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We study the electronic structure of iron-based superconductors FeSei_;Te, within the density functional
theory. We pay particular attention to the pressure effects on the Fermi surface (FS) topology, which seem
to be correlated with a critical superconducting temperature T¢ of iron chalcogenides and pnictides. A reduc-
tion of the FS nesting between hole and electron cylinders with increasing pressure is observed, which can lead
to higher values of T¢. The tellurium substitution into selenium sites yields FS changes similar to the pressure effect.
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1. Introduction

Iron chalcogenides FeSe; _, Te, are members of promis-
ing family of Fe-based high temperature superconduc-
tors [1]. Non-stoichiometric Fe;ysSe have been found
to be superconducting at 8 K [2]. Tellurium substitu-
tion into selenium sites raises the critical temperature
Tc in FeSe;_,Te, up to 15 K for z = 0.5 [3-5]. Ad-
ditionally, T¢ increases to 37 K for FeSe [6-10] and to
26 K for FeSep5Tep5 [11, 12] under external pressure.
On the other hand, the end member FeTe (x = 1) is
no longer superconducting, but shows antiferromagnetic
phase at low temperatures. Disorder has also influence on
chalcogenide properties. It can be introduced by excess
iron atoms (deficiency of selenium) in Feq4,Se (FeSei_;)
layer [13] or by doping with Ni, Co and Cu into Fe
sites [14-18]. Recently, ternary compounds A;FesSes
with alkai metal A = K, Rb, TI, Cs between FeSe layers
have been investigated due to promising T > 30 K [19-
22).

These compounds containing no arsenic atoms, unlike
pnictide superconductors, are particularly important for
applications. They are also convenient for theoretical
investigations because of simple both chemical composi-
tions and crystal structures.

The main aim of this paper is to examine the pres-
sure effect on electronic structure of FeSe;_,Te, in the
normal state within the density functional theory (DFT)
calculations. We describe our computational methods
and give structural parameters obtained by a geometry
optimization under pressure for FeSe and FeSeg sTeq. s
compositions in the tetragonal phase of the PbO-type
(P4/nmm). The results of band structure calculations
corresponding to ambient and higher pressures are pre-
sented. We are especially interested in the changes of
the Fermi surface (FS) topology under pressure, which
is suspected to be correlated with superconducting tem-
peratures of iron chalcogenides and pnictides.
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2. Computational details

We have studied FeSe;_,Te, superconductors with
x = 0 and 0.5 displayed in Fig. 1. All calcula-
tions were performed in the framework of DFT within
the local-density approximation (LDA) of the exchange-
correlation potential. We used the based on plane-
waves and PAW (Projector Augmented Wave) methods
QUANTUM-ESPRESSO code [23] and ABINIT [24] to
optimize both lattice parameters and atomic positions in
the unit cell. Then we employed the FPLO (full-potential
local-orbital) code [25] to calculate all electronic proper-
ties of FeSe;_,Te, under external pressure.

Fig. 1. structure of

Schematic tetragonal
FeSei—_;Te, (z = 0.5) of the PbO-type (space group
P4/nmm).

crystal

The following valence configurations were used in our
calculations: 3d%4s24p®, 3d'04s%4p* and 4d'°5s25p* for
Fe, Se and Te, respectively. Total energy of considered
systems was converged with accuracy to 10~* Ry for the
plane waves energy 50 Ry cut-off. The 12 x 12 x 12 (196
points) k-point mesh in the non-equivalent part of the
Brilouin zone was sufficient.

The first step of the analysis was geometry relaxation
of the FeSe;_,Te, crystal structure in the tetragonal
phase, which was performed with 0.05 GPa convergence
criterion on the pressure (1072 Ry/Bohr on forces). The
calculated lattice parameters at ambient pressure are pre-
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TABLE

Experimental and calculated lattice constans a, ¢, and
free zsc 7. parameters of FeSe and FeSeo.5Teq.5 at p = 0.
The bulk moduls By obtained from the third-order Birch—
Murnaghan equation of state.

a|A] ¢|A] zse/zre Bo |[GPal
3.7742 5.4545 0.266  30.7
3.7658 5.4988 0.266 31
FeSe(opt.) 3.5963 5.4310 0.256  32.9
Fe1_oggseo,57T8()‘43(eXp.)a 3.8007 5.9926 0.274 36.6
FeSeo.5Teo.5(exp.)” 3.8003 5.9540 0.256

FeSe(exp.)®

0.285
FeSeo.5Teo.5(opt.)” 3.6546 5.6847 0.238  33.6
0.289
¢ According to [7, 8, 12] and [26], respectively.
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Fig. 2. Calculated pressure evolution of the lattice pa-

rameters a, ¢ ((a) and (d)) as well as the chalcogen
atom distance from the iron plane ((b) and (e)) for FeSe
and FeSep.5Teg 5. Their corresponding unit cell-volume
changes vs. pressure (squares), fitted to the equation of
states (lines), are shown in parts ((c) and (f)), respec-
tively.

sented in the Table. The results of full geometry relax-
ation differs from both experimental data [7, 8, 12] and
results of calculations limited to optimization of the free
Z5e/Te Parameters [27-29].

Figure 2 shows the pressure dependence of the cell pa-
rameters and Fe/Se distance from the iron plane in FeSe
and FeSeg 5Tep.s compounds. We fitted our data with
the third order Birch-Murnaghan equation of state [30]:

o=in((#)-())
(-te-m(()-)

where By is the bulk modulus, BY is its pressure deriva-
tive and V} is the equilibrium unit cell volume. The ob-
tained By parameters are in good agreement with the
previous experimental data [7, 8, 12] (Table).

3. Electronic structure
The electronic structure of FeSe;_, Te, near the Fermi
energy contains mainly the Fe-3d states [27] as can be
seen from the distinct orbital character of bands (Fig. 3
for FeSe at p = 9 GPa) as well as orbital-projected densi-
ties of states (DOS) plotted in Fig. 4. However, the bands
at the Fermi level (Er) have also contributions from the
p. orbitals, which indicates that Te/Se-p orbitals may
play a substantial role in superconductivity as well. A
higher DOS at Er is observed in FeSegsTeps than in
FeSe. This suggests a small increase of electronic den-
sity with raising tellurium content. In both compounds,
the densities at the Fermi energy are slightly enhanced
under pressure. Zero pressure values of DOS at Ep are
1.49 eV~ for FeSe and 1.73 eV~! for FeSeps5Tep 5. At
pressures corresponding to the maximum critical temper-
atures, the densities are equal to 1.54 eV~! (p = 9 GPA)

and 1.77 eV~! (p = 2 GPa), respectively.

/7
N
20
— A T /,/// \
— 0.0 S
& LSy & /
2.0 - e Fe xy
% L - Feyz
;s_; L Fe Z
k- Fexz
R — Fe xiy?
i ) Se px
[ — Se pz
6.0 - |Sc py
r X M r oz R A
Fig. 3. The electronic band structures of FeSe along

high-symmetry lines at p = 9 GPa.
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Fig. 4. The total and orbital projected electronic DOS
for (a) FeSe and (b) FeSeo.5Teo.5 at ambient and higher
pressures.
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Fig. 5.
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Fig. 6. Changes in the Fermi surface nesting between
electron and hole sheets of FeSe under external pressure.

In general, the Fermi surface of FeSe;_,Te, com-
pounds exists in five bands and consists of two elec-
tron cylinders 6 and ¢’, centred at the M point, and
three holelike sheets around the I' point — two outer
cylinders and one inner closed pocket (labelled as «, 3,
v) [27, 28]. Figure 5 visualizes all FS sheets for FeSe
under ambient and higher pressures. The electron and
hole cylinders are separated by the nesting vector close
to ¢ = [m,7,0] (Fig. 6). Due to this fact, the spin-
density waves (SDW) can compete with the supercon-
ducting (s-wave-type) pairing. Under external pressure,
the cylinders are more corrugated and the FS nesting is
suppressed [9].

In turn, the Fermi surface sheets in FeSeg 5Teg.5 (not
shown) have also more three-dimensional character in
comparison with FeSe system and the cylinders yield
more imperfect nesting upon increasing pressure. Thus,
both tellurium substitution and external pressure have
the similar effects on electronic structure of iron chalco-
genides in the tetragonal phase.

4. Conclusions

We have studied the effect of external pressure on both
crystal and electronic structures of FeSe;_,Te, super-

The Fermi surface sheets of FeSe (drawn separately for each of five bands) at (a) 0 and (b) 9 GPa.

conductors. The influence of tellurium content was also
investigated. Correlations between critical temperature,
lattice parameters and topology of the Fermi surface were
observed. The increase of pressure as well as Te substi-
tution raise the values of zg, /Te Causing suppression of
the Fermi surface nesting.

In FeSeg5Teps at p = 0, due to the reduced FS nest-
ing, a possible SDW state becomes more unstable than
in FeSe. Hence, the superconducting phase can appear
at an earlier stage in the former system. In both com-
pounds, the imperfect F'S nesting of the corrugated cylin-
ders is enhanced with increasing pressure, which can lead
to higher values of T¢.

The orbital character of bands and projected DOS con-
firm that the electronic structure near the Fermi energy
consists of Fe-3d electrons being slightly hybridized with
chalcogenide 3p/4p states. A higher DOS at the Fermi
level is observed under pressure, which usually improves
superconducting properties.

In previous experiments, critical temperature reaches
maximum under finite pressures and then structural
phase transitions take place [7, 9, 12]. Therefore, the
observed To-increase seems to be caused by the pressure-
induced changes in the tetragonal phase. When this
phase begins to diminish, the trend is reversed (T¢ de-
creases). Ab initio investigations of such effects will be
undertaken in the future.

Acknowledgments

This work has been supported by the EC project
through the FunDMS Advanced Grant of the European
Research Council (FP7 ’Ideas’), managed by Tomasz Di-
etl (A.C.) as well as by the National Centre for Science
in Cracov under the grant No. N N202 239540 (M.W.,
M.S-C.). Calculations were partially performed on ICM
supercomputers of Warsaw University under the grant
G46-13 (A.C) and in Wroclaw Centre for Networking and
Supercomputing, grant No. 158 (M.W.). The Computing
Center at the Institute of Low Temperature and Struc-
ture Research PAS in Wroclaw is acknowledged for the
use of the supercomputers and technical support.



[1]

[2]

13]

[4]

[5]

[6]
[7]

18]

[9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

The Pressure Effects on Electronic Structure of Iron Chalcogenide Superconductors FeSey—, Te, 823

References

Y. Kamihara, T. Watanabe, M. Hirano, H. Hosono,
J. Am. Chem. Soc. 130, 3296 (2008).

F.C. Hsu, J.Y. Luo, K.W. Yeh, T.K. Chen,
T.W. Huang, P.M. Wu, Y.C. Lee, Y.L. Huang,
Y.Y. Chu, D.C. Yan, M.K. Wu, Proc. Natl. Acad.
Sci. U.S.A. 105, 14262 (2008).

M.H. Fang, H.M. Pham, B. Qian, T.J. Liu,
E.K. Vehstedt, Y. Liu, L. Spinu, Z.Q. Mao, Phys.
Rev. B 78, 224503 (2008).

K.W. Yeh, T.W. Huang, Y.L. Huang, T.K. Chen,
F.C. Hsu, P.M. Wu, Y.C. Lee, Y.Y. Chu, C.L. Chen,
J.Y. Luo, D.C. Yan, M.K. Wu, Europhys. Lett. 84,
37002 (2008).

Y. Mizuguchi, F. Tomioka, S. Tsuda, T. Yamaguchi,
. Takano, J. Phys. Soc. Jpn. 78, 074712 (2009).

Y
Y. Mizuguchi, F. Tomioka, S. Tsuda, T. Yamaguchi,
Y. Takano, Appl. Phys. Lett. 93, 152505 (2008).

S.

Margadonna, Y. Takabayashi, Y. Ohishi,
Y. Mizuguchi, Y. Takano, T. Kagayama, T. Nak-
agawa, M. Takata, K. Prassides, Phys. Rev. B 80,
064506 (2009).

J.N. Millican, D. Phelan, E.L. Thomas, J.B. Leao,
E. Carpenter, Solid State Commun. 149, 707 (2009).

R.S. Kumar, Y. Zhang, S. Sinogeikin, Y. Xiao, S. Ku-
mar, P. Chow, A.L. Cornelius C. Chen, J. Phys.
Chem. B 114, 12597 (2010).

H. Okabe, N. Takeshita, K. Horigane, T. Muranaka,
J. Akimitsu, Phys. Rev. B 81, 205119 (2010).

K. Horigane, N. Takeshita, C.-H. Lee, H. Hiraka,
K. Yamada, J. Phys. Soc. Jpn. 78, 063705 (2009).

N.C. Gresty, Y. Takabayashi, A.Y. Ganin, M.T. Mc-
Donald, J.B. Claridge, D. Giap, Y. Mizuguchi,
Y. Takano, T. Kagayama, Y. Ohishi, M. Takata,
M.J. Rosseinsky, S. Margadonna, K. Prassides,
J. Am. Chem. Soc. 131, 16944 (2009).

T.M. McQueen, Q. Huang, V. Ksenofontov, C. Felser,
Q. Xu, H.W. Zandbergen, Y.S. Hor, J. Allred,
A.J. Williams, D. Qu, J. Checkelsky, N.P. Ong,
R.J. Cava, Phys. Rev. B 79, 014522 (2009).

A.J. Williams, T.M. McQueen, V. Ksenofontov,
C. Felser, R.J. Cava, J. Phys. Condens. Matter 21,
305701 (2009).

S.B. Zhang, H.C. Lei, X.D. Zhu, G. Li, B.S. Wang,
L.J. Li, X.B. Zhu, W.H. Song, Z.R. Yang, Y.P. Sun,
Physica C 469, 1958 (2009).

E.L. Thomas, W. Wong-Ng, D. Phelan, J.N. Millican,
J. Appl. Phys. 105, 073906 (2009).

T.W. Huang, T.K. Chen, K.W. Yeh, C.T. Ke,
C.L. Chen, Y.-L. Huang, F.C. Hsu, M.K. Wu,
P.M. Wu, M. Avdeev, A.J. Studer, Phys. Rev. B 82,
104502 (2010).

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

D.J. Gawryluk, J. Fink-Finowicki, A. Wisniewski,
R. Puzniak, V. Domukhovski, R. Diduszko,
M. Kozlowski, M. Berkowski, Supercond. Sci.
Technol. 24, 065011 (2011).

M. Fang, H. Wang, C. Dong, Z. Li, C. Feng, J. Chen,
H.Q. Yuan, Furophys. Lett. 94, 27009 (2011).

J. Guo, S. Jin, G. Wang, S. Wang, K. Zhu, T. Zhou,
M. He, X. Chen, Phys. Rev. B 82, 180520(R) (2010).
X.G. Luo, X.F. Wang, J.J. Ying, Y.J. Yan, Z.Y. Li,
M. Zhang, A.F. Wang, P. Cheng, Z.J. Xiang, G.J. Ye,

R.H. Liu, X.H. Chen, New J. Phys. 13, 053011
(2011).
J.J. Ying, X.F. Wang, X.G. Luo, A.F. Wang,

M. Zhang, Y.J. Yan, Z.J. Xiang, R.H. Liu, P. Cheng,
G.J. Ye, X.H. Chen, Phys. Rev. B 83, 212502 (2011).

P. Giannozzi, S. Baroni, N. Bonini, M. Calandra,
R. Car, C. Cavazzoni, D. Ceresoli, G.L. Chiarotti,
M. Cococcioni, I. Dabo, A. Dal Corso, S. Fabris,
G. Fratesi, S. de Gironcoli, R. Gebauer, U. Ger-
stmann, C. Gougoussis, A. Kokalj, M. Lazzeri,
L. Martin-Samos, N. Marzari, F. Mauri, R. Maz-
zarello, S. Paolini, A. Pasquarello, L. Paulatto,
C. Sbraccia, S. Scandolo, G. Sclauzero, A.P. Seit-
sonen, A. Smogunov, P. Umari, R.M. Wentzcovitch,
J. Phys. Condens. Matter 21, 395502 (2009).

X. Gonze, B. Amadon, P.-M. Anglade, J.-M. Beuken,
F. Bottin, P. Boulanger, F. Bruneval, 'D. Cal-
iste, R. Caracas, M. Cote, T. Deutsch, L. Gen-
ovese, Ph. Ghosez, M. Giantomassi, S. Goedecker,
D.R. Hamann, P. Hermet, F. Jollet, G. Jomard,
S. Leroux, M. Mancini, S. Mazevet, M.J.T. Oliveira,
G. Onida, Y. Pouillon, T. Rangel, G.-M. Rignanese,
D. Sangalli, R. Shaltaf, M. Torrent, M.J. Verstraete,
G. Zerah, J.W. Zwanziger, Computer Phys. Commun.
180, 2582 (2009).

K. Koepernik, H. Eschrig, Phys. Rev. B 59, 1743
(1999).

M.C. Lehman, D. Louca, K. Horigane, A. Llobet,
R. Arita, S. Ji, N. Katayama, S. Konbu, K. Naka-
mura, P. Tong, T.Y. Koo, K. Yamada, Phys. Rev. B
81, 134524 (2010).

A. Subedi, L. Zhang, D.J. Singh, M.-H. Du, Phys.
Rev. B 78, 134514 (2008).

F. Chen, B. Zhou, Y. Zhang, J. Wei, HW. Ou,
J.F. Zhao, C. He, Q.Q. Ge, M. Arita, K. Shi-
mada, Hi. Namatame, M. Taniguchi, Z.Y. Lu, J. Hu,
X.Y. Cui, D.L. Feng, Phys. Rev. B 81, 014526 (2010).

P.P. Singh, J. Phys. Condens. Matter 22, 135501
(2010).

F. Birch, Phys. Rev. 71, 809 (1947).



