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Abstract

In Physics, one of the current hot research related to material for energy storage problem is finding superconducting
materials that can work at room temperature. In this work we study the properties of FeSe superconductor under
pressure. We have performed density functional theory(DFT) calculations as implemented in QUANTUM
ESPRESSO. All calculation were executed using the tetragonal leadoxide or P4/nmm structure, and we used
experimental value of lattice parameters a and ¢. We found that superconducting transition temperature (Tc) of
FeSe increases sensitively under pressure. We concluded that the change in lattice parameter and the increment in
DOS can be an evidence for high Tc . Furthermore, we compared the result of ferro magnetic and anti feromgnetic
ordering and we found that the Fermi energy, total energy and the Tc is higher for anti ferromagnetic ordering
calculations. The result shows that the lowest occupied state is in ant ferromagnetic order, in agreement with
already published.
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1. Introduction

Superconductivity has been observed in different class of materials since the first report in 1911. The phenomena
has been studied theoretically and lexperimentally. The reports showed that the superconducting critical
temperature Tc raised under the actions of doping, and pressure. In 2008 a new superconductor(LaF eAsO — Fy)
was found that contains magnetic element, Iron[1]. This was one of the important discovery in the history of
Superconductivity. After this report the study of superconductivity shifted its focus from ceramic material to iron-
based material.

One of the simplest crystal structure in iron based superconductors (IBS) is the so called 117 family, example,
FeSe, as reviewed in ref.[2]. In these materials the mechanism is not yet clearly understood but it is believed that
it has magnetic origin [3,4,5,6]. Understanding the magnetic nature and its relation with the onset of
superconductivity has been a key question. From the experimental point of view FeSe system is preferable due to
the fact that it does not contain the toxic element, Arsenic and the possibility of getting high-quality single crystals.
It was reported that Tc with various techniques reaches 8k-70k [7].

It has been reported that superconductivity in FeSe induced under pressure [7,8]. Based on the reports it is
clearly indicated that the value of Tc is strongly dependent on the applied pressure. But the effect of pressure on
the lattice parameter is not well reported. It is well known that the electronic structure of such systems can provide
insight into the superconducting properties of materials[9]. In this work we applied Density Functional theory(DFT)
as implemented in Quantum espresso. This technique leads to obtain electronic band structure, Density of
state(DOS), and Fermi surfaces[10-13]. Density of State(DOS) in superconductivity is an important parameter to
understand several properties. If the number of DOS near the Fermi level is changing, for instance by doping, then
the properties of the material may change dramatically. Lattice parameters are highly linked with electronic
structural properties of super- conductors. FeSe can be considered as reference materials to study effect of
pressure(in this case lattice parameter change) and other superconducting properties of other Fe-based
superconductors.

In general our research addressed to improving the basic understanding of the properties of FeSe under
pressure through electronic structural calculations.

2. Computational details

In this research we applied the first principle method in density functional theory(DFT)as implemented in quantum
espresso. We selected the suitable pseudo potentials for Fe, and Se from alternative pseudopod-potential library in
order to obtain high quality and meaningful results on the behavior of selected correlated-electron compounds.
The energy convergence is checked with respect to the cutoff energies and k-point sampling. The initial tetragonal
lattice parameters of FeSe in our calculations are based on the experimental value under ambient conditions: a="b
= 3.765[a.u], c = 5.518[a.u][14]. The bands are plotted along the high symmetry direction in the Conventional
Tetragonal-TET Brillouin zone, the lattice following the pathT - X —-M -T'-Z—-R - A —-Z[15]. We used 121
k-points mesh in the Brillouin zone. The DOS calculation were performed using tetrahedron method. The
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calculations were done for non magnetic, Ferromagnetic ordering and anti ferromagnetic ordering.

3. Result and Discussion

3.1. Effects of Pressure on lattice parameters

In this work we present the electronic structure of FeSe under pressure. The geometry optimization was performed
for the tetragonal P4/nmm structure of FeSe within the pseudo-potential approach and quantum ESPRESSO
program. We calculated the pressure dependences of the crystal lattice parameters. We did for SCF and
optimization. These results are in a qualitative agreement with experimental data of Refs.[16-19].

The pressure dependence of structural parameters were summarized in Figures.1-2. With increasing pressure,
the lattice parameters a and c,the ratio of cell parameter c/a , volume of the material V and Fe-Se distance decreased
monotonously

The result shows that the length of a-axis decrease more slowly compared to c-axis. c- axis seen to decrease
more at P=2Kbar. The c/a-ratio is plotted as a function of pressure. We observed that the ratio of cell parameter
c/a decreased as pressure increased. That is the ratio decreases down to 1.4877 at 178k bar.

As we know the change in lattice parameter result in changing the volume unless we fixed the volume. Here
we found that as lattices parameters are decreased the volume is also decreases, while the transition temperature
increased with increasing the pressure. This is a good indication how pressure sensitively correlated with the
arrangement of crystal structure. This in turn strongly affect the superconducting properties of the Fe-based
superconductor particularly FeSe. Fig. 2(b) shows the unit-cell volume of FeSe plotted as function of pressure.
Tables 1 shows the calculated value of Fermi energy, total energies and volume of FeSe with vary lattice
parameters a and ¢ under pressure(P = 0 to 2Kbar). From this result, we observed the value of volume and Fermi
energy increased while total energies decreased by small amount with increasing pressure. The Fermi energy has
been calculated for FeSe, as lattice parameters decrease, the Fermi energy also decreased [tables 1 and 2] show
the correlation between Fermi energy, lattice parameter total energies and volume with pres sure.
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Figure 2: (a) The ratio

of lattice parameters c/a vs pressure
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P[Kbar] and (b) unit cell-volume V [ A 3 ] vs pressure P[Kbar] for FeSe in VC-relax.
The Fermi energy has been calculated for FeSe, as lattice parameters decrease, the Fermi energy also
decreased [tables 1 and 2] show the correlation between Fermi energy,lattice parameter total energies and volume
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3. 2. Effect of pressure on Band Structure and DOS of FeSe

We reproduced the known band structure for FeSe as shown in Fig.3. The Figure shows that the band structure
calculated in the space group P4/nmm with non-spin polarized orbitals in optimization. Most of the features the
band structure are similar in both, self consistent field and optimization structure.The Fermi energy is 9.340eV in
self consistent field that would be compared with 8.986eV for the optimization one at minimum pressure. How
ever, at high pressure p = 2Kbar, Er become 9.37¢V and 10.32ev respectively.

We also calculated the density of state as shown in Fig 4. The DOS at the Fermi level are slightly enhanced
under pressure. Zero pressure values of DOS at Er are 2.69(state/cell)eV while at pressures corresponding to the
maximum critical temperature, the density’s equal to 3.54(state/cell/ev) (p= 2Kbar).

Table 1: With vary atomic position of FeSe, the lattice parameters(a and c), volume, Fermi energy, total
energies and pressure are calculated from optimization.

ala.u] c[a.u] v[A%]  EF[ev] Eioiai[RY] P[Kbar]
3.676833615 54757303884 74.028 10.3256 -564.18236501 1.94
3.681566350 5.7147997000 77.458 0.0038 -564.18789490 0.96
3.682103727 5.7156305467 77.492 89970 -564.18790545 0.62
3.682106347 5.7157051703 77.493 3.0975 -564.18700470 0.61
3.683023793 5.7172302634 77552 3.9850 -564.18793605 0.20
3.683033850 5.7173974160 77.555 B.9860 -564.18793604 0.17
3.683056993 57174730082 77.557 89860 -564.18793604 0.12

2 —
“, R - FeSe

Energy [ev]

WX M T 7z R T
Figure 3: The electronic band structures of FeSe along high- symmetry lines at p=1.94Kbar for optimization.

We calculated the critical temperature Tc based on the well known McMillan equation[20]. In fact we used
Debye temperature (@p = 210K ) as suggested in different references. The calculated value of critical temperature ,
Tc=16.75K at pressure P"2Kbar. The calculated result shows the pressure dependence of Tc . It is found increasing.

This value is in good agreement with both theoretical and experimental studied under pressure.

3.3 Calculation with Magnetic ordering

It has been reported that Superconductivity in IBS connected with magnetic property. In this work we present a
spin polarized calculation for collinear magnetic ordering. As shown in the figure(Fig 5) we present band structure
for Anti-ferromagnetic ordering. The band structures are similar with most pnictides that shows a multi band nature.
We compared the Fermi energy and the total energy for ferromagnetic and antiferromagnetic ordering calculations.
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Figure 4: Density of electronic states N (E) of FeSe at P = 1.94Kbar. The Fermi level (E = 0) is marked by the

vertical broken line.

Table 2: Comparison of Fermi energy and Total energy for Ferro magnetic and anti ferro magnetic ordering.

Ferro magnetic

Anti ferro magnetic

EF 8.7504
ET | -563.55141862Ry
DOS5 0.3256

8.8418
-563.57067668Ry
1.03081

The energy difference in eV is 0.262eV=262meV. The code calculated the lowest state and the total energy
for antiferomagnetic ordering is higher. Based on the value of the DOS(table 2) and using well known MackMillan
equation we can predict that Tc is higher for anti ferromagnetic ordering.
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Figure 5: Band structure for FeSe in AFM ordering.

4. Conclusions

Applying DFT as implemented in quantum espresso, we make a simulation to obtain a band structure and DOS of
FeSe. We have studied the effect of external pressure on both crystal and electronic structures of FeSe
superconductors. The effect of pressure on the lattice parameters a and c are shown in Figures. 1-2. The c-axis is
found to be the more shortened and the shortness of this axis is furthermore seen to decrease at~2Kbar. In contrast,
the length of the a-axis decreases smoothly as the pressure increases. The c/aratio is plotted as a function of pressure.
The Correlations between pressure and lattice parameters is vary sensitive and the effect is seen on the change in
volume and Fermi energy. So, as pressure increase volume would be decreased while the value of T C raised.
From our calculation, we seen that a higher DOS at the Fermi level is observed under pressure,The density’s at the
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Fermi energy are slightly enhanced under pressure. Zero pressure values of DOS at Er is
2.69(state/cell)(state/cell/ev) while at pressures corresponding to the maximum critical temperature, the density’s
equal to 3.54(state/cell/ eV) (p~=2Kbar), which usually improves superconducting properties. We found that the
Fermi energy, DOS, and total energy is higher for Antiferromagnetic (AF) ordering. This result of Ferromagnetic
and AF spine polarized calculation indicated that FeSe exists in AF ordering at the ground state, in agreement with
already published report, e.g. ref. [3].
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