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Abstract. Exotic behavior of linearly dispersed electronic bands near the Fermi level implies advanced physical properties 
in a material. In this paper, we present an ab initio study of the electronic properties of IrGa and RhGa, with and without 
spin-orbit interaction, using first-principles calculations. Linearly dispersed band crossings, reminiscent of topological 
semimetallic band structures, were identified near the Fermi energy. These include type-I and type-II Dirac points and 
nodal lines. By applying compressive and tensile stress to the lattice along x, y, and z, the response to the band structure near the 
Fermi level has been studied.

INTRODUCTION

The field of topological matter is currently one of the most active, and hence discovering new exciting 
topological materials is of interest. Among topological materials, topological insulators and semimetals are classified 
as topological if nontrivial Chern numbers or Berry phases can be detected. Just as with normal insulating materials, 
topological insulators have an energy gap between the valence and conduction bands, but they exhibit gapless, 
conducting states on the surface [1, 2]. Topological semimetals are categorized mainly into three types: Dirac 
semimetals, Weyl semimetals, and nodal line semimetals. In all these topological semimetals, bands cross in 
momentum space and are inverted beyond the crossing point (or line) [3]. Weyl and Dirac semimetals exhibit 
band crossing points, while in nodal line semimetals the bands are degenerate along a 1D nodal line or loop. 
Nodal line semimetals can be the origin of many different topological phases; spin-orbit coupling can gap to a nodal 
line, Weyl points, Dirac points, or to a topological insulating phase, depending on the crystal symmetry. For example, 
to have a Weyl semimetal, either inversion or time-reversal symmetry needs to be broken [4, 5].

Dirac materials have a linear or quasilinear band dispersion (Dirac bands) near the Fermi energy, which is 
ineffable within the nonrelativistic Schrödinger description but can be described by the Dirac equation by considering 
massless high-mobility electrons. Such a Dirac band dispersion was first predicted in graphene [6, 7], which exhibits 
six Dirac points. The linear crossing point at the Fermi level in graphene has been linked to its electronic and optical 
properties. After the discovery of graphene, the search for Dirac materials was extended to 3D materials [8,9,10]. 
Dirac semimetal behavior was first predicted and then realized in Na3Bi and Cd3As2 [8,14-20,47], Weyl semimetal 
behavior was predicted and realized in TaAs [32, 41-46], and nodal line semimetal behavior was predicted in 
Cu3PdN, Ca3P2, CaP3, PbO2, CaAg, TiB2, CaAgAs, ZrB2, SrSi2, LaSiS [9,23-31] and experimentally realized in 
PbTaSe2, PtSn4, ZrSiS, ZrSiSe, ZrSiTe, HfSiS, and ZrSnTe [32-40]. Linear band crossing points can be classified 
into two categories by considering the slope of the band dispersion at the crossing point. Type-I Dirac points are 
“upright” in respect to energy, while type-II Dirac points are tilted, thus having unequal slopes of the band 
dispersions. These two types differ in their density of states at the Fermi level, which vanishes for type-I Dirac nodes 
but is finite for type-II nodes [11-13]. In general, first-principles electronic structure calculations based on density 
functional theory (DFT) play an important role in exploring topological electronic materials theoretically.

In this work, a detailed study of the electronic band structure and density of states of iridium gallium (IrGa) [53, 
54], and rhodium gallium (RhGa) is presented and their topological nature is reported. To the best of our knowledge, 
these compounds have not yet been discussed in detail for their topological behaviors. In this paper, we report



calculated electronic structures of IrGa and RhGa, and predict that both compounds exhibit topological features. The 
same features are observed in both compounds; hence we mainly present the detailed study of IrGa. In the IrGa 
bulk band structure there are highly dispersive bands that cross the Fermi level. Without the SO effect, a 
nodal line formed by the highly dispersive bands is located near the Fermi level around the R 
point. The nodal line is protected in the absence of SO and is gapped due to SO coupling. Along M-R, 
there is a type-1 Dirac crossing. A flat band can be seen along M-R near the Fermi level that crosses the 
linear bands twice and gaps out with SO coupling. Additionally, the pressure effect of the material was tested.

CRYSTAL STRUCTURE AND COMPUTATIONAL METHOD

   Electron configurations of Ir, Rh, and Ga are [Xe]4 f 145d76s2, [Kr]4d85s1, and [Ar]3d104s24p1, respectively. The 
Ir(Rh)-d orbitals and Rh-s orbitals are not fully occupied, whereas Ga-p orbitals are not fully occupied. Both are 
intermetallic compounds with a cubic lattice structure. The lattice parameters of IrGa and RhGa are 3.0040 and 
3.0034, respectively, [55] with the same space group symmetry of 221 (Pm-3m). The crystal is symmorphic in that it 
has both time-reversal and inversion symmetry. The optimized lattice parameter for IrGa is calculated by using 
volume optimization as a = 3.0566 and is used for all the calculations. It is comparable to the reported lattice 
parameter in Refs. [53,54]. Figure 1 shows the primitive cell structure of IrGa, the same as the conventional cell. The 
Ga atoms sit at the corners of the primitive cell, and Ir (Rh) atom is at the center of the primitive cell. The first 
Brillouin zone (BZ) of the structure is shown in the right panel of  Fig. 1 with the high symmetry points on the cubic 
BZ and the Γ(0, 0, 0) point located at the center.
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FIGURE 1. Structure of bulk IrGa. Panel (a): The primitive unit cell. The blue spheres denote the Ga atoms and the red sphere is 
the Ir atom. Panel (b): Bulk primitive BZ. The kx, ky and kz show the reciprocal lattice vectors. The light blue dots 

display the high symmetry points of the BZ with labeling Γ, R, X, and M.

The band structure and density of states were calculated by performing first-principal density functional theory 
(DFT) methods in the WEIN2K simulation package using the Perdew-Burke-Ernzerhof (PBE) pseudopotentials and 
the plane-wave basis set with the generalized gradient approximation (GGA) [56-60]. The BZ was sampled by using 
20,000 k-points and setting the plane-wave cut-off parameters, RKmax, to 7 with extreme convergent of energy and 
charge. Calculations were performed with and without spin-orbit (SO) coupling. Volume optimization was performed 
to calculate the lattice parameters to corresponding pressures. The crystal momentum in units of k = (π/a,π/a,π/a) is 
used throughout the discussion unless otherwise specified.

(a) (b)



-4.0

-2.0

0.0

2.0

4.0

 E
ne

rg
y 

(e
V

)

Γ Μ  R  X  Γ  R  M  X

4.0

3.0

2.0

1.0

0.0

D
O

S
 (

1/
eV

)

-4 -2 0 2 4
Energy (eV)

 IrGa
 RhGa

(a) (b)

FIGURE 2. Calculated electronic band structure and total density of states (DOS) for IrGa and RhGa compounds without SO 
coupling. (a): Calculated bulk band structures along the high-symmetry lines on the BZ k-path Γ-M-R-X-Γ-R-M-X 

shown in Fig. 1(b) for IrGa (blue solid lines) and RhGa (red dotted line). (b): The total DOS of IrGa is shown by the blue solid line, 
whereas the red dotted line shows the total DOS for the RhGa compound. The solid black line at zero indicates 

the Fermi level.

RESULTS AND DISCUSSION

   The band structure calculations of IrGa and RhGa within GGA without inclusion of the SO coupling along the high-
symmetry k-path Γ-M-R-X-Γ-R-M-X are plotted by setting the Fermi level to 0 eV on the energy scale, as shown in Fig. 
2. The band structures of IrGa and RhGa are shown in Fig. 2(a) using blue solid lines and red dotted lines, respectively. 
The features of both band structures are the same. Total DOS calculations for IrGa and RhGa are shown in Fig. 2(b) by 
taking the blue solid and red dotted lines discretely. There are no measurable differences in the total DOS either. Due to 
these similarities, we extend the detailed study by choosing the IrGa compound.

The band structures of IrGa within GGA without inclusion of the SO coupling along the high-symmetry k-path Γ-M-R-
X-Γ-R-M-X are plotted in Fig. 3. The left panel (a) shows the band structure of the IrGa compound, and the right panel 
(b) shows the atom-projected DOS calculation. There are few bands near the Fermi level. There is a single band that 
crosses the Fermi level near point M (shown in the Γ-M and M-X planes), and it was identified as the Ir-deg orbital. The 
range of linearly dispersed bands is large, and linear crossing of bands near the Fermi level is observed and discussed 
below. The results of the total and atom-projected DOS of IrGa help to elaborate on the nature of the bands near the 
Fermi level and provide information about the origin of the bands and contributions from each atom and each orbital to 
DOS. According to the results shown in the right panel (b) of Fig. 3, DOS near the Fermi level is very small (essentially a 
zero DOS at the Fermi level for perfect Dirac semimetals) and is mostly a contribution from the Ir atom, which is 
dominated by d-orbitals, while the contribution from Ga is very small. Since the SO couplings can be used to identify 
exotic band behaviors of Dirac materials, we perform an SO calculation for the IrGa system as shown in the bottom part 
of Fig. 3. The left panel (c) of the figure shows the SO calculation of the band s tructure which has more degenerated 
bands and opening gaps corresponding to the absence of SO coupling as discussed below. The right panel (d) of the figure 
represents the DOS contribution f rom each atom. When compared to the DOS without inclusion of the SO effect, there 
is no change in the DOS with SO coupling at the Fermi level, although the DOS near the Fermi surface displays sharp 
contrast.

 Within the chosen k path there are band crossings in the M-R (kx = −π/a, kz = −π/a) plane near the Fermi level as 
enumerated from 1-3. Since irreducible representation (symmorphic crystal symmetries) allows us to access each 
eigenvalue along the chosen k-path, we can see connecting lines of bands and the same colored bands with the same 
symmetry. A zoomed-in picture of the irreducible representation of the M-R plane is displayed in the left panel of  Fig. 4. 
It is very clear that  bin 1 in  Fig. 4 is a type-I twofold-degenerate Dirac point located at an energy of about 0.65 eV with 
the coordinates (−0.55342,0.28948,−0.55342). The linear crossing of the black line (irreducible representations of Γ1 and 
Γ5 of space group C4v)  is dominated by hybridized bands of Ir-dt2g and the Ga-s orbital.

(b)(a)



-5.0

-2.5

0.0

2.5

5.0
 E

ne
rg

y 
(e

V
)

without SOC  Total
 Total-Ga
 Total-Ir
 Ir d-eg
 Ir d-t2g

-5.0

-2.5

0.0

2.5

5.0

Γ M  R  X Γ R  M  X

with SOC

4321
 DOS(1/eV)

 Total
 Total-Ga
 Total-Ir
 Ir d-eg
 Ir d-t2g

1
2

8
6

4 3

5
7

(a) (b)

(d)(c)

1

2
8 7

6

4 3

5

FIGURE 3. Calculated electronic band structure and atom-projected DOS for IrGa with and without SO coupling (SOC). Panel 
(a): Calculated bulk band structures along the high-symmetry k-path Γ-M-R-X-Γ-R-M-X shown in Fig. 1(b). The 

numbers from 1 to 8 are discussed in the content. Panel (b): The purple solid line denotes the total density of states of IrGa. The 
maximum contribution to the DOS comes from d orbitals of the Ir atoms as shown in the red and blue dotted lines, while Ga atoms 

contribute a small percentage as indicated with the solid brown line. The maximum contribution to the total DOS at the 
Fermi level forms from deg orbitals of the Ir atom. Panel (c): Calculated bulk band structures along the high-symmetry k-path as  
in the top panel but with SO coupling. Panel (d): The purple solid line denotes the DOS of IrGa. The maximum contribution to 
the DOS comes from d orbitals of the Ir atoms as denoted by the red and blue dotted lines, while Ga atoms contribute a small 

percentage as displayed by the solid brown line. The solid black line in all figures at zero indicates the Fermi level.

   The gray line (Γ5 of space group C4v) is dominated by hybridized bands of Ir-dt2g, p, and Ga-p orbitals. The black and 
gray lines at the crossing point display the same and opposite slopes around ±16 eV. In the presence of SO coupling, the 
crossing point is fully gapped into threefold degeneracy with band inversion as shown in the right panel of Fig. 4. In 
conclusion, the crossing point is predicted to be a Dirac point protected by the absence of SO coupling with a predicted 
electron velocity of around 2.4 × 1016 /s calculated by (1/ h̄)dE/dk, which is similar to the experimentally measured 
velocity of Cd3As2 [20]. A flat energy dispersion of electrons at the Fermi level of a material leads to instabilities in the 
electronic system and can be claimed as a phase transition [63-65]. Within the chosen k path in the M-R plane (kx = −π/a, 
kz = −π/a) near the Fermi level, a flat band was predicted in -0.20 eV as enumerated in box 2 in the left panel of  Fig. 4 
without the SO effect. Although we predict a flat band, there is no singularity present in the DOS as expected to be in a 
phase transition [65]. With switching on SO coupling, the two  crossings at the coordinates (−0.55342,0.29799,−0.55342) 
and (−0.55342,0.34907 − 0.55342) are gapped out into twofold degeneracy of each as displayed in the right panel of  Fig. 
4. In irreducible representation the first coordinate consists with Γ1,Γ2, and Γ5 symmetries and the second coordinate
consists with Γ1 and Γ2 that are protected by space group symmetry C4v. The flat band is identified as Ir-deg orbitals. It is
observed that the bands are linear and gap out with the SO effect, and the flat band has almost  zero slope, while the other
bands have around ±16 eV. By observation of the tilting of the bands, we predict that to be a type-II nodal line which
transitions from a nodal line semimetal to a topological insulator in the presence of the SO effect. Similar single crossing
of such a flat band has been discussed in ScPd3 [62].

Additionally, a crossing at the coordinates (−0.55342,0.43422,−0.55342) represented by the Γ1 and Γ4 bands with 
energy -1.0 eV is protected by the C4v space group symmetry. Bin 3 in the M-R plane represents this crossing, and it 
opens a small gap (twofold degeneracy) due to the SO effect, which is a nodal line formed around the R point. 



1

2

3

1

2

3

M

R

-1.0

0.0

1.0

E
n
e
rg

y
 (

e
V

)

-1.0

0.0

1.0

E
n
e
rg

y
 (

e
V

)

 Μ  R

-2.0

-1.0

0.0

-2.0

-1.0

0.0

Γ R

Γ

R 4

4

5

5

6

6

-3.0

-2.0

-1.0

0.0

-3.0

-2.0

-1.0

0.0

R X

R

X
8

8

7

7

(c)(a) (b)

FIGURE 4. (Color online) Zoomed-in version of the electronic band structure of bulk IrGa in different segments. Panel (a) top: 
Calculated zoomed-in irreducible band dispersion around areas 1, 2, and 3 in Fig. 3 along the M-R trajectory is presented with 

the absence of SO coupling. Panel (a) bottom: The same as panel (a) top but with the presence of SO coupling. Panel (b) top: 
Calculated zoomed-in irreducible band dispersion around 4, 5, and 6 labels in Fig. 3 shown along k-path Γ-R in the absence of SO 
coupling. Panel (b) bottom: The same as panel (a) top but in the presence of SO coupling. Panel (c) top: Calculated zoomed-in 

irreducible band dispersion around the 7 and 8 labels in Fig. 3 shown along k-path R-X in the absence of SO coupling. Panel (c) 
bottom: The same as panel (c) top but in the presence of SO coupling. The insets on panel (a), (b), and, (c) denote the selected M-

R, Γ-R, and R-X paths. Zero energy is set to the Fermi level in all panels.

The dicussion will be continued in both the M-R-X and Γ-R-X planes and recognized as a three-dimensional nodal line 
around R related to the labeling boxes 3, 5, and 8 together in Fig. 3, with and without SO coupling.
   Moving into the Γ-R trajectory, the zoomed-in picture in Fig. 4 shows that there is an avoided-crossing marked in bin 
4. The gap is barely sensitive to the SO effect. The gap with the absence of SO as shown in the top panel of Fig. 4(b) is
protected by the C3v space group and is located at the coordinates (−0.43905,0.43905,0.43905) with band index Γ1. We
freeze the discussion of this feature due to the same symmetries of the bands shown in irreducible representation. Bin 5
in Fig. 4 is related to the end of the nodal line predicted around the R point in Γ-R. A crossing point at the coordinates
(−0.46948,0.46948,0.46948) with band indices Γ1 and Γ3 is protected by the absence of the SO effect and falls along
the threefold rotation axis with symmetry C3v. With inclusion the SO gap is opened with threefold degeneracy which is
dominated by crossing of Ga-s orbitals and Ir-deg orbitals. Additionally, bin 6 (-2.2 eV) at coordinates (−0.36565,
0.36565,0.36565) in Fig. 4 displays a linear band (Γ1 and Γ3) crossing with space group symmetry C3v, which is
protected by inclusion of SO coupling but band index Γ1 is separated.
   Box 8 shows a zoomed-in picture of the R-X (kx = kz and ky = π/a) plane shown in Fig. 4(c), representing the end of 
the nodal line located around R. One crossing is located at an energy of -0.95 eV with coordinates (−0.46219,0.55342,
−0.46219) and band indices Γ1 and Γ3 with the space group symmetry of C2v. The other crosses at an energy of -0.74
eV with coordinates (−0.44395,0.55342,−0.44395) and indices Γ1 and Γ3 of space group symmetry C2v. They are
dominated with Ga-s orbitals and Ir-deg orbitals and split into three bands with SO included as displayed in Fig. 4(c).



Additionally, a Dirac crossing (mainly from Ir-dt2g orbitals) indicated in bin 7 at energy -2.33 eV with coordinates  
(−0.18853,0.55342,−0.18853), and bands indices Γ1 and Γ2 protected by symmetry C2v open up the gap with the 
presence of the SO effect. With the discussion of bins 8-7 together, it is a nodal line protected by the absence of SO 
effect and transits into a topological insulator state with the band inversion by inclusion of SO coupling. Recent 
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FIGURE 5. Band structure of bulk IrGa under four pressure values. Panel (a): Evolution of bulk band dispersion along high 
symmetric k-path Γ-M-R-X-Γ-R-M-X, the same path used in Fig. 3 for pressure 50 GPa. Panel (b): The same as panel 

(a) but for pressure 0 GPa. Panel (c): The same as panel (a) but for pressure -20 GPa. Panel (d): The same as panel (a) but for
critical pressure -38 GPa.

studies predicted trivial phase transitions into a topological insulator by applying physical pressure [66-69]. 
To study the topological phases under pressure, volume optimization is performed and the lattice parameter 
related to applied physical pressure is obtained. The band structure of IrGa was calculated for both compressive 
and tensile stress as shown in Fig. 5. The left panel displays the calculated bulk band structure for pressure 
50 GPa (a = 2.8891), and the top right panel indicates the same for 0 GPa (a = 3.0566). There is no impressive 
effect to the band structure except that the band structure is stretched out more around the Fermi energy. The 
bottom left panel displays the band structure for -20 GPa (a = 3.2006) with the significant differences upon 0 G 
Pa. All the labeling from bins 1-8 have substantial swaps in the energy scale for this particular pressure. Hence, 
we decide to tune the band structure with tensile stress and originate the critical pressure as -38 GPa (a = 
3.6594), which brings the flat band in the M-R plane to the Fermi level as shown in the bottom right panel of 
Fig. 5. A zoomed-in picture of this behavior is displaced in Fig. 6. Figure 6(a) denotes the irreducible 
representation of band structure in the M-R-X plane for pressure -38 GPa, which shows a closer look of swaps of 
energy scales due to physical pressure. In this critical pressure, the predicted Dirac point in bin 1 is lowered to 
0.3 eV, whereas the flat band is pulled to 0 eV. Although the nodal line around R is broadened out from 
the Fermi level, in Fig. 6 boxes 7 and 8 band inversion is rendered closer to the Fermi level than they 
appeared.

Further, there are significant outcomes on total DOS at -38 GPa pressure with SO effect as displayed in Fig. 6(b). 
It shows that at this critical pressure, both materials will be promising candidates for future studies.
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Corresponding total DOS of IrGa for pressure zero and -38 GPa are displayed. The red solid line indicates the total DOS in zero 

pressure, whereas the blue solid line denotes the same for a critical pressure of -38 GPa. Similarly, the corresponding colored dotted 
lines show the total DOS for the SO effect for zero and critical pressure, respectively. Panel (b) bottom displays the zoomed-in DOS 

near the Fermi level. The solid black line at zero indicates the Fermi level.

CONCLUSION

   In summary, our studies of IrGa and RhGa compounds suggest that both are important systems to study due 
to the unusual behavior of bands near the Fermi level and strong spin-orbit coupling effect. Since Dirac material 
has theoretical and experimental academic significance, further studies of IrGa and RhGa are suggested. 
Most importantly, we predict drastically different topological properties near the Fermi energy with 
significantly different behaviors of band crossings and touchings. A linear band crossing near the Fermi 
level was discovered, and Dirac points, nodal lines, and flat bands with tremendously distinct actions were 
predicted. The SO calculations indicate the degeneracy with band inversions. The predicted unusual electronic 
structure of IrGa and its important topological properties will be useful for searching for novel Dirac fermions 
and materials for further studies.
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