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Abstract

We have aimed to explore the influence of spin orbit coupling (SOC) on the
electronic, elastic, mechanical, lattice dynamical and electron-phonon interaction
properties of the simple orthorhombic IrGe using first principles density functional
calculations within the generalized gradient approximation. The effect of SOC on
the above properties of IrGe is mainly associated with Ir atom which possesses a 5d
orbital and much heavier mass than that of Ge atom. The calculated values of nine
independent elastic constants satisfy all the stability criteria, indicating that IrGe is
mechanically stable in its MnP-type crystal structure. Also, no imaginary phonon
frequencies are found in the phonon dispersion curves, indicating the dynamical
stability of IrGe in its orthorhombic structure. Inclusion of SOC leads to the hard-
ening of some low-frequency phonon modes which influences the electron-phonon
interaction. Furthermore, inclusion of SOC leads to a decrease in dominant peaks
of the Eliashberg function, and thus decrease in the values of the electron-phonon
scattering parameter λ as well as the superconducting transition temperature Tc.
Using the calculated value of λ with SOC, the value of Tc is obtained to be 5.09 K
which compares very the recent measured value of 5.17 K.
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1 Introduction

Despite the discovery of unexpected high transition temperatures in oxides [1], intermetallic
superconductors still continue to receive special interest. The reason for this is that the process-
ing of high-temperature oxide compounds in the form of flexible compounds such as wires or
coils is still very difficult to achieve due to their brittle, salt-like structure. Thus, intermetallic
compounds are usually used as superconducting magnets and wires [2–4]. Recently, this special
interest has gravitated towards intermetallic superconductors based on heavy 5d transition met-
als such as Ir and Pt which are chracterised by large spin orbit coupling (SOC). In recent years,
several Ir-based intermetallic superconductors have been discovered by experiments. Specific
heat, electrical resistivity, and magnetic susceptibility measurements [5] indicate that Ir-rich
Mg10Ir19B16 is a type-II superconductor at 4.45 K with an electron-phonon coupling strength
(λ) of 0.66. For this superconductor [5], the density of states at the Fermi level is dominated by
Ir atoms which display strong SOC in their 5d states. Thus, SOC is anticipated to play a signif-
icant role in the transition from the normal state to the superconducting state in Mg10Ir19B16

due to the heavy mass of Ir atom. Two experimental groups [6,7] have reported that Li2IrSi3
displays type-II superconductivity with a superconducting transition temperature Tc of 3.8 K.
Two theoretical calculations [8,9] made on this superconductor reveal that Ir 5d states make
the main contribution to the electronic density of states close to the Fermi energy. In particular,
Lu and co-workers [9] have concluded that Li2IrSi3 is a weak-coupling phonon-mediated super-
conductor. The existence of bulk superconducting transition with Tc = 5.8 K for the pyrochlore
lattice superconductor CaIr2 has been reported and the properties of this superconductor have
been elucidated trough magnetization [10]. Electronic band structure calculations made on this
superconductor [10] reveal that the density of states at the Fermi level is mainly dominated by
the 5d states of Ir atoms. Thus, big SOC effect is expected for the physical properties of CaIr2.
Recently, the role of SOC on the physical properties of CaIr2 has been confirmed by the ab

initio calculations of Tütüncü and co-workers [11]. When SOC is taken into account, phonon
modes in CaIr2 become harder, and thus, the value of λ diminishes from 1.43 to 1.05. For this
superconductor, the low-frequency phonon modes couple strongly to electrons at the Fermi
level. This result is anticipated since these vibrations arise from the motion of Ir atoms and
their 5d states make the largest contribution to the density of states at the Fermi level. In 2016,
Okamoto and co-workers [12] reported the presence of bulk superconducting transition at 3.4
K in the ternary phosphide ScIrP. Electronic structure calculations reveal that the electronic
density of states at the Fermi level is contributed by the Sc 3d and Ir 5d orbitals. Thus, SOC
has the potential to effect the superconducting properties of this superconductor. This reality
motivated Cuamba and co-workers [13] to study the effects of SOC on the electronic, phonon
and electron-phonon interaction properties of ScIrP using a first principles method with and
without SOC. When SOC is included, phonon modes become softer, and the values of λ and
Tc increase for ScIrP. Haldolaarachchige and co-workers [14] have reported the synthesis and
characterization of Ir-rich compound LaIr3 which exhibits superconductivity below Tc = 3.3
K. A critical comparison of electronic band structures of LaIr3 and LaRh3 indicates that the
Ir-rich compound has a strong SOC effect because of the heavier mass of Ir atom as compared
to that of Rh atom.

Another Ir-based compound IrGe is reported to display superconductivity below Tc = 4.7 K [15].
This superconductor adopts the simple orthorhombic MnP-type structure. Several 4d- and 5d-
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based transition metal germanides MGe (M = Rh, Pd, and Pt) have this crystal structure.
The superconducting transition temperature is reported to be 0.96 K and 0.40 K for RhGe
and PtGe, respectively, while PdGe is not known to superconduct above 0.4 K [15]. Thus, IrGe
possesses the highest transition temperature value among its isostructural compounds. In 2013,
Hirai and co-workers [16] reported a detailed characterization of IrGe and a comparison to its
isostructural compounds RhGe, PdGe and PtGe. Their specific heat measurements [16] reveal
that IrGe is an s-wave superconductor with a superconducting transition temperature of 5.17
K which is comparable with the earlier reported value of 4.7 [15]. Although superconductivity
in IrGe has been known since 1963, neither the electronic properties nor the phonon properties
of IrGe have been investigated yet. However, when studying systems in the metallic state,
many physical properties, such as electrical and thermal resistivity, thermal expansion, and
superconductivity, seem to be designated by phonons and their interactions with electrons.
Therefore, a theoretical investigation of electron-phonon interaction in IrGe is warranted to
assess the superconductivity mechanism of this compound.

In this paper, we aim to explore the structural and electronic properties of the simple orthorhom-
bic IrGe using the ab inito pseudopotential method based on a generalized approximation of the
density functional theory. The consideration of SOC lifts the degeneracies of some electronic
bands. The second-order elastic constants are computed by imposing an external strain on the
crystal, relaxing any internal parameters of the energy versus strain curve. The second order
elastic constants are also effected by the inclusion of SOC. Then, phonons in IrGe have been
investigated by the application of ab initio a linear-response scheme. Our electronic and phonon
results allow us to determine the Eliashberg spectral function of IrGe, from which the average
electron-phonon coupling strength is evaluated. The effect of SOC on the phonon spectrum of
IrGe draws our attention. The SOC increases the frequency of some phonon modes and de-
creases the strength of the dominant peaks of the Eliashberg spectral function. Thus, it reduces
the value of λ as well as the value of Tc. Using the calculated value of λ with SOC, the value
of Tc is identified to be 5.09 K which is close to the recent measured value of 5.17 K [16].

2 Method

The calculations were performed using the the Quantum-Espresso (QE) package [17,18] based
on the first-principles density functional theory (DFT) within the plane-wave pseudopotential
method. The Kohn-Sham equations [19] were solved using the Perdew-Burke-Ernzerhof general-
ized gradient approximation (GGA) [20]. The electrostatic interaction between valence electron
and ionic core was represented by the full relativistic ultrasoft pseudopotentials [21] in order
to include the spin-orbit coupling. The wave function was expanded in plane waves with the
energy cutoff of 60 Ry. The crystal structure of IrGe is totally relaxed by the Broyden-Fletcher-
Goldfrab-Shanno optimized method [22]. The total energy changes during the optimization was
finally converged to 1.0×10−6 eV and the forces per atom was reduced to 0.01 eV/Å. Momen-
tum space integration was carried out by using the Monkhorst-Pack special k-points sampling
scheme over the the irreducible part of the Brillouin-zone (IBZ) [23]. A (8×8×8) zone-centred
grid was chosen to determine the structural parameters of IrGe while its electronic structure
and the electronic density of states were determined with a (24×24×24) zone-centred grid.
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Single-crystal elastic constants (Cij) for orthorhombic IrGe are calculated using the stress-strain
approach based on Hook’s law: implement a suitable strain to the lattice to distort the lattice
vectors, compute the total energy against strain δ at volume V, and obtain the elastic constants
from the second-order coefficient in the resulting strain. For an orthorhombic crystal, there are
nine independent elastic constants, C11, C12, C13, C22, C23, C33, C44, C55, and C66. These elastic
constants can be calculated by using nine equations which have the following forms:

E(δ)− E(0)=
1

2
C11Voδ

2, e = (δ, 0, 0, 0, 0, 0) (1)

E(δ)− E(0)=
1

2
C22Voδ

2, e = (0, δ, 0, 0, 0, 0) (2)

E(δ)− E(0)=
1

2
C33Voδ

2, e = (0, 0, δ, 0, 0, 0) (3)

E(δ)− E(0)=
1

2
(4C11 − 4C12 − 4C13 + C22 + 2C23 + C33)Voδ

2, e = (2δ,−δ,−δ, 0, 0, 0) (4)

E(δ)− E(0)=
1

2
(C11 − 4C12 + 2C13 + 4C22 − 4C23 + C33)Voδ

2, e = (−δ, 2δ,−δ, 0, 0, 0) (5)

E(δ)− E(0)=
1

2
(C11 + 2C12 − 4C13 + C22 − 4C23 + 4C33)Voδ

2, e = (−δ,−δ, 2δ, 0, 0, 0) (6)

E(δ)− E(0)=
1

2
C44Voδ

2, e = (0, 0, 0, δ, 0, 0) (7)

E(δ)− E(0)=
1

2
C55Voδ

2, e = (0, 0, 0, 0, δ, 0) (8)

E(δ)− E(0)=
1

2
C66Voδ

2, e = (0, 0, 0, 0, 0, δ), (9)

where e is the strain configuration. In this work, we compute 21 sets of E(δ)−E(0)
Vo

-δ by altering δ
from -0.02 to 0.02 in steps of 0.001. Finally, our results are fitted to a parabola, and the elastic
constants are derived from the quadratic coefficients.

The framework of the self-consistent density functional perturbation theory [17,18] was used to
study the phonon properties of IrGe. We computed eight dynamical matrices for a 2×2×2
q-point mesh within the irreducible part of the Brillouin zone. Then, they were Fourier-
transformed to real space and thus the force constants obtained, which were used to get phonon
frequencies for any q-points. The DFT [17,18] also ensures a confident framework for imple-
menting from first principles [17,18] the Migdal-Eliashberg approach [24–28] for determining
the superconducting properties of crystals. According to the Migdal-Eliashberg theory [24,25],
the Eliashberg spectral function (α2F (ω)) is defined in terms of the phonon linewidth γqj by

α2F (ω)=
1

2πN(EF )

∑

qj

γqj
h̄ωqj

δ (ω − ωqj) , (10)

γqj =2πωqj

∑

knm

|gqj(k+q)m;kn|
2δ(εkn − εF )δ(ε(k+q)m − εF ), (11)

where N(EF ) and ωqj are the electronic density of states per atom and spin at the Fermi
level and the phonon frequency, respectively, ε(k+q)m and gqj(k+q)m;kn are the band energies and
the electron-phonon matrix elements, respectively. The matrix element for electron-phonon
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interaction is

gqj(k+q)m;kn =

√

√

√

√

h̄

2Mωqj

< j,k + qm|∆V SCF
q |i,kn >, (12)

where M is atomic mass and ∆V SCF
q denotes the derivative of the self-consistent effective

potential with respect to the atomic displacements caused by a phonon with wave vector q.
Occasionally, it is necessary to identify a phonon mode dependent electron-phonon coupling
parameter λqj:

λqj =
γqj

πh̄N(εF )ω2
qj

. (13)

Then, the average electron-phonon coupling λ is the summation of λqj over all phonon modes
(qj) in the IBZ,

λ =
∑

qj

λqjW (q), (14)

where W (q) is the weight of a sampling q point in the IBZ. The logarithmically averaged
frequency ωln has the following form [17,18,24,25,27,28]:

ωln = exp





1

λ

∑

qj

λqjlnωqj



 . (15)

The Allen-Dynes modified McMillan equation [27,28] is often used to determine the supercon-
ducting temperature Tc:

Tc =
ωln

1.2
exp

(

−
1.04(1 + λ)

λ− µ∗(1 + 0.62λ)

)

. (16)

Here µ∗ is the Coulomb pseudopotential representing Coulomb repulsion, which is taken to be
0.10 in this study. It is necessary to specify that Fermi-surface sampling for the evaluation of
the electron-phonon matrix elements has been performed by using the 24×24×24 k-mesh with
a Gaussian width 0.015 Ry.

3 Results

3.1 Structural and Electronic Properties

IrGe possesses the simple orthorhombic MnP-type crystal structure with space group Pnma.
Its primitive unit cell, depicted in Fig. 1(a), contains four formula units (eight atoms), and
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each atom occupies the Wyckoff position (4c) [(x, 1/4, z)], where x and z denote the inner
coordinates. This structure is thus described by three lattice parameters; a, b and c, and
four inner coordinates; xIr, xGe, zIr and zGe. In order to determine these parameters, we have
made the full structural optimization using the total energy minimization and zero atomic force
criteria. The calculated values of the three lattice parameters and the four inner coordinates are
given in Tab. 1, along with corresponding measured values [15,16]. In general, our calculated
results are consistent with the experimental data [15,16]. The deviations from the recently
measured values [16] of a, b and c are 0.4%, 3.0% and 0.4%, respectively. As can seen from
Fig. 1(b), each atom is in six-fold coordination constituted by six atoms of the different type.
The average of these six bond lengths is calculated to be 2.55 Å shorter than the sum of
covalent radii for Ir and Ge 2.61 Å. This result suggests that Ir and Ge atoms are bonded
not only by ionic interaction, but also covalently. This feature is totally expected because the
electronegativities of Ir and Ge are close to each other.

Fig. 2(a) presents the calculated electronic band structure of IrGe with and without SOC
along symmetry directions of the simple orthorhombic Brillouin zone. The computed results
suggest that IrGe is a three-dimensional metal with four dispersive bands crossing the Fermi
level. The bonding in IrGe can be categorized as an interplay between covalent, metallic and
ionic characters. The consideration of SOC in the electronic calculations causes splitting of
some bands. This effect is more explicit along the X-S symmetry direction. Furthermore, the
consideration of SOC changes the energies of some electronic bands, considerably. To attain an
essential insight into the relationship between superconductivity observed and the electronic
states of IrGe, we have calculated the total electronic density of states (DOS) and the partial
electronic density of states (PDOS), which are presented in Fig. 2(b). For comparison, the total
DOS without SOC is also shown in this figure. The lower valence bands arise predominantly from
the Ge 4s states with lesser contribution from the other electronic states. Thus, these valence
bands are nearly not effected by the inclusion of SOC. In the energy range from -6.9 to -4.8 eV,
Ge 4p PDOS has the same shape as Ir 5d states which is an evidence of a strong hybridization
between these states and thus of covalent interaction. Thus, p-d hybridization stabilizes the
crystal structure of IrGe. Ir 5d states with strong SOC make the largest contribution to the
DOS features in the range from -4.8 eV to the Fermi level. As a result, the SOC has considerable
influence on the DOS features in this energy region. As electrons near the Fermi level specify
the superconducting properties of solids, we have to find out their nature. The total DOS at
the Fermi level (N(EF )) is mainly dominated by the 5d states of Ir atoms but the contribution
of Ge 4p states is also considerable. However, the contribution of Ir 5d states to N(EF ) is more
than two times larger than that of Ge 4p states. This result suggests that the d electrons of
Ir atoms have the main contribution to the superconducting properties of IrGe, since electrons
having energies close the Fermi level have the potential to form Cooper pairs in the BSC theory.
Finally, the value of N(EF ) with SOC is computed to be 4.747 States/eV which is lowered to
4.703 States/eV by non-inclusion of SOC.

The calculated Fermi surfaces with and without SOC are shown in Fig. 3. Because this com-
pound has centrosymmetricity, there is no sign of antisymmetric spin-orbit coupling effect, such
as 2-fold band splitting detected in the electronic band structure. Along the X-S direction, 4-
fold degenerated bands are split into 2-fold degenerated bands while crossing the Fermi level.
This tiny splitting can be seen in the Fermi surface with SOC in Fig. 3(d). The calculation with
SOC shows significant difference on the Fermi surfaces near the Γ high symmetry point, as can
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be seen in Fig. 3(b). At the Γ point, the energy differences between the 2-fold electronic bands
are 0.1 eV for calculations without SOC and 0.23 eV for calculations with SOC. This energy
difference could lead the discrepancy between the Fermi surface sheets that are obtained with
and without SOC. Therefore, we can suggest that the effect of SOC has some influence in the
electronic structure of simple orthorhombic IrGe.

3.2 Elastic and Mechanical Properties

The calculated values of the nine independent elastic constants for IrGe with and without SOC
are given in Tab. 2. Unfortunately, neither experimental data nor previous theoretical values
are available for comparison. Inclusion of SOC has a significant effect on the values of the nine
independent elastic constants due to the existence of Ir atom which displays strong SOC in
its 5d state. In particular, the maximum change is found for the value of C23 within 16% by
inclusion of SOC. The requirement of mechanical stability [29] in a simple orthorhombic crystal
lead to the following restrictions on the elastic constants:

Cii > 0 (i = 1, 6), C11 + C22 − 2C12 > 0, (17)

C22 + C33 − 2C23 > 0, C11 + C33 − 2C13 > 0 (18)

C11 + C22 + C33 + 2C12 + 2C13 + 2C23 > 0. (19)

Obviously, the calculated elastic constants satisfy all the stability criteria, demonstrating the
mechanical stability of IrGe at ambient pressure.

Once the single crystal elastic constants are calculated, the Voigt-Reuss-Hill (VHR) approach
[30–32] can used to determine the polycrystalline bulk modulus (B) and shear modulus (G),
Young’s modulus (E) and Poisson’s ratio (σ). These are fundamental parameters which are
closely connected to many physical properties such as internal strain, thermoelastic stress,
sound velocity, fracture, and toughness. The Voigt bulk (BV ) and shear (GV ) moduli can
derived from the following equations:

BV =
1

9
(C11 + C22 + C33 + 2C12 + 2C13 + 2C23), (20)

GV =
1

15
(C11 + C22 + C33 + 3C44 + 3C55 + 3C66 − C12 − C13 − C23). (21)

The Reuss bulk (BR) and shear (GR) moduli are given by,

BR =
1

(S11 + S22 + S33) + 2(S12 + S13 + S23)
, (22)

GR =
15

4(S11 + S22 + S33)− 4(S12 + S13 + S23) + 3(S44 + S55 + S66)
, (23)

where Sij (=C−1
ij ) are the elastic compliance constants. The Hill averages of bulk (BH) and
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shear (GH) moduli can determined by

BH =
BV + BR

2
, GH =

GV +GR

2
. (24)

Finally, the Young’s modulus (E) and Poisson’s ratio (σ) can derived from the following equa-
tions:

E =
9BHGH

3BH +GH

, σ =
(3BH − 2GH)

(6BH + 2GH)
. (25)

The determined values of the isotropic bulk modulus BV RH , shear modulus GV RH , Young’s
modulus E ( all in GPa), BH/GH ratio and Poisons’s ratio σ with and without SOC for IrGe are
given in Tab. 3. The value of BV RH , GV RH , E, BH/GH and σ are also affected by consideration
of SOC because of changes in the values of single crystal elastic constants. For example, the
value of BR changes by 11% when SOC is taken into account. The values of BH/GH and σ
can be used to to define the brittleness and ductility of the compound[33,34]. If these are
greater than 1.75 and 0.26, respectively, the compound acts in ductile manner, and brittle
otherwise. As can be seen from Tab. 3, both values of BH/GH and σ are larger than 1.75
and 0.26, respectively, suggesting that IrGe behaves in ductile manner. As a consequence, this
superconductor is readily machinable.

Once the bulk (BH) and shear (GH) moduli are obtained, the longitudinal (VL) and transverse
(VT ) sound wave velocities can be calculated from the following equations [35]:

VL =

(

3BH + 4GH

3ρ

)1/2

VT =

(

GH

ρ

)1/2

, (26)

where ρ is the mass density of the compound. The mean sound velocity (VM) and the Debye
temperature (ΘD)can now be calculated from [35]:

Vm =

[

1

3
(
2

V 3
T

+
1

V 3
L

)

]

−1/3

, ΘD =
h

k
(
3n

4π

NAρ

M
)1/3Vm, (27)

where h, k, n and NA and M denote the Planck
′

s constant, Boltzmann’s constant, the number of
atoms in the molecule, Avogadro

′

s number and the molecular weight. The determined values of
VT , VL, VM and ΘD are given in Tab. 4. When SOC is considered, the values of these quantities
do not change by more than 2.3%. Thus, both calculated values of ΘD compare very well with
the corresponding value of 295.4 K [16].

3.3 Phonon and Electron-Phonon interaction Properties

The zone-centre phonon modes have special importance in the lattice dynamics of solids, as
they can be analysed by different experimental techniques. The zone-centre phonons for IrGe
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can be categorized by the irreducible representation of the point group D2h. The group theory
gives the following symmetries of the optical phonon modes:

Γoptic = 4Ag + 2Au + 4B3g + 3B1u + 3B2u + 2B2g + 2B1g + B3u.

The frequencies of the zone-centre phonon modes and their electron-phonon coupling parame-
ters with and without SOC are presented in Tab. 5. The inclusion of SOC generates minimal
amont of changes to the frequencies (ν), but the electron-phonon coupling parameters (λ) cor-
responding to some of the frequencies change by a large amount. When SOC is ignored, the
average values of these phonon frequencies (ν) and their electron-phonon coupling parameters
(λ) are 4.37 THz and 0.028, respectively. However the consideration of SOC increases the value
of ν from 4.37 to 4.39 THz (by less than 1.0%) and decreases the value of λ from 0.028 to 0.023
(by 18%). Two quantities which effect mainly on λ are the phonon frequencies and electron-
phonon coupling matrix elements. Since γqj does not depend on the phonon frequencies (see
Eqs. (11) and (12)), the value of λ changes mainly with 1

ω2 according to Eq. 13. Thus, when
the frequency of phonon mode becomes harder, the value of the corresponding electron-phonon
coupling parameter must be lowered. However, the increase in ν due to SOC does not meet the
decrease in λ due to this coupling. Consequently, a considerable decrease in λ must arise from
decrease in the electron-phonon coupling matrix elements themselves.

A detailed identification of electron-phonon coupling requires determination of the full phonon
spectrum throughout the Brillouin zone. Fig. 4(a) depicts the phonon spectrum of IrGe along
high symmetry lines in the Brillouin zone of a simple orthorhombic lattice including and ignoring
SOC. No imaginary phonon frequencies are present in this phonon spectrum, revealing the
dynamical stability of IrGe in its MnP-type orthorhombic structure. As can be seen from
Fig. 4(a), the consideration of SOC makes some low-frequency phonon modes harder which
may effect the electron-phonon interaction in IrGe according to Eq. 13. The total and partial
phonon density of states are shown in Fig. 4(b). Total phonon density of states without SOC
is also shown in this figure for comparison. This comparison confirms the hardening of low-
frequency phonon modes with the inclusion of SOC. As anticipated, Ir as the heavier element
in the studied compound dominates at lower frequencies below 3.8 TH. In contrast, Ge, as the
lighter element, makes much larger contribution to the higher phonon frequencies above 4.6
THz. Significant amount of Ir-Ge hybridization is present between 3.8 and 4.6 THz due to a
considerable covalent interaction between these atoms.

In order to sight the strengths with which different modes of the atomic motions couple to the
electrons and hence are skilful of effecting the electron-phonon interaction properties strongly,
the Eliashberg spectral function α2F (ω) and the frequency dependence of the average electron-
phonon coupling parameter for IrGe are displayed in Fig. 5. For comparison, the corresponding
results without SOC are also shown in this figure. The SOC makes a significant influence on
the property of IrGe; it weakly increases the frequency of some low-frequency phonon modes
and considerably decreases the the strength of the dominant peaks of the Eliashberg spectral
function. Hence, this coupling decreases the value of λ from 0.953 to 0.785. The origin of the
SOC-related decrease of λ lies both in the weak hardening of some low-frequency modes and in
a considerable decreases in the electron-phonon coupling matrix elements. A critical assessment
of α2F (ω) with SOC reveals that the low-frequency phonon modes below 3.8 THz contribute
about 76% towards λ. This huge contribution is anticipated since the heavier Ir atoms are
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responsible the low frequency vibrations and their d orbitals dominate the elctronic states
close to the Fermi level. From the above discussion, we can emphasize that in IrGe phonon
scattering of electrons plays a considerable role in the transition from the normal state to the
superconducting state. The calculated values of the physical quantities (N(EF ), ωln, λ and Tc)
with and without SOC related to superconductivity in IrGe are given in Tab. 6. As can be seen
from this table, when SOC is included, the value of N(EF ) is slightly increased from 4.703 to
4.747 (by less than 1%). However, the SOC increases the value of ωln from 101.094 to 113.857 (by
around 11%). Thus, when SOC is considered, the values of λ is lowered from 0.953 to 0.785 by
around 18%. Finally, SOC reduces the value of Tc from 6.523 to 5.087 K. The SOC-value of Tc

agrees very well with the recent experimental value of 5.17 K [16]. We therefore emphasize that
superconductivity in IrGe originates from the phonon-mediated electron-electron interaction
with a medium-strength electron-phonon coupling parameter.

Finally, we have to mention that the Coulomb pseudopotential (µ∗) usually takes a value
between 0.10 and 0.13 [27,28,36]. Using the Allen-Dynes formula and taking typical values of
µ∗ = 0.10, 0.11, 0.12 and 0.13, the value of Tc with SOC (without SOC) is evaluated to be
5.087 K (6.523 K), 4.742 K (6.190 K), 4.405 (5.862 K) and 4.076 K (5.538 K), respectively.
These results indicate that the value of Tc decreases when SOC is included even for different
value of µ∗. The average value of Tc from the above sampling of µ∗ is estimated to be 4.578 K
with SOC and 6.028 K without SOC. Even these average values are comparable with the recent
experimental value of 5.17 K [16]. In addition to the Allen-Dynes formula, the original form
of McMillan equation can be used for the calculation of Tc. The the original form of McMillan
equation is given by the following equation: [26–28]:

Tc =
ΘD

1.45
exp

(

−
1.04(1 + λ)

λ− µ∗(1 + 0.62λ)

)

. (28)

Using the above equation, the Debye temperature (see Tab. 4) and taking typical values of µ∗ =
0.10, 0.11, 0.12 and 0.13, the value of Tc with SOC (without SOC) is estimated to be 10.765 K
(15.839 K), 10.035 K (15.031 K), 9.321 (14.234 K) and 8.626 K (13.448 K), respectively. All these
values are very far from the experimental value of 5.17 K [16]. This result is expected because
the McMillan prefactor (ΘD/1.45) is often larger than the correct prefactor (ωln/1.2) [26–28,37].
As a consequence, we can suggest that the Allen-Dynes modified form of McMillan equation
must be used for the calculation of Tc rather than its original form.

4 Summary

In this study, we have analysed the effect of spin orbit coupling on the electronic, elastic, me-
chanical, lattice dynamical and electron-phonon interaction properties of the simple orthorhom-
bic IrGe using first principles density functional calculations within the generalized gradient
approximation. The inclusion of SOC in the electronic calculations leads to the splitting of
some electronic bands. The electronic density of states indicates that Ir 5d states are dominant
close to the Fermi level. This finding signals that superconductivity in IrGe can be linked to
the existence of Ir atom rather than the existence of Ge atom.
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The calculated values of nine independent elastic constants for IrGe obey the stability criteria,
indicating that IrGe is mechanically stable in its MnP-type crystal structure. The SOC has a
remarkable effect on the values of nine independent elastic constants due to the existence of Ir
atom which displays strong SOC in its d states. The calculated values of BH/GH and σ indicate
the ductile character of IrGe. As a consequence, this superconductor is readily machinable.

No imaginary phonon frequencies are present in the phonon dispersion curves of IrGe, confirm-
ing its dynamical stability in the MnP-type orthorhombic structure. The inclusion of SOC leads
to the hardening of some low-frequency phonon modes which influences the electron-phonon
interaction. The SOC causes decrease in the dominant peaks of the Eliashberg function. The
origin of the SOC-induced decrease of λ lies both in the weakly hardening of some low-frequency
modes and in a significant decrease in the electron-phonon coupling matrix elements. The SOC
decreases the value of λ from 0.953 to 0.785. A detailed examination of the Eliashberg function
reveals that low-frequency modes below 3.8 THz contribute up to around 76% to the average
electron-phonon coupling parameter λ. This result is expected because low-frequency vibrations
originate from the motion of Ir atoms and their 5d states make the largest contribution to the
electronic density of states at the Fermi level.

When the Allen-Dynes modified form of McMillan equation (with the Coulomb pseudopotential
(µ∗)=0.11) is used, the value of Tc is found to 6.523 without SOC and 5.087 with SOC. However,
these values increase to 15.839 K and 10.765 K when the original form of McMillan equation
is used. The values obtained using the original form of McMillan equation is very far from
the recent experimental value of 5.17 K. Thus, we can conclude that the Allen-Dynes modified
form of McMillan equation gives much better result for Tc. Finally, the calculated SOC-value
of Tc compares very well with the recent experimental value of 5.17 K. From our investiga-
tion, we can emphasize that the simple orthorhombic IrGe is a conventional phonon-mediated
superconductor with medium-strength electron-phonon interaction.
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Table 1
The calculated values of lattice parameters (a, b and c) and internal parameters (xIr, zIr, xGe, and
zGe) for IrGe and their comparison with available experimental results.

Source a(Å) b(Å) c(Å) xIr zIr xGe zGe

This work 5.626 3.590 6.353 0.00337 0.20511 0.1894 0.5769

Experimental [15] 5.611 3.490 6.281 0.01000 0.19200 0.1850 0.5900

Experimental [16] 5.605 3.484 6.296 0.003394 0.20193 0.1875 0.5926

Table 2
The calculated values of the second order elastic constants (Cij in GPa) with and without SOC for
the simple orthorhombic IrGe.

Source C11 C12 C13 C22 C23 C33 C44 C55 C66

With SOC 351.82 167.74 140.62 206.97 151.67 247.94 69.43 73.53 95.96

Without SOC 364.26 154.69 134.22 184.04 128.03 233.56 71.45 77.66 97.94

Table 3
The calculated values of isotropic bulk modulus BV RH , shear modulus GV RH , Young’s modulus E (
all in GPa), BH/GH ratio and Poisons’s ratio ν with and without SOC for IrGe, obtained from the
corresponding second order elastic constants Cij .

Source BV BR BH GV GR GH E BH/GH σ

With SOC 191.87 182.95 187.41 70.89 61.55 66.22 177.74 2.83 0.342

Without SOC 179.53 163.37 171.45 73.74 64.22 68.98 182.47 2.49 0.323
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Table 4
The calculated values of transverse (VT ), longitudinal (VL), average elastic wave velocities (VM ) and
Debye temperature (ΘD) with and without SOC for the simple orthorhombic IrGe. The experimental
value of Debye temperature is also given for comparison.

Source VT (m/s) VL (m/s) VM (m/s) ΘD (K)

With SOC 2198 4485 2469 291.4

Without SOC 2243 4384 2513 296.6

Experimental [16] 295.4

Table 5
Calculated zone-centre phonon modes (in THz) and their electron-phonon coupling parameters with
SOC for the orthorhombic IrGe. Our results without SOC are presented in brackets. The notations I,
R, and S denote infrared active, Raman active and silent modes, respectively.

Mode ν λ Motion Mode ν λ Motion

B1g(R) 2.10 (2.15) 0.018 (0.024) Ir+Ge B1u(I) 5.63 (5.63) 0.007 (0.003) Ge+Ir

Ag(R) 2.47 (2.42) 0.042 (0.069) Ir Au(S) 5.84 (5.81) 0.006 (0.004) Ge

Au(S) 2.62 (2.58) 0.023 (0.014) Ir+Ge B3u(I) 5.97 (5.90) 0.005 (0.002) Ge+Ir

B2u(I) 2.67 (2.55) 0.035 (0.037) Ir+Ge B2g(R) 6.20 (6.19) 0.012 (0.014) Ge

Ag(R) 3.07 (3.02) 0.126 (0.163) Ir+Ge B1g(R) 6.54 (6.47) 0.006 (0.006) Ge+Ir

B2g(R) 3.26 (3.25) 0.045 (0.045) Ir+Ge B3g(R) 6.63 (6.61) 0.024 (0.029) Ge+Ir

B3g(R) 3.89 (3.89) 0.037 (0.051) Ir+Ge Ag(R) 6.73 (6.68) 0.016 (0.021) Ge+Ir

B3g(R) 4.13 (4.13) 0.052 (0.069) Ir+Ge B1u(I) 7.33 (7.33) 0.009 (0.003) Ge+Ir

B1u(I) 4.19 (4.19) 0.021 (0.011) Ge+Ir B3g(R) 7.47 (7.45) 0.019 (0.029) Ge

B2u(I) 5.15 (5.10) 0.009 (0.012) Ge+Ir B2u(I) 7.78 (7.84) 0.018 (0.028) Ge

Ag(R) 5.62 (5.61) 0.033 (0.047) Ge
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Table 6
The calculated values of physical quantities connected to superconductivity in the orthorhombic IrGe
with and without SOC.

Method N(EF ) (States/eV) ωln (K) λ Tc (K)

With SOC 4.747 113.957 0.785 5.087

Without SOC 4.703 101.094 0.953 6.523

Experimental [15] 4.70

Experimental [16] 5.17
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Fig. 1. (a) The simple orthorhombic MnP-type crystal structure of IrGe superconductor. (b) Each
atom is surrounded by six different type atoms forming a distorted octahedron.
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Fig. 2. (a) The electronic band structure of IrGe along specific paths of the simple orthorhombic
Brillouin zone. The Fermi energy corresponds to 0 eV. (b) The total and atomic projected electronic
local density of states for IrGe.
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Fig. 3. The calculated Fermi surfaces of simple orthorhombic IrGe with (right panel) and without (left
panel) SOC.
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Fig. 4. (a) The phonon spectrum of IrGe along specific paths of the simple orthorhombic Brillouin
zone. (b) The total and partial phonon density of states for IrGe.
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