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First-principles study of the electronic structure of iron-selenium: Implications
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We have performed density functional theory calculations using the linearized augmented plane wave method
(LAPW) with the local density approximation (LDA) functional to study the electronic structure of the iron-based
superconductor iron-selenium (FeSe). In our study, we have performed a comprehensive set of calculations
involving structural, atomic, and spin configurations. All calculations were executed using the tetragonal
lead-oxide or P 4/nmm structure, with various volumes, c/a ratios, and internal parameters. Furthermore,
we investigated the spin polarization using the LDA functional to assess ferromagnetism in this material. The
paramagnetic LDA calculations find the equilibrium configuration of FeSe in the P 4/nmm structure to have
a volume of 472.5 a.u.3 with a c/a ratio of 1.50 and internal parameter of 0.255, with the ferromagnetic
having comparable results to the paramagnetic case. In addition, we calculated total energies for FeSe using a
pseudopotential method, and found comparable results to the LAPW calculations. Superconductivity calculations
were done using the Gaspari-Gyorffy and the McMillan formalisms and found substantial electron-phonon
coupling. Under pressure, our calculations show that the superconductivity critical temperature continues to rise,
but underestimates the measured values.
DOI: 10.1103/PhysRevB.89.035150

PACS number(s): 71.15.Mb, 71.20.−b, 74.20.Pq, 74.70.Xa

I. INTRODUCTION

Iron-based superconductors are the newest addition to hightemperature superconductivity. Current experimental findings
have made many believe that the superconductivity may not be
due to electron-phonon interaction [1–3]. Spin fluctuations and
spin-density waves have been suggested as mechanisms for the
high-temperature superconductivity, but without quantitative
assessment. It is therefore important to fully study the
electronic structure of these materials, and its implications
on superconductivity.
Iron-selenium (FeSe) has the simplest structure of the
current iron-based superconductors. As shown in Fig. 1, under
ambient conditions [1–5] it forms in the tetragonal PbO
7
structure, Strukturbericht B10 [6], space group P 4/nmm-D4d
(No. 129). The Fe atoms are fixed at the (2a) Wyckoff position
(000), while the Se atoms are at the (2c) Wyckoff position
(01/2z).
There have been several studies of iron-selenium both
computationally and experimentally [1–5,7–12]. Most of the
computational works use the experimental equilibrium results
as input without optimization of all parameters through first
principles. In this work we have performed calculations using
the experimental parameters as well as calculations based on
first-principles energy minimization.

approximated by the Hedin-Lundqvist [17] parametrization of
the local density approximation (LDA) [18]. The rigid muffintin approximation code developed by Papaconstantopoulos
and Klein [19] was used to apply the Gaspari-Gyorffy theory
[20]. A -centered k-point mesh of 75 points was used for
total energy and density of states (DOS) calculations. A larger
mesh of 904 k points was used for the calculations of energy
bands. All calculations used a basis set size of 6 × 6 × 6,
seven core states (equilibrium state of argon) for iron and
nine core states (argon + 3d states) for selenium resulting in
28 total valence electrons. Local orbitals were also used with
energies of 0.308 Ry for 3s and 3p iron and −0.548 Ry and
0.158 Ry for 3s and 3p selenium, respectively. All calculations
used fixed muffin-tin radii of 2.0 a.u. for Fe and Se atoms.
Structural optimization was executed via energy minimization
with respect to both the tetragonal lattice constants a and
c and the internal selenium parameter z. As a check on
our LAPW results, we performed calculations on the B10
structure using the Vienna ab initio simulation package (VASP)
[21–23] using the VASP implementation [24] of the projector
augmented-wave (PAW) method [25]. To ensure convergence
we used a plane-wave cutoff of 500 eV, and used the same
k-point mesh as in the LAPW calculations.

III. TOTAL ENERGY OF IRON-SELENIUM
II. COMPUTATIONAL DETAILS

Most calculations performed in this paper used the linearized augmented plane wave (LAPW)[13] implementation
of density functional theory [14]. LAPW wave functions were
used for the valence band, further augmented by local orbitals
for the semicore states, using a code developed by Krakauer,
Wei, and Singh [15,16]. Exchange and correlation effects were
1098-0121/2014/89(3)/035150(5)

Figure 2 shows the optimized (variation of volume, c/a, and
internal parameter z) total energy calculations performed with
our LAPW code, as well as our optimized VASP calculations
with the LDA functional. Both LAPW and VASP methods
with the LDA functional underestimate the measured lattice
parameters by 4.5% and 2.2% for the a and c parameters,
respectively. This was expected since the LDA functional
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TABLE I. Volume, structural parameter, a, c/a ratio, internal parameter, z, and bulk moduli for FeSe at ambient pressure. Calculated
results are from optimized calculations of the corresponding method
and the LDA functional. Experimental results are taken from Kumar
et al. [10] and Ksenofontov et al. [11].
Volume
(a.u.3 )
472.5

a
(a.u.)

c/a
LAPW
1.50

6.804

Bulk mod.
(GPa)

z

0.255

32.2

0.256

34.8

0.269 [10]

31.0 [11]

VASP

FIG. 1. (Color online) Ground state structure of FeSe, Struk7
turbereicht designation B10. The space group is P 4/nmm-D4d
(No. 129). The iron atoms are on (2a) Wyckoff sites, while the
selenium atoms are on (2c) sites.

6.771

529.5 [10]

7.121 [10]

1.50
Experiment
1.465 [10]

for a and c parameters, respectively. Comparing our structural
results under pressure with the Winiarski [12] paper, we find
comparable results for all pressures.
All calculations presented in this paper are for paramagnetic
FeSe. We also performed ferromagnetic calculations which
yield nearly the same results for total energy to the paramagnetic calculations. Furthermore, the calculated equilibrium
parameters are nearly equivalent to the paramagnetic case,
and therefore show no significant difference between the two
cases. Further calculations using the ferromagnetic, antiferromagnetic, and other magnetic orders should be considered for
further study, but are beyond the scope of this paper.
IV. ELECTRONIC STRUCTURE

DOS and energy band calculations were performed using
the LAPW results from the optimized LDA total energy
calculations. These calculations are performed down to 76%
Vexp , where Vexp = 529.5 a.u.3 from Table I. This corresponds
to pressures as high as 8 GPa. The DOS results are then used
to calculate superconductivity properties.
Figure 3 shows the total, Se-p, and Fe-d decomposed DOS
for FeSe at ambient pressure, i.e., Vexp . The d component of

FeSe LDA, tetra-PbO
150

Bexp = 31.0GPa
BLAPW = 32.2GPa
BVASP = 34.8GPa

States/Ry/Cell

125

0.01

0.02

*c/a and internal parameter varied
to optimize energy minimization

0.00

Energy (mRy)

0.03

usually underestimates the lattice parameters, although for
simple materials the difference is usually smaller. Bulk
modulus results were overestimated by 3.9% using the LAPW
method. The calculated and experimental structural results
and bulk moduli of FeSe are given in Table I. Structural
results from another optimized study of FeSe using PAW
and the LDA functional completed by Winiarski et al. [12]
agree with our calculations. They found lattice parameters of
a = 6.7902 a.u., c = 10.177 a.u., and z = 0.257. Although
it is not explicitly stated in their paper, these correspond to
underestimations of experimental values of 4.7% and 2.5%

465.7

VVASP = 465.7au3
VLAPW = 472.5au3

395.00

441.00

487.00

Vexp = 529.5au3

533.00

Total DOS
DOS Se-p
DOS Fe-d

εF

100
75
50
25

3

Volume (a.u. )
0
LAPW

-0.4

VASP

-0.3

-0.2

-0.1

0

0.1

0.2

Energy(Ry)
FIG. 2. (Color online) Total energy of FeSe using the LAPW
with the LDA functional and VASP code with the LDA functional. Both
methods performed energy minimization to obtain the optimal energy
for each volume. Although the equilibrium volume is underestimated,
the bulk modulus value is in very good agreement with experiment.

FIG. 3. (Color online) Total, Se-p, and Fe-d density of states of
FeSe at ambient pressure. Notice that the Fe-d component is the
largest contributor to the total DOS around the Fermi level. Dashed
vertical (blue) line represents the Fermi level.
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calculate the electron-ion matrix element known as the
Hopfield parameter, ηi [26], using the following formula [20]:

0.1

ηi = N (EF )I 2 i ,
E-EFermi (Ry)

0

(1)

where N (EF ) is the total DOS per spin at EF and I 2 i is
the electron-ion matrix element for each atom type, which
is calculated by the Gaspari and Gyorffy theory [20]. The
electron-ion matrix element is given by the following equation:
 i
 i
2

2(l + 1)sin2 δl+1
− δli Nl+1
Nli
EF
2
I i = 2 2
,
(1),i (1),i
π N (EF ) l=0
Nl+1
Nl

-0.1
-0.2
-0.3

(2)
-0.4
Γ

Δ

X

Y

M

Σ

Γ

Λ

Z

FIG. 4. (Color online) Energy bands of FeSe at ambient pressure.
Solid horizontal (black) line represents the Fermi level.

the Fe DOS is the largest contributor to the total DOS near
and at the Fermi level, EF . Around EF , these Fe-d states are
localized and do not extend into the interstitial region, while
the Se-p and the Fe-d tails have significant contributions in
the interstitial space as shown in Fig. 3. The Se-s semicore
states, not shown in Fig. 3, are found approximately 1 Ry
below EF . Figure 4 displays the energy bands of FeSe at
ambient pressure. These two figures are in agreement with
calculations of the DOS and energy bands performed by
other groups [7–9]. Table II gives a comparison of the DOS
between our results for the experimental lattice parameters
with those from Subedi et al. [7] and Bazhirov and Cohen [9].
The specific lattice parameters used for the DOS calculations
presented in Table II are a = 7.114 a.u., c = 10.1154 a.u., and
z = 0.2343 for both Subedi et al. [7] and us. However, it is
unclear what structural parameters were used in Ref. [9]. DOS
calculations for various a, c, and z lead to different values at
the Fermi surface. These differences in structural parameters
are influencing the calculation of superconducting properties
and will be discussed in more detail in the following section.
The differences in N (EF ) shown in Table II are probably due
to the details of the method used to calculate the DOS and
possibly the number of k points.
V. SUPERCONDUCTIVITY

where Nli are the per spin angular momenta (l) components
of the DOS at EF for atom type i, Nl(1),i are the so-called
free-scatterer DOS for atom type i, and δli are scattering phase
shifts calculated at the muffin-tin radius and at EF for atom
type i. Free-scatterer DOS are calculated by
√
 Rs
EF
(2l + 1)
r 2 u2l (r,EF )dr
(3)
Nl(1) =
π
0
and scattering phase shifts are calculated by
tan δl (RS ,EF ) =

λ=

2

i=1

32.3
26.0
21.0

ηi
,
Mi ω2 

(5)

where Mi is the atomic mass of atom type i, and ω2  is
the average of the squared phonon frequency taken from the
experimentally calculated Debye temperature of Ksenofontov
et al. [11]. The Debye temperature is related to the phonon
frequency by
2

ω2  = 12 D ,

(6)

where D is found to be 240 K [11]. The critical superconductivity temperature is given by the McMillan equation [27]


−1.04(1 + λ)
D
exp
,
(7)
Tc =
1.45
λ − μ∗ (1 + 0.62λ)
where μ∗ is the Coulomb pseudopotential, given by the
Bennemann-Garland equation [28]

N (EF ) (states/Ry/cell)
This paper
Subedi [7]
Bazhirov [9]

(4)

where RS is the muffin-tin radius; jl are spherical Bessel
functions; nl are spherical Newnaun functions; Ll = ul /ul
is the logarithmic derivative of the radial wave
√ function, ul ,
evaluated at RS for different energies; k = EF ; and ul is
computed by solving the radial wave equation at each k point
in the Brillouin zone. The Hopfield parameter is then used
to calculate the electron-phonon coupling constant, which
is obtained using the following equation from McMillan’s
strong-coupling theory [27]:

As mentioned, the DOS calculations are used to calculate superconductivity parameters. For each atom type, we
TABLE II. Comparison of the total DOS at the ambient pressure.
Our DOS calculations, as well as those of Subedi et al. [7], are for the
experimental structural parameters with the internal parameter z =
0.2343. It is not entirely certain what were the structural parameters
used to calculate the values given by Bazhirov and Cohen [9].

jl (kRS ) − jl (kRS )Ll (RS ,EF )
,
nl (kRS ) − nl (kRS )Ll (RS ,EF )

μ∗ = 0.13

N (EF )
.
1 + N (EF )

(8)

In Eq. (8), N (EF ) is expressed in eV and given in a per cell
basis. The prefactor 0.13 was chosen such that μ∗ = 0.10 at
035150-3
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TABLE III. Total DOS at EF , N (EF ), Hopfield parameters, η,
electron-phonon coupling constants, λ, Coulomb pseudopotentials,
μ∗ , and critical superconductivity temperature, Tc , for FeSe at various
volumes, corresponding to pressures as high as 8 GPa. Experimental
values are calculated using a fixed c/a and z taken from experimental
parameters (c/a = 1.4656 and z = 0.260/z = 0.2343).
V
N (EF )
states
3
(a.u. ) ( Ry/cell
)
530
530
460
430
420

ηFe ηSe
2
(eV/Å )

λFe

λSe

λ

μ∗

= 1.4656; z = 0.260)
0.090 0.603 0.10
0.088 0.646 0.095
0.089 0.689 0.093
0.088 0.707 0.0927

4.6
6.8
8.5
9.4

the experimental volume. D was calculated as a function of
volume, V , by the following formula:
D = C(V − V ) + D ,

LaFeAsO
N (EF ) (states/Ry/cell)

Tc
(K)

Experimental c/a; optimized z (c/a = 1.4656; z = 0.2343)
32.28 1.47 0.46 0.500 0.114 0.614 0.10
4.9
Experimental parameters (c/a
44.82 1.50 0.36 0.513
37.05 2.15 0.47 0.558
34.23 2.58 0.53 0.600
33.44 2.75 0.55 0.618

TABLE IV. Calculated DOS and superconductivity related results
of LaFeAsO using LAPW with the LDA functional. Experimental
critical temperature result is taken from Takahashi et al. [32].

(9)

where C is given as the slope between the experimental
Debye temperature of Ksenofontov et al. [11] at ambient and
6.9 GPa pressures at their corresponding volumes. We have
C = −0.513, where V = 530.3 a.u.3 .
In Table III, we show the total DOS at the Fermi level,
Hopfield parameters, electron-phonon coupling constants,
Coulomb pseudopotentials, and critical superconductivity
temperature for FeSe at various volumes, using our LAPW
results. We have included constant c/a and z calculations in
Table III, where c/a is set at the experimental value.
First we note that at the experimental volume we obtain
Tc ≈ 5 K reasonably close to the measured value of 8 K.
We also note that if the c/a ratio and z are held constant,
specifically at the experimental values, throughout the DOS
calculations for the given volumes, an increase in all Tc values
is found for increased pressure (decreasing volume), as seen in
Table III. Although the total N (EF ) is found to monotonically
decrease during the increase in pressure, the parameter η
undergoes a rapid increase. This decrease in total N (EF ) also
contributes to a subtle reduction in the μ∗ at larger pressures.
It is also of interest that the change of internal parameter does
not seem to influence the overall superconductivity properties.
We continue to see the increase of η due to the complexity
of Eq. (2), which gives the electron-ion matrix elements I 2 .
This shows that the total DOS at the Fermi level is not the
only, or the major, influence in calculating superconductivity
properties. It is important to note from Table III that λFe
is approximately six to seven times larger than λSe . This
is not surprising since the Fe states dominate near EF , but
also justifies our use of the Debye temperature in estimating
the average phonon frequency. Varying the c/a ratio for a
given volume does, however, cause a significant change in
the superconductivity properties. This makes the search of
absolute optimized parameters quite hard and time consuming.
We show the trend of increasing superconductivity critical
temperature for increasing pressure using the experimental

53.964
2

Ns (EF ) Np (EF ) Nd (EF ) Nf (EF ) η (eV/Å )
Fe
As
La
O
D (K)

0.029
0.006
0.006
0.009
λTotal

0.562
0.826
0.126
0.264
μ∗

44.052
0.439
0.330
0.042
Tc

319

0.23

0.13

0.0

0.014
0.119
0.278
0.005
Tc (exp)

0.967
0.186
0.034
0.008

λ
0.19
0.03
0.003
0.006

45.0

structural parameters, with a value of about 9 K, which is too
small to account for the measured value of 30 K.
At ambient conditions, our electron-phonon coupling
constant calculation λ = 0.603 is consistent with the value
calculated by Ksenofontov et al. [11], λ = 0.65, by inverting
the McMillan equation using the measured θD .
Other computational papers [7,9] find values of approximately λ = 0.15 using linear response theory. It is not clear to
us what is the source of discrepancy between our calculations
based on the Gaspari-Gyorffy theory and the linear response
theory-based calculations. It is possible that our use of the
relationship between average phonon frequency and the Debye
temperature is an oversimplification or, on the other hand,
the Brillouin-zone samplings performed in the linear response
codes are not sufficiently converged. It would be helpful for
resolving this issue to have separate calculations of I 2  by
the linear response method. In any case, our results presented
in the following paragraphs regarding our agreement with
the small λ = 0.23 we obtained for LaFeAsO need to be
understood.
In this other iron-based superconducting material,
LaFeAsO, electron-phonon coupling constants of approximately 0.2 [29,30] have been reported. We have also performed
superconductivity calculations of LaFeAsO using the results
of Ref. [31]. Our calculations of the electron-phonon coupling
constant for LaFeAsO is consistent with the results of these
groups. LaFeAsO is known to be on the verge of magnetic
instability [29,30]. This suggests that spin fluctuations are
important in this material.
Table IV shows our calculated LAPW DOS and superconductivity results using the LDA functional and experimental
parameters for LaFeAsO. The Hopfield parameter of the Fe
atom is seen to be quite low for the LaFeAsO material, in
contrast to what we find in FeSe. Similarly, the electronphonon coupling is much larger for FeSe.
VI. CONCLUSIONS

In this paper we present calculations of the band structure of
FeSe which are in good agreement with other works regarding
mechanical and electronic properties of this material. We
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have also presented calculations of the parameters entering
the McMillan equation for the superconducting critical temperature. Our view is that an electron-phonon mechanism
can explain superconductivity in FeSe at zero pressure, but
it does not give enough of an enhancement to the value
of Tc under pressure. Comparing with the multicomponent
compound LaFeAsO we see the following picture emerging:
In LaFeAsO, a combination of the small value of the
calculated parameter η and a large value of the measured θD
invalidates the electron-phonon coupling. On the other hand,

in the case of FeSe, the combination of large η and small θD
supports electron-phonon coupling, at least at zero pressure.
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