) + C33 + 4C13 > 0. (8)

As can be seen from Tab. 1, the calculated elastic constants satisfy the above criteria, suggesting that the
body–centred tetragonal CaPd2Ge2 is mechanically stable. For tetragonal crystals, there are two Cauchy
relations C12 = C66 and C33 = C44 [46]. Tab. 1 clearly shows that the calculated elastic constants do not
obey these two relations. This indicates that the non-central forces are very important for CaPd2Ge2 due
to its covalent character since these Cauchy relations are strictly satisfied if the atoms interact only with
central forces.
Using the Voigt–Reuss–Hill (VRH) averages [47–49], the isotropic bulk modulus (BV RH), the isotropic

shear modulus (GV RH), Poisson ratio (ν) and elastic modulus (E) can be calculated from the second order
elastic constants:

BV =
2

9
(C11 + C12 + 2C13 + C33/2) (9)

BR = C2/M (10)

C2 = (C11 + C12)C33 − 2C2
13 (11)

M = C11 + C12 + 2C33 − 4C13 (12)

GV = (M + 3C11 − 3C12 + 12C44 + 6C66)/30 (13)

GR =
15

(18BV /C2 + 6(C11 − C12) + 6/C44 + 3/C66)
(14)

BH =
BV +BR

2
(15)

GH =
GV +GR

2
(16)

E =
9BHGH

(3BH +GH)
(17)

ν =
3BH − E

6BH
. (18)

The subscripts V , R and H refer to Voigt, Reuss and Hill, respectively. The calculated values of the
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isotropic bulk modulus (BV RH), the isotropic shear modulus (GV RH), Poisson ratio (ν) and elastic modulus
(E) are presented in Tab. 2. As can be seen from this table, the calculated value of the isotropic bulk
modulus (BV RH) is comparable to the bulk modulus (B) value of 83.20 GPa (see Tab. 1) obtained from
the Murnaghan’s equation of state [44]. The value of the ratio BH/GH is found to be 3.00, which is
considerably larger than the critical value of 1.75 separating ductile and brittle materials [49], indicating
CaPd2Ge2 behaves in a ductile manner.
The Debye temperature ΘD is a fundamental attribute of a crystal because it links elastic properties with

thermodynamics properties, such as specific heat, melting temperature and vibrational entropy. In this
work, ΘD of CaPd2Ge2 is computed by using the mean sound velocity Vm and the following expression [50]:

ΘD =
h

k
(
3n

4π

NAρ

M
)1/3Vm, (19)

where k is Boltzmann’s constant, h is the Planck’s constant, n is the number of atoms in the molecule,
NA Avogadros number, ρ is the density and M is the molecular weight. The mean sound velocity can be
given as:

Vm =

[

1

3
(
2

V 3
T

+
1

V 3
L

)

]

−1/3

(20)

VT =

(

GH

ρ

)1/2

(21)

VL =

(

3BH + 4GH

3ρ

)1/2

, (22)

(23)

where VT and VL are transverse and longitudinal sound velocities, respectively. The values of VT , VL and
Vm are found to be 1993 m/s, 4153 m/s and 2241 m/s, respectively. Inserting the calculated value of Vm

into Eq. 19, the value of ΘD for CaPd2Ge2 is found to be 248 K which compares well with its experimental
value of 259 K [33].
Fig. 2 presents the calculated electronic band structures of CaPd2Ge2 without and with spin orbit

interaction (SOI) along the high symmetry directions in Brillouin zone of body-centred tetragonal lattice.
The calculated band structure (see Fig. 2) reveals metallic character for CaPd2Ge2 with several bands
cutting the Fermi level. There are no full potential calculations for the electronic properties of this material.
However, our electronic results for SrPd2Ge2 [32] , LuNi2B2C [51] and BaNi2P2 [52] are in good
accordance with available full potential results. Thus, we expect that our electronic results for CaPd2Ge2
will show good agreement with the future full potential results. Fig. 2 clearly shows the splitting of bands
due to SOI, however, remains negligible, in particular at the Fermi level. Thus, we can conclude that the
effect of SOI on the studied material can be ignored. The total density of states (DOS) and the partial
DOS of each element, broken up into site and angular momentum contributions, are illustrated in Fig. 3.
There is a double peak lying between -11.0 and -7.4 eV which has maximum contribution from the s
states of Ge atoms. There are two strong peaks at -3.6 and -2.8 eV in the energy window from -5.7 to
-1.8 eV, which are composed mainly of Pd d states with a considerable hybridization of Ge p states. This



Physical properties of the body–centred tetragonal CaPd2Ge2 7

hybridization is the evidence for a strong covalent interaction between Pd and Ge atoms. The energy range
-1.8 eV up to the Fermi level is contributed by the Pd d, Pd p and Ge p states. We can conclude that the
valence DOS region of CaPd2Ge2 is mainly characterized by the states of PdGe4 layers, while Ca d orbitals
contribute mainly to energies far above the Fermi level. This result is expected because Ca atoms are in
a charged state close to Ca2+. A critical assessment of DOS shows that the bonding nature in CaPd2Ge2
is a combination of covalent, ionic and metallic bonds.
The bands close to the Fermi level are crucial for governing superconducting properties because Cooper

pairs in the BCS theory are constituted by electrons which have energies close to the Fermi level. From
our calculations, the total density of states at the Fermi level (N(EF )) for CaPd2Ge2 amounts to be
2.57 States/eV. The value of N(EF ) plays a considerable role in obtaining superconducting properties
because according to the McMillan-Hopfield expression, the electron–phonon coupling constant λ is given
as [42, 43];

λ =
N(EF ) < I2 >

M < ω2 >
, (24)

where M represents the mass of the atoms and < ω2 > denotes the average of squared phonon frequencies.
Further, < I2 > represents the Fermi surface average of squared electron–phonon coupling interaction.
As can be seen from the above equation, the large value of N(EF ) makes a positive contribution to the
value of λ. The contributions from Ca, Pd and Ge atoms to N(EF ) are approximately 7%, 54%, and 39%,
respectively. Pd d, Pd p and Ge p states alone contribute 31%, 19% and 37% to N(EF ), respectively.
Thus, following the McMillan-Hopfield expression, we can emphasize that the d electrons of Pd atoms and
p electrons of Ge atoms have considerable effects on the superconducting properties of CaPd2Ge2. When
SOI is included, the value of N(EF ) is increased from 2.57 States/eV to 2.59 States/eV. Again, this result
shows that the effect of SOI on electronic and superconducting properties of CaPd2Ge2 is very small. We
have to mention that a similar observation has been made for CaIrSi3 in our previous work [53], although
its structure (BaNiSn3 type) lacks inversion symmetry along the c-axis.

3.2 Phonons and Electron–Phonon interaction

The zone-centre optical phonon modes (12 in all) of CaPd2Ge2 can be classified by the irreducible represen-
tation of the point group D4h (4/mmm). As obtained from group theory, the symmetries of the zone-centre
optical phonon modes are presented as

Γ = 2Eu + 2A2u +B1g + 2Eg +A1g,

where the E modes are doubly degenerate. The frequencies of the zone-centre optical phonon modes are
given together with their electron–phonon coupling parameters and their eigen characters in Tab. 3. The
E modes arise from the vibrations of related atoms (see Tab. 3) along the x̂ and ŷ axes, whereas the one-
dimensional A and B modes are characterized by the vibrations of related (see Tab. 3) atoms along the ẑ
axis. The largest contribution to the electron–phonon coupling parameter comes from the lowest Eg phonon
mode. This phonon mode arises from the vibrations of Pd and Ge atoms with Ca atoms at rest. This result
is expected because the electronic states near the Fermi level are mainly contributed by the Pd d and Ge p
states. This vibrational mode dynamically modifies the tetrahedral bond angles in PdGe4, which leads to
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an overlap of Pd d and Ge p orbitals. This strong overlap makes the electron–phonon coupling parameter
of the lowest Eg phonon mode larger than the corresponding parameter for other phonon modes. A similar
observation has been made for SrPd2Ge2 [32] which is isostructural to CaPd2Ge2.
For a realistic discussion of the electron–phonon coupling parameter λ, it is necessary to analyze the

electron–phonon matrix elements involving phonons of all polarizations throughout the Brillouin zone. We
illustrate the results for the phonon dispersion relations in Fig. 4(a) along several symmetry directions and
the corresponding phonon density of states in Fig. 4(b). The phonon spectrum extends up to 6.58 THz and
all phonon modes have positive frequencies, strongly suggesting that the optimized CaPd2Ge2 structure is
dynamically stable. The phonon spectrum splits into three regions. The three acoustic and six optical bands
extend up to 4.64 THz in the first frequency region. The acoustic phonon branches disperse up to 3.78
THz which indicates strong degree of overlap between the acoustic and low–lying optical phonon modes in
this frequency region. This strong overlap may lead to the heat–carrying acoustic branches being scattered
by the low–lying optical branches, which may decrease phonon contribution to the thermal conductivity
of this material. The second frequency region between 4.67 and 6.04 THz is formed by five optical bands
which show considerable dispersion like the optical phonon modes in the first frequency region. There is
a gap of 0.03 THz between these two regions. There is only one optical phonon band in the third region
between 6.28 and 6.58 THz. This region is separated by gap of 0.24 THz from the five dispersive optical
phonon bands distributed in the second region. The nature of the phonon spectrum can be more clearly
understood by examining the total and partial phonon density of states (see Fig. 4(b)). Strong overlap
between Pd and Ge vibrations exist between 0.0 and 2.5 THz due to the strong covalent bonding between
these atoms. The contribution of Pd to the phonon modes is strongest between 2.50–3.75 THz. Thus, we
can emphasize that Pd and Ge atoms contribute to acoustic phonon branches and low-lying optical phonon
branches. Although Ca is the lightest element in this compound, it dominates at intermediate frequencies
from 3.75–4.64 THz. Such intermediate frequencies of Ca vibrations can be related to weak bonding forces
between this light mass atom and the remaining atoms. On the other hand, Ge dominates at frequencies
above 4.67 THz, although its mass is much heavier than the mass of Ca atom. Furthermore, although Pd
atoms are the heaviest of three atoms, they make considerable contribution to the phonon bands above
4.67 THz. This observation can be linked to strong bonding forces between Ge and Pd atoms.
In order to obtain numerical values of the contributions of different phonon modes to couple with

electrons, and thus to assess which modes have the ability to impress superconductivity in CaPd2Ge2 most,
we have illustrated the Eliashberg spectral function together with the variation of the electron–phonon
coupling parameter (λ) with increasing frequency in Fig. 5. The phonon modes below 3.75 THz make the
largest contribution to λ within approximately 77%. This is expected because the low frequency phonon
modes make a positive contribution to the strength of electron-phonon coupling parameter according to
the McMillan-Hopfield expression. In addition to this, electronic states near the Fermi level are mainly
contributed by the d orbitals of Pd and the p orbitals of Ge atoms. Thus, we can conclude that the acoustic
phonon branches and low–frequency optical phonon branches are more involved in the process of scattering
of electrons than high frequency optical phonon branches. By using Eq. 4, the average value is found to be
λ=0.66 which suggests that the electron–phonon interaction in this material is of medium strength. With
λ calculated, the transition temperature Tc can be obtained from the Allen-Dynes formula [42, 43]:

Tc =
ωln

1.2
exp

(

−
1.04(1 + λ)

λ− µ∗(1 + 0.62λ)

)

, (25)
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where the logarithmically averaged phonon frequency ωln can be expressed as

ωln = exp

(

2λ−1

∫

∞

0

dω

ω
α2F (ω)lnω

)

. (26)

Inserting the calculated value of λ into Eq. 26, the value of ωln is determined to be 77.3 K. µ∗ in Eq. 25 is
the screened Coulomb pseudopotential parameter which takes a value between 0.1 and 0.16 [42, 43]. The
value of µ∗ is chosen to be 0.13 in the experimental work of Anand and co-workers [33]. Thus, following
this experimental work [33], we use this value for µ∗. Using the Allen-Dynes formula and taking the value
of µ∗ = 0.13, we obtain Tc = 1.69 K which is is in excellent agreement with its experimental value [33].
Finally, we make a comparison of superconductivity parameters between CaPd2Ge2 and its isostructural

compound SrPd2Ge2 [32] by analyzing their electronic and phonon structures. This comparison is shown in
Tab. 4. Before making any discussion, we have to specify that there are three main factors which influence
the value of Tc for BCS-type superconductors. These factors are the electronic DOS at the Fermi level
(N(EF )), the logarithmic average phonon frequency (ωln), and the strength of electron–phonon coupling
parameter (λ). With regards to the electronic structures, the replacement of Sr by Ca decreases the value
of N(EF ) from 2.70 States/eV to 2.57 States/eV. This change influences the value of λ because it is
directly linked to the change in N(EF ) as noted from the McMillan-Hopfield expression. Furthermore, the
replacement of Sr by Ca brings down the value of λ from 0.74 to 0.66. These two changes make the value
of Tc for CaPd2Ge2 lower than that of SrPd2Ge2 [32]. Although Sr is replaced by Ca, superconductivity in
CaPd2Ge2 still exists. Thus, we can conclude that the observed superconductivity in both materials seems
to be intrinsic of the PdGe4 layers, whereas A (Sr or Ca) stabilizes their structure by donating electrons
to PdGe4 layers. This clearly describes the retention of medium superconductivity in CaPd2Ge2 upon the
replacement of Sr by Ca.

4 Summary and Conclusion

In this work, we have studied the structural, elastic, electronic, lattice dynamical, and electron–phonon
interaction properties of CaPd2Ge2 adopting the ThCr2Si2–type structure by using the generalized gradient
approximation of the density functional theory and the planewave pseudopotential method. The calculated
structural parameters accord very well with their experimental values. The calculated second order elastic
constants reveal that the body-centred tetragonal CaPd2Ge2 is mechanically stable and behaves in a ductile
manner. The electronic energy band crossing the Fermi level along the Γ–Z direction is very dispersive,
revealing metallic nature of the electronic structure of CaPd2Ge2. The effect of SOI on the electronic
properties of CaPd2Ge2 is very small while the states close to the Fermi level are primarily contributed
by Pd d and Ge p orbitals.
Examination of the Eliashberg spectral function reveals that acoustic and low–frequency optical branches

are more involved in the process of scattering of electrons rather than high–frequency optical phonon
modes. Our calculations show that electron-phonon coupling is capable of supporting the observed super-
conductivity. The value of average electron–phonon coupling parameter λ is found to be 0.66, indicating
that CaPd2Ge2 is a medium–coupling BCS superconductor. Using the Allen-Dynes modified McMillan
equation with the screened Coulomb pseudopotential parameter µ∗ = 0.13, the value of superconducting
critical temperature is found to be 1.69 K which is in excellent agreement with its experimental value of
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1.69 K.
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Table 1. The calculated structural parameters and second order elastic constants (Cij) for the body–centred tetragonal CaPd2Ge2,

and their comparison with recent experimental results. The lattice parameters are given in Å while the bulk modulus and second

order elastic constants are given in GPa.

Source a c z B C11 C12 C13 C33 C44 C66

This work 4.3776 10.1823 0.3749 83.20 127.91 40.53 66.13 132.32 30.54 12.81
Experimental [33] 4.3116 9.9675 0.3745

Table 2. Isotropic bulk modulus BV RH , shear modulus GV RH , Young’s modulus E ( all in GPa) and Poisons’s ratio ν for

GaPd2Ge2, determined from the corresponding second order elastic constants Cij

Source BV BR BH GV GR GH E ν
This work 81.52 80.34 80.93 29.14 24.68 26.91 72.67 0.35

Table 3. Calculated zone-centre optical phonon mode frequencies (ν), electron–phonon coupling parameters (λ) and phonon eigen

characters for the body–centered tetragonal CaPd2Ge2.

Mode Eg B1g Eu A2u A2u Eu Eg A1g

ν (in THz) 2.024 3.105 4.100 4.621 5.258 5.856 5.869 6.452
λ 0.103 0.084 0.007 0.006 0.006 0.005 0.025 0.079

Eigen characters Pd+Ge Pd Ca+Pd Ca+Ge Ge+Pd+Ca Ge+Pd+Ca Ge+Pd Ge

Table 4. Comparison of superconducting state parameters for CaPd2Ge2 and SrPd2Ge2. Theoretical results for SrPd2Ge2 are

taken from Ref. [32].

Material N(EF )(States/eV) ωln(K) λ Tc(K)
CaPd2Ge2 2.57 77.3 0.66 1.69

SrPd2Ge2 [32] 2.70 101.4 0.740 3.20
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Figure 1. (a) The ThCr2Si2-type crystal structure of CaPd2Ge2. (b) The covalent nature of the intra-layer electronic
charge density between Ge and Pd atoms is shown.
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Figure 4. (a) The calculated phonon dispersion relations for the body–centered tetragonal CaPd2Ge2 along symmetry
directions of the body–centered tetragonal Brillouin zone. (b) Total and partial phonon density of states.
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