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Abstract: The electronic structures of LaOFeAs superconductors with antiferromagnetic model were simulated by using
the first-principle method. The calculated density of states (DOS) reveals that some antiferromagnetic energy peaks are
splitted due to the hybridization of Fe-3d and As-4p on the FeAs layer. The calculated spin moment for LaOFeAs is 2.39
up/Fe. The band structure and DOS around the Fermi level suggest this compound with a semimetal-like characteristic.
Beside on the Fe, a spin polarization occurs on the As site, which is distributed with both As-4p and As-4s orbitals. A
unique electronic structure is found to be associated with the deep inner orbital coupling in the LaOFeAs compound,
which provides an independent energy band with a high vibration frequency. The two bands with deep inner orbital cou-
pling as well as the spin polarization of As-4s could be used to explain some behaviours of carrier pairing in the super-
conducting state. In addition, the simulation also was performed on a series of F-doped LaOFeAs with different fluorine
composition. The results show with F-doping increasing the spin polarization of As decreasing. Superconductivity will be

suppressed by the heavy F-doping concentration.

INTRODUCTION

Even now there is no sign that the pace of progress is
slowing down. Despite the difficulty of working with these
novel cuprate ceramic materials, applications to electrical
cables, high field magnetics, motors, microwave filters, and
electronics have been forthcoming. Indeed recent years have
seen renewed interest in the field in following 1986 discov-
ery of cuprate high temperature superconductivity [1]. The
cuprate high temperature superconductors have transition
temperatures as high as 160K [2]. Furthermore an incredibly
wide range of materials is now known to be superconduct-
ing. The field is no longer confined to the study of metallic
elements and their alloys, but now includes the study of
complex oxides, carbon-based materials such as fullerence
Ceo, Organic conductors, rare earth based compounds (heavy
fermion materials), clathrate materials (BagSisg) [3, 4], and
materials based on sulphur and boron (MgB,) [5]. Recently,
a new system of ferrugate LaOFeAs compounds showed
evidence of superconductivity at high as 25 K [6, 7], which
provide rich fodders for research of high-T¢ superconductiv-
ity. The materials with large magnetic moments usually are
not expected to be superconductors due to strong ferromag-
netism which usually destroys electron pairing. Therefore,
magnetism has long been thought to be incompatible with
superconductivity. According to the Bardeen-Cooper-
Schreiffer theory of superconductivity [8], electrons with
opposite spins pair up and down are propelled through the
superconductor by vibrations of the crystal lattice known as
phonons. But magnetism changes the spin on the electrons
and stops them pairing up. Even a very small number of
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magnetic impurities can inhibit the formation of pairs. How-
ever, in cuprate superconductors, the evidences of Cu atom
cannot be replaced and the antiferromagnetic background in
the Cu-O network demonstrate the high-T¢ superconductiv-
ity with some magnetic correlations [9]. The discovery of the
ferrugate high temperature superconductor will provide an
uncharted arena in which the magnetic correlations with
high-T¢ superconductivity could be more directly visualized.

The Fe-based high temperature superconductors of qua-
ternary oxy-pnictides have formula REOFeAs with a
P4/nmm tetragonal structure. The layered structure is com-
posed of a series of stack (REO), and (FeO),. The structure
and concentration of charge carriers can be modified by
chemical doping. The rare earth RE atom can be partially
substituted by alkali-earth such as Sr to form a hole-doped
superconductor with T¢ = 25 K [8]. On the other hand, an
electron-doped superconductor is prepared by substituting O
with F, its critical temperature is 25 K [7]. Both hole- and
electron-doping can modulate the concentration of charge
carriers and magnetic background in order to arise the super-
conducting temperatures to their maximum, 25 K, which
much higher than that in the systems of LaONiP (T¢ = 3K)
[10], LaOFeP (T¢ = 4K) and LaOy F4FeP (Tc = 7K) [11]. In
addition, Zhao’s group synthesized iron-based F-doped lay-
ered quaternary compound Pr[O.,F,]FeAs with Tc =52 K
[12] which is the highest record in this kind of Fe-based su-
perconducting system. Wen’s group revealed the phase dia-
grams of electron-doped La(O;4F)FeAs and hole-doped
(La;«Sry)OFeAs [8], which have some similarities with cu-
prate high temperature superconductors in T¢ changing with
carrier concentration. Both work are very important not only
in the hole-doping with same effect on superconductivity as
electron-doping, but also in Fe-As network with similar ac-
tion as Cu-O planar layers in cuprate oxides. We have been
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deeming that it is very important for the magnetic correlation
with superconductivity in cuprate superconductors. The
antiferromagnetism on the Cu-O is helpful for electron pair-
ing at such high temperature but not mediated by phonons.
The new discovery of Fe-contained superconductors demon-
strates the importance of magnetic mediation again. It is
clear that exploration of mechanism of superconductivity in
Fe-contained compounds has the potential to reveal new su-
perconductors with higher critical temperatures, and the ul-
timate quest for room temperature superconductors, in which
the magnetic mediation could be critical.

In order to help clarify some important issues in the Fe-
contained superconductors, we present our simulation results
by means of the first principle method for Fe-contained su-
perconductors with different F-doping composition. In con-
trast to the electronic structures and magnetic moment distri-
butions for different doped compounds, we find that the spin
polarization occurs on As site, which plays an important role
for superconductivity in Fe-contained compounds. In addi-
tion a unique electronic structure is found to be associated
with the deep inner orbital coupling in LaOFeAs compound.
In the view of the spin polarization of As-4s and the deep
inner orbital coupling, a mentioned superconductivity
mechanism could be used to explain the carrier pairing in the
superconducting state.

CALCULATION DETAILS

In order to determine the electronic structure in the sys-
tem of LaOFeAs, which is helpful for understanding the su-
perconductivity in such Fe-contained compounds, and ex-
plain the effect of F doping on superconductivity, first-
principles calculations for the periodic boundary systems
were carried out using code developed by Payne et al. [13,
14]. This first-principle ab initio calculation package, using
plane-wave basis sets and suited for periodic systems. The
total energy is minimized with respect to occupied orbitals
using a conjugate-gradients method. Either LDA (local den-
sity approximation) or GGA (generalized gradient approxi-
mation) were used to calculate the exchange and correlation
energy of the electrons. Pseudopotentials are used to model
the interaction of the valence electrons with the core of each
atom. The total energy pseudopotential method we used is
based on density functional theory (DFT) in describing the
electron—electron interaction and on a pseudopotential de-
scription of the electron—core interaction. It gives the total
electronic energy of a large system, as well as its band struc-
ture. Transferability and robustness of the assumed pseudo-
potentials of each element seem to be confirmed by success
in reproducing the physical properties such as lattice parame-
ters of many compounds. Therefore, it can be expected to
give the relative stability of different crystal structures. We
used the Payne’s code in order to solve the pseudopotential
Schrodinger equation self-consistently. Besides the F-doped
La LaOFeAs compound mentioned above, F-doped RE-
OFeAs (RE=Pr, Sm, and Nd) compound were also calculated
as a reference in order to check the suitability of the model
parameters. We carried out first-principles calculations based
on density functional theory (DFT) with generalized gradient
approximation (GGA) of PBE-type [15] for the exchange-
correlation potential. Pseudopotentials are used to model the
interaction of the valence electrons with the core of each
atom, and the ultra-soft pseudopotential scheme is adopted.
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The measured structural parameters [7] were selected as
the input data for the model simulations. LaOFeAs has a
layered tetragonal crystal structure with P4/nmm symmetry.
The basic lattice parameters are a = 4.035 A and ¢ = 8.741
A. The (FeAs) and (LaO)" triple-layer-subgroups stack al-
ternatively along the c-axis. In the a-b plane, Fe atoms form
a planar-square lattice with spacing of 2.853 A. La and As
layers are respectively positioned by two internal parameters,
Z1a = 0.142 and z5s = 0.651, which labelling the inter-layer
distances of La-O and Fe-As, respectively.
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Fig. (1). Antiferromagnetic simulation model with superlattice
structure including 4 Fe atoms. The moment of Fe shows an antifer-
romagnetic arrangement. The red and blue ball represents Fe atom
with spin up and down respectively.

RESULTS

In our simulation, the spin-polarization is considered for
LaOFeAs. In order to discuss the antiferromagnetic ordering
of Fe atoms in a larger space range, as shown in Fig. (1), a
large superlattice model including 4 Fe atoms is selected, in
which the diagonal of basic lattice in the a-b plane is set as
the edge-length of superlattice

Two simulations are performed in order to consider the
effect of different spin distributions on electronic structure.
For the first one, the moments of Fe atom were set with
antiferromagnetic constitution, which is compatible with
neutron diffraction [16], while for the second one, spin mo-
ments were unfixed yet, which is adopted by other research-
ers in early time.

The band structure and density of states N(E) for
LaOFeAs model with antiferromagnetic constitution are
shown in Fig. (2). The band structure exhibits semi-metallic
characteristic. The density of state N(E) shows a pseudogap
with width about 0.3 eV is located well on Fermi level Eg. In
contrast to the total energy calculated for two models, the
antiferromagnetic model has a relatively smaller value by
0.362 eV per Fe atom than the spin-unfixed model, which
implied the antiferromagnetic constitution is more reason-
able. A direct comparison to DOS N(E) for two models can
conclude that some peaks in the range of 0 to -2eV are split-
ted (Fig. 2) origins from antiferromagnetic ordering of 3d
electron spin of Fe atoms. The pseudogap on Er looks not
explicit with a characteristic of semi-metal as shown in Fig.
(2), which is compatible with the band structure. In addition,
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Fig. (2). (a) Density of states with total energy spectrum and (b) band structure for LaOFeAs, where G=(0,0,0), F=(0,1/2,0), Q=(0,1/2,1/2),
Z=(0,0,1/2). Three deep inner bands are dominated by hybridization of O-2s, La-5p and As-4s orbitals, respectively. The outer band in the
vicinity of Fermi level arisen from the hybridization of O-2p, Fe-3d and As-4p orbitals. The Fermi level is denoted by the dashed line.

the density of state N(E) with a small value at the Fermi level
implies a small concentration of carriers in the compound of
LaOFeAs, which is consistent with the experiments in Hall
effect [17] and X-ray photoelectron spectroscopy (XPS)
measurement [18].

The density of states with total energy spectrum for
LaOFeAs is shown in Fig. (2). Combining with analysis of
band structure and charge distribution, we identified three
deep inner N(E) bands arisen from the hybridization of O-2s,
La-5p and As-4s orbitals, respectively. The outer band in the

vicinity of Fermi level arisen from the hybridization of O-2p,
Fe-3d and As-4p orbitals.

The p-d hybridization between O and Fe is very signifi-
cant for this compound since it results in the pseudogaps
opening near Ef, as well as the anti-ferromagnetic ordering
background induced by spin-polarization. For the DOS as
shown in Fig. (2), the hybridization of As-4p and Fe-3d
mainly is arisen from the electronic outer band in the range
of 0 to -2eV. On the other hand, the band in the range of -2
to - 6eV has a large fraction from the contribution of O-2p in

Fig. (3). (a) the contour map of total spin density distribution for LaOFeAs crystal. The blue and yellow represents spin up and down respec-
tively, where isosurfaces corresponding to 0. OSOeIA3 (b) The contour map of electronic density for inner orbitals of As-4s with energy range
from -12 to -10 eV. The Blue and red represent a- and g-orbital, corresponding to spin-up and spin-down states, respectively. The isosurfaces

corresponds to 0.050e/A%.
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La-O layer. It is particularly noted that this band is with a
very similar characteristic like O-2p in cuprate high T¢ su-
perconductors in which the coupling of O-2p and Cu-3d
brings on a super-exchange effect.

According to calculation of the anti-ferromagnetic model,
the p-d hybridization between O and Fe produces a spin
moment 2.39ug/Fe. Such spin moments of Fe-3d constitute
an anti-ferromagnetic array in Fe-As layer, as shown in Fig.
(3a). In addition, a sizable spin polarization of As-4p is also
obtained as a result of hybridization of Fe-3d and As-4p.
However, the spin polarization of As-4p is not so strong like
Fe-3d due to only with the filled p-shell.

The spin density of the inner As-4s orbital with energy
range from -12 to -10 eV is shown in Fig. (3b). The red and
blue part represents a- and fS-orbital respectively, which cor-
responding to the spin-up and -down state. It is clear that the
red and blue parts jointly exist on As-3s orbital, which im-
plies spin polarization of inner As-4s. Such polarization in
inner As-3s orbital would be associated with large polariza-
tion of the outer As-4p orbital due to two orbitals in close
vicinity in space even though they have a big interval in en-
ergy. Therefore, In Fe-As layer there occurs another set of
magnetic lattice formed by the polarized inner As-4s orbital
beside the outer Fe-As magnetic lattice.

In Fe-As network as a conduction layer, the As plays an
important role for carriers moving. Since in the FeAs layer,
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the Fe ions are too remote from each other to have direct
electron hoping and the As ion is needed to bridge the elec-
tron hoping between the Fe ions [19]. Between two antifer-
romagnetic moments of Fe, the polarization direction of As
certainly opposites to one of Fe moments, due to magnetic
frustration, which will give rise to the magnetic skew scatter-
ing for carriers. The polarization of As no doubt will influ-
ence the transportation behaviour of carriers, which would be
one of reasons for observed abnormity of Hall coefficient Ry
[20] It has been widely accepted that the temperature de-
pendence of Ry could be caused by a magnetic skew scatter-
ing mechanism, i.e. the scattering of conduction electrons
from local moments is asymmetric due to spin-orbital cou-
pling. In fact, the magnetic skew scattering has been ob-
served in various materials with the presence of magnetic
moments. As the compound contains Fe element, the calcu-
lation shows the presence of Fe local moments, then the
skew scattering mechanism might work there [21].

The spin density distributions of LaO,.,FsFeAs superlat-
tice model (model including 8 Fe atoms) with different F-
doping composition are shown in Fig. (4). For x=0, 0.125,
0.25 and 0.5 model, there are 0, 1, 2 and 4 fluorine atoms
substitute for oxygen in superlattice respectively. In Fig. (4),
along the array direction of Fe ion with the same spin direc-
tion, we can see that there always is an As ion with opposite
spin direction between two Fe ions. An antiferromagnetic
arrangement of As-Fe is formed. The spin polarization in-

Fig. (4). Comparison of spin density distribution of LaOFFeAs with different composition x, (a) x=0, (b) x=0.125, (c) x=0.25 and (d)
x=0.5 model. The polarization on the As site is induced by hybridizing between As-4p and Fe-3d, which like a bridge connecting with two
magnetic Fe ions. With the increase of doped concentration, the polarization of As decreases implying the bridge is gradually broken. The
yellow and blue balls are Fe ions with spin-up and spin-down respectively, in which isosurfaces corresponding to 0.030e/A>.
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duced by the hybridization of As-4p and Fe-3d like a bridge
connecting two magnetic Fe ions. In contrast of the spin den-
sity distribution for La(O;.F,)FeAs compounds with differ-
ent fluorine concentrations, it shows the doping concentra-
tion does not influence the antiferromagnetic ordering, but F-
doping suppresses the spin polarization of As. With the in-
crease of F-doping concentration, the polarization of As
tends toward smaller, which implies for heavy F substitution
this bridge is gradually broken. Apparently, F-doping in
LaOFeAs will increase the concentration of carrier which is
of benefit to superconductivity, but heavy substitution de-
stroys the spin polarization of As, which as a bridge of Fe
ions. Considering superconductivity is related with the con-
centration of carrier as well as the polarization of As, it is not
difficult to understand why for the moderate F-doping such
as x=0.125 is the optimal concentration with the higher criti-
cal temperature T¢ [7]. Under this doping composition, both
the concentration of carriers and magnetic ordering can keep
in a moderate range for superconductivity.

DISCUSSIONS

From the total density of states in the range of -20 to -10
eV as shown in Fig. (5a), we noticed the deep inner-orbital
coupling band which origins the orbital coupling between O-
2s and La-5p (and As-4s and La-5p). Here we specially use
“deep inner orbital coupling” in order to distinguish it with
other “inner orbital coupling” with energy above -6 eV such
as As-4p and Fe-3d.
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For the deep inner orbital coupling, as shown in Fig. (5),
we notice that electrons occupy O-2s and La-5p states at same
time. Both DOS and electronic charge density distribution
indicate that intensive coupling between O-2s and La-5p or-
bital, like as a covalent bonding. For the coupling of As-4s and
La-5p, we also can obtain the same conclusion. From the
DOS, we can see that the exchanging population is quite large.
In addition, the electronic charge distribution in real space
shows the inner-orbital coupling can extend in entire space as
in a super-long molecular. Due to such long-range coupling,
provided the electronic vibration is excited in the coupling
band, these excited quasi-particles could propagate in long-
range without energy loss. We speculate this mechanism to
occur in the LaOFeAs and cuprate high-T¢ superconductors.
In addition, since the lattice position is fixed by valence bonds
of outer orbitals, the inner-orbital only associates with elec-
tronic vibration but without nucleus shift. According to the
energy of inner orbital coupling, this vibration frequency
would be much larger than that of phonon; the estimated fre-
quency is about 10 times bigger than phonon frequency. Our
results show that a unique two-band electronic structure plays
important roles in high-T¢ superconductivity. The two-band is
composed of the valance band and a deep inner coupling band
which was simply overlooked before.

Provided the inner-orbital coupling is suitable for vibration
with high frequency, the sub-magnetic lattice such as As-4s
mentioned above, could supply for a stable excitation at high
temperature. We consider that the local moment on the As site

Density of States (electrons/eV)

s (@
Deep Inner Orbital Band

LaOFeAs

Fig. (5). (a) the DOS peaks of deep inner orbitals in the range of -20 to -10eV for LaOFeAs model; (b) the contour map of electronic density
distribution for one inner orbital O-2s corresponding to the DOS peak at -19.5eV, isosurfaces correspond to 0.030e/A3. Both two figures

indicate the intensive inner-orbital coupling between O-2s and La-5p.
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in the sub-magnetic lattice, can act as two magnetic fences
with opposite magnetic direction due to its antiferromagnetic
characteristic. One of them could slow down electrons with
spin up, the other one could influence the electrons with spin
down. So neither up-spin nor down-spin could go through
these fences easily, which can explain the anomaly effect of
resistivity for normal state. But if two electrons with opposite
spin direction combine into one non-magnetic electron pair
(spin=0, charge=2¢), the electron-pair can pass through the
magnetic fence smoothly with a lower dynamic energy, even
though their potential energy be elevated as a results of elec-
tronic compelling with each other. Therefore, in view of elec-
tron structure, there occurs a deep inner-band corresponding to
a high-frequency, which produces a sub-antiferromagnetic
background. Such magnetic interaction with carriers can influ-
ence their dynamic behaviour, i.e. Hall coefficient occurs to
anomaly in normal state, and electron pairing realizes by
means of “antiferromagnetic fence” in superconducting state.

CONCLUSIONS

We reported the electronic structures of LaOFeAs super-
conductors with antiferromagnetic model. The Fermi level of
calculated DOS reveals this compound as a semi-metal. The
calculated spin distribution suggests that some density peaks
are splitted by the super-exchanging of Fe-3d and As-4p on
the FeAs layer. The calculated spin moment for LaOFeAs is
2.39ug/Fe. A spin polarization occurs on the As site, which is
distributed with both As-4p and As-4s orbitals. A very special
electronic structure is found to be associated with the deep
inner orbital coupling from La-5p, O-2s and As-4s in
LaOFeAs compound, which may provide an independent en-
ergy band with a high vibration frequency. This deep inner-
orbital coupling as well as the spin polarization of As-4s could
be used to explain the carrier pairing in the superconducting
state. In addition, the simulation also was performed in the F-
doping LaOFeAs. The results show with F-doping increasing
the spin polarization of As decreasing. Superconductivity will
be suppressed for the heavy F-doping concentration.
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