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ABSTRACT  
 

We present here the electronic structure calculations of d-band metals like W and Cr using a self-
consistent, full-potential linearized augmented plane wave (FP-LAPW) method. We performed a 
scalar relativistic calculation without spin-orbit interaction (NSOI) and a fully relativistic with spin-
orbit interaction (SOI) included in a second-variational treatment. We found close agreement be-
tween our calculations and the experimental results. The calculated Fermi energy for SOI and 
NSOI are same and almost equal to the experimental value. We found that the effect of spin-orbit 
interaction (relativistic effect) increases with the atomic number.  
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INTRODUCTION  
 
Spin-orbit interaction (SOI) is a well known 

factor for splitting of degenerate electron energy 
levels in atoms, molecules and solids. It has 
played in the past an important role in describ-
ing the band structure of semiconductors1,2 and 
in explaining various splitting of surface states.3-6  

Its physical origin is relativistic and can be ex-
plained by the interaction of the magnetic mo-
mentum of the electron (spin) with the magnetic 
field viewed by this electron because of its move-

ment in the electrostatic field of the proton. 
Relativistic effects become important in heav-

ier elements, particularly in 5d transition metals 

and actinides. They can substantially influence 
many characteristics (like densities of states and 
photoemission spectra) of such systems. Their 
interplay with the spin polarization affects the 
magnetic structure, values of magnetic mo-
ments and lead to a number of important effects 
such as magnetic anisotropies or magneto-
optical phenomena.7,8 

The electronic and optical properties of W 
using non-self-consistent, self-consistent, non-
relativistic and scalar-relativistic electronic band 
structure calculations have been reported by a 
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number of authors.9-11 Using naval research 
laboratory tight-binding (NRLTB) method12-l4 
that includes the SOI, the effect on the equilib-
rium volume, band structure, and density of 
states in the 5d series of the transition metals 

were presented.15 Their results show that near 
EF, the difference between SOI and non-SOI is 
small, which gives negligible changes to the 
Fermi surface and to the value of the density of 
states at EF. 

In the bcc Cr metal, because of its half-filled 

valence configuration 3d54s1, it yields both a 

large magnetic moment and strong inter-atomic 
bonding which leads to magnetic frustration.14 
The results of a fully relativistic band-structure 
calculation using the relativistic-augmented 
plane-wave (RAPW) method15 were very similar 
to the non-relativistic band structure. 

In the present work, we report the full-
potential linearized augmented plane wave 
method (FP-LAPW) calculations of equilibrium 
lattice constant, density of states and energy 
band structure of W and Cr. The aim of this 
work is to study the effect of SOI using WIEN2k 
code16 that provides a scheme for the calculation 
of scalar relativistic and fully relativistic elec-
tronic structure.  

 

METHODS 
 

The calculations were done using a mixed 
basis APW+lo/LAPW method.17 The addition 

of the new local orbital (lo) gives the radial basis 

functions more variational flexibility. In the 
code, the basis set APW+lo is used inside the 

atomic spheres for the chemically important or-
bitals, which are difficult to converge, whereas 
the LAPW basis set is used for others. A gradi-
ent corrected Perdew-Berke-Ernzerhof (PBE) 
functional generalized gradient approximation 
(GGA) is used to describe the exchange and cor-

relation effects.18-21 As far as relativistic effects 

are concerned, core states are treated fully rela-
tivistically and two levels of treatments are im-
plemented for valence states: (1) a scalar relativ-
istic scheme (without SOI) that describes the 

main contraction or expansion of various orbi-
tals due to the mass-velocity correction and the 
Darwin s-shift20 and (2) a fully relativistic 

scheme with SOI included in a second-
variational treatment using the scalar-relativistic 
eigen-functions as basis.21  

All calculations involved discretizing the first 
Brillouin zone and a cut-off of -9.0 (for tungsten) 
and -6.0 (for chromium) Ryd, were used to dis-
criminate between core and valence (or semi-

core) states. A constant muffin-tin (MT) radius 
(RMT) used are given in Table 1. The potential 
and charge density representations inside the 
MT spheres are expanded with lmax=10. The 

number of plane waves in the interstitial was 

limited by the cutoff value of (that 
is the product of the smallest atomic sphere and 
the largest reciprocal lattice vector was 7), where 
Kmax is the plane wave cut-off and RMT is the 
smallest of all atomic sphere radii. The charge 
density was expanded with Gmax=12. The self-

consistent calculations are considered to be con-
verged when the total energy of the system is 
stable within 0.0001 Ryd and a charge conver-
gence criterion of 0.001 e-.  

The volume optimization curves were ob-
tained by calculating the total energy at different 
volumes around equilibrium and by fitting the 
calculated values to the Murnaghan’s equation 
of state.22 Then by using the volume correspond-
ing to the lowest energy,we    calculated the 
value of lattice constant for W and Cr. By using 
this value of the lattice constant, we calculated 
the band structures along symmetry lines in the 
Brillioun zone.  

The experimental lattice constant a= 3.1652 

min

max 7MTR K 
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Structure 
Space 

Group 

Lattice constant (Å) RMT   

(Å) SOI NSOI 

bcc 

Chromium 

Im-3m 

(229) 

2.8824 2.8824 2.2 

bcc 

Tungsten 

Im-3m 

(229) 

3.1588 3.1588 2.0 

 

Table 1. Input parameters used for calculation of DOS 

and band structure.  
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and 2.8824 Å respectively were used23 for body-
centered-cubic (bcc) W and Cr. The other pa-

rameters used in the calculation are given in Ta-
ble 1. The zero for the energy scale of the calcu-
lated DOS is always placed at the top of the va-
lence band, i.e. the energy of highest occupied 
state. All states at negative energies are therefore 
occupied in the ground state, while all states 
positive energies are unoccupied. 

 

RESULTS AND DISCUSSION 
 

Tungsten (W) 

 
The transition metal tungsten is bcc, with six 

valence electrons distributed among the 5d and 

6sp orbitals. The variation of total energy as a 

function of volume is shown in Figure (1) for W, 
in the case of SOI and NSOI. The calculated the 
value of lattice constant of W a = 3.1588 Å (both 

for SOI and NSOI) is in agreement with the ex-
perimental value (Table 1).24 From the calcu-
lated the band structure, the Fermi level EF is 

close to the centre of the d bands as expected. 

Since the d states of W whose valence shell elec-

tronic configuration is 5d46s2, it is approximately 

half-filled.  
If we compare the band structure of W with 

SOI and without SOI (NSOI) at Γ, the state 

Figure 2. Density of states for W in the case of (a) SOI 

and (b) without SOI (NSOI). 

Figure 1. Total energy as a function of volume for W 

with SOI and without SOI (NSOI).  
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splits into a doubly degenerate and non-
degenerate. Similarly, the triple degenerate state 
splits into a double degenerate and a non-
degenerate. There is no splitting due to SOI 

along Γ-N direction. In the direction Γ-H near 
EF, there is a change which may have an effect 

on the Fermi surface around Γ. In the scalar-
relativistic band structure calculation (Figure 
2b), three bands cross the Fermi level, one of 
which is doubly degenerate. The SOI lifts this 

degeneracy and three bands appear with Δ7 sym-

metry. Their mutual repulsion creates a small 
energy gap at the Fermi energy as in Figure 3(a). 

From Figures (1) and (2), which give varia-
tion of total energy as a function of volume and 
the density of states of W for SOI and NSOI, the 
difference between SOI and NSOI is very small. 
The reason is that in the bcc structure away from 

the centre of the Brillouin zone, there are not as 
many splitting due to SOI as in the case of the 
fcc structure. 12 

 The calculated Fermi energy for both SOI 
and NSOI are same (17.49 eV) and are larger 
than experimental data24 of 11.3 eV. SOI split-

Figure 4. Total energy as a function of volume for Cr 

with SOI and without SOI (NSOI).  

Figure 3. Energy band structure of W (a) with SOI and 

(b) without SOI (NSOI). 
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ting energy (eV) along the symmetry line for W 
(shown in Table 2) in each case for the three 

high-symmetry k points Γ, H, and P are 0.47, 
0.66, and 0.73 eV respectively. The SOI splitting 

at Γ point i.e. 0.47 eV is almost the same as com-
pared with experimental value.25 

On comparison to the results obtained using 
other methods like the linearized augmented 
plane wave method26, the relativistic-augmented 
plane-wave method9,27, using naval research 
laboratory tight-binding (NRLTB) method11 and 
also the full-potential linearized augmented-
plane wave (FP-LAPW) method,16 our result 
showed agreement with the earlier result of 
other workers. 

 

Chromium 

 
Plot of total energy as a function of volume 

for Cr in the case of SOI and NSOI are given in 
Figure (4). The lattice constants obtained by 
choosing the volume corresponding to the low-
est value of the energy are same for both SOI 
and NSOI i.e. 2.8824 Å which is very close to 
the experimental value24 of 2.882 Å. These theo-
retical values of the lattice constants obtained 
are then used in the band structure calculations. 

The band structures of Cr along the high 
symmetry points in the Brillouin zone are 

shown in Figure (6). Fermi level EF is close to 

the centre of the d bands as can be seen from the 

valence shell electronic configuration 3d44s1, 

which is half-filled. The calculated value of the 
Fermi energy of Cr i.e. 10.52 eV, is set as zero in 
the band structure plot. If we compare the band 
structure of Cr including SOI and NSOI, we 
find no significant effect in the case of SOI. Also 
the calculated Fermi energy for SOI and NSOI 
are same and are almost the same as the experi-
mental value EF=10.6 eV. 24 

From Figures (4) and (5), which give the 
variation of total energy as a function of volume 
and density of states (DOS) for Cr with SOI and 
without SOI (NSOI), the difference between 
SOI and NSOI is very small. The width of d-

band in the case when SOI is included is found 

Metal SOI splitting energy (eV) 

Γ H P Others 

Cr - - - - 

W 0.47 0.66 0.73 0.45
b
 

 Width of d-band (eV) 

Metal SOI NSOI Others 

Cr 6.5 6.5 ~7
a
, 7.77

c
 

W 11.9 11.15 12.26
d
 

a
Ref-29; 

b
Ref-28; 

c
Ref-30;

d
Ref-31 

 

Table 2. Calculated SO splitting energy along three 

high-symmetry k points (Γ, H, and P) and d-band 

widths for W and Cr. All energies are measured with 

respect to the Fermi energy. 

Figure 5. Density of states for Cr in the case of (a) SOI 

and (b) without SOI (NSOI).  

Lalnunpuia et al. 



85  

out to be 6.5 eV which is the same as for NSOI, 
and is relatively small with compared to the re-
sult of others.28,29 The calculated results for DOS 
and band structure show agreement to the ear-
lier calculated results.30   

 

CONCLUSION 
 
We found that in case of d-band metals dis-

cussed above, our calculated results for DOS 
and band structure showed agreement to the 
calculated results of other workers28-30. However, 

in the case of band structure of Cr, the lowering 
of the spectrum which is a manifestation of the 
mass-velocity and Darwin effects arising in the 
relativistic theory cannot be found although the 
curves are scalar-relativistic and relativistic in-
cluding SOI respectively. Also the influence of 
the SOI in anti-ferromagnetic Cr is seen to be 
insignificant whereas in W, SOI influence is 
more pronounced showing that the effect of spin
-orbit interaction (relativistic effect) increases 
with the atomic number. 
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