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We study the local properties of the iron oxypnictides by means of the real space Bogolubov—de Gennes
equations. Starting with the realistic energy spectrum and assuming small amount of impurities we calculate the
energy dependence of the local density of states and spatial distribution of the local values of the superconducting

energy gap.

of impurity scattering on the superconducting state.

We pay particular attention to the role of the inter-orbital scattering of pairs and the effect
The effect of inter-orbital impurities depends on the

relative signs of the order parameters related to two orbitals in question. For opposite signs impurities produce
bound states inside the gap, while for the same sign of the order parameters they hardly affect the supercon-
ductor. The results obtained for impure systems have been shown as maps of the order parameters and local
density of states. They well compare with the existing scanning tunnelling microscopy spectra of the iron pnictides.

PACS numbers: 71.10.Fd, 74.20.—z, 74.81.—g

1. Introduction

The multicomponent iron oxypnictides [1, 2] represent
the new family of multiband superconductors with rel-
atively high critical temperature. They are layered sys-
tems with superconducting carriers arising from Fe—As
planes. According to band structure calculations there
exist two hole Fermi surfaces centred around (0,0) and
two electron Fermi surfaces around (7, 7). The minimal
model of these systems has thus to feature at least two
Fermi surfaces. The structure of the order parameter,
its symmetry and the mechanism of superconductivity in
these materials are still the matter of experimental and
theoretical investigation. In particular, there are con-
flicting results concerning the superconducting gap. The
proposals range from single-gap [3] to multi-gap structure
[4-6], from nodal [5] to nodeless [3, 6] order parameter in
reciprocal space.

The theoretical models of superconductivity in these
materials are also inconsistent. Some of the results indi-
cate the standard s-wave symmetry of the order parame-
ter [7], but most of them suggest the existence of uncon-
ventional superconductivity with sy or d-wave symme-
try [8-10]. However, the importance of few bands close
to the Fermi energy and the leading role of inter-band
interaction are fairly well established. It is interesting
to note that similarly as in high temperature supercon-
ductors, the scanning tunnelling microscopy (STM) mea-
surements reveal nanoscale inhomogeneities in iron oxy-
pnictides. The superconducting gap magnitude varies by
about +20% in the doped samples [11-14].
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The response of the clean system to impurities gives
an important information useful to discriminate between
the types of order parameter [15-17]. However, even the
best samples of iron pnictides studied so far are rather
dirty. The presence of various types of impurities and
other types of disorder strongly affects their properties
and makes the studies very timely and important. To
discuss some of the issues we use the many-orbital model
of the iron oxypnictide and calculate the local proper-
ties of the system. The model we are using is primarily
applicable to the 1111 family of electron doped pnictide
superconductors: LnFeAsO;_,F,, where Ln = La, Ce,
Pr, Nd, Sm ...

The organisation of the rest of the paper is as fol-
lows. Section 2 presents the Hamiltonian of the two or-
bital tight-binding model and the Bogolubov—de Gennes
(BdG) equations used to solve it. The changes induced in
the superconductor by the single inter-orbital impurity or
the finite concentration of such impurities are considered
in Sect. 3. We present our results as maps of the local
order parameters and the local densities of states. Sec-
tion 4 contains the conclusions and the discussion of the
results in relation to the STM measurement for Fe-based
superconductors.

2. Two-orbital model for superconductors

We study the inhomogeneous two-orbital model with

few hopping parameters té’j‘/ and the two main types
of local pairing interactions of negative Hubbard U va-
riety, which we call intra- (U}!, U??) and inter-orbital
(U}?). The symbols A, ) = 1,2 refer to two orbitals
and ¢,j denote sites in the cluster. To model impurity
scattering we introduce the on-site potential in the form
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~ Vif;l’\p/cjg\aci,\/g, which may be of intra-orbital (A = ')
or inter-orbital (A # X') type. The long range impurities
are modelled by allowing for non-zero value of Viy,, at
the location of impurity and neighbouring sites.

We model the energy spectrum near the Fermi level of
oxypnictide superconductors [18] by assuming that d,,
and d,, (which we denote by the symbol A\ = 1,2) or-
bitals of Fe ions play the most important role. We take
into account the nearest neighbour hoppings tzl,]iix =

t¥y, = —tand tji,, = t75,, = 1.3t between the
same orbitals and the next nearest neighbour hoppings
t}iixiy = tfiimiy = —0.85. Hybridization between two
orbitals has a form tzl,%i(x+y) = ftﬁi(w_y) = 0.85¢.

The model well describes electron and hole Fermi pock-
ets on the large BZ [18] of the homogeneous system as
well as the densities of states ratio Ny, /N, =~ 2.6 near the
Fermi level. For nonzero but also for vanishing intra-band
pairing interaction UM one gets two order parameters,
which in homogeneous case may have different phases
A=Ay = +A5 on the two Fermi surfaces depending on
the sign of the inter-band pair scattering term FU'? [9].

To treat non-homogeneous system with two orbitals
per site the Hamiltonian is best formulated in the real
space as

H= " (=)} = udijorn + Vidy (1:)05;)ch o

i,AN o
2: AN+ A+
+ Ul CiATCi/\LCiA/iCiNT‘ (1)
AN
Here cjg\g, Cixo denote creation and annihilation opera-

tors of electrons with spin o =7, | at the lattice site r; = i
in the orbital A\. p is the chemical potential, tf‘f-‘/ are the
hopping integrals between the same (if A = X') or dif-
ferent orbitals (if A # X). UM are on-site interactions,
which are attractive for U{\)‘/ < 0. The dependence of the
parameters on the position r; allows one the examination
of inhomogeneous systems.

The standard mean-field decoupling together with
Bogolubov—Valatin canonical transformation lead to the
BdG [17] for amplitudes wuy,(r;), vx,(r;) and eigenen-
ergies F,, which in turn allow the calculations of all ob-
servables [19] like local values of the order parameter and
the density of states. For a two-orbital model the typical
size of the cluster, which quite well reproduces [17] the
properties of the bulk systems, is about 19 x 15.

3. Inhomogeneous superconductors

In this section we study the effects of nonmagnetic
impurities randomly located in a small superconducting
cluster of size L = 19 x 15 on the local properties of the
system, starting with the simple case of a single impurity
in the center of the cluster. We assume the mean number
of particles in disordered system to be constant and equal
to n = 2.15. In this paper we consider only inter-orbital
impurities and two different superconducting scenarios.
Inter-orbital impurity means such one which scatters an

electron from orbital 1 to 2 located at the same site r;
and vice versa. We show the maps of the local order
parameters and the densities of states for two different
situations: (a) Ul = U?? = —|U| and U'? = —|U| and
(b) UM = U?2 = —|U| and U*? = |U|. Two cases differ
by the sign of inter-orbital pair scattering. In the clean
system the pairing potential |U| = 0.8¢ produces the gap
|A| 2 0.12¢ in case (a), i.e. for attractive inter-orbital in-
teraction. Roughly the same value of the gap in case (b)
is obtained for |U| = 1.05¢.

Figures la,c shows the maps of the normalized order
parameters A/Aq around inter-orbital impurity located
at the centre of the cluster studied. Here A is the value
in the clean system. The parts (b and d) of the figure
show the local densities of states for the clean system
(thick solid line), at the impurity site (0,0) and neigh-
bouring site (1,1).
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Fig. 1. The relative changes of the order parameters

A/Ap and the local densities of states for the case of

the single inter-orbital impurity Vi,lfp =t located at the

site r = (0, 0). Parts (ag and (b) refer to inter-orbital
attractive interaction U'? = —0.8t; parts (c) and (d) to
repulsive U'? = 1.05t.

The changes of the order parameters A/Ap at and
around the impurity strongly depend on the sign of the
inter-orbital interaction U'2. For repulsive U'? the su-
perconducting local gaps are more severely influenced by
the impurity scattering than for attractive U'2. This is
so because of different signs of the order parameters re-
lated to two orbitals for repulsive U'2. In this case there
appear bound states inside the gap. Similar localized
states have also been observed [20-22] in the presence of
non-magnetic intra-orbital impurity. Here, the effect is
much stronger, the bound states are located well inside
the gap and are symmetrical around zero energy. Also
interesting patterns in the changes of the order parame-
ter are observed (Fig. 1). They reflect the symmetry of
the hopping integrals between two d;, — d,,. orbitals.

To illustrate the properties of the two-orbital inhomo-
geneous superconductor we consider the sample with 15%
randomly distributed impurities. Impurities extend over
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Fig. 2. The map of A/Ap (a) and the local density
of states along the line y = 0 (b) for inter-orbital
scattering V2 = 0.8t and attractive pairing potential
U™ =—0.8t.
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Fig. 3. The map of A/Ay (a) and the local densities
of states N(z,y = 0, F) (b) for inter-orbital scattering
V12 = 0.4¢ and repulsive U'? = 1.05¢.

two lattice distances around the central one and their
distribution is kept constant. Figure 2 shows the map
of the relative order parameter A(r)/A, (with Ag re-
ferring to the clean system) and the local densities of
states along the line y = 0 for attractive inter-band in-
teraction U'2 = —0.8t and impurity strength V12 = 0.8t,
while Fig. 3 shows similar data obtained for repulsive
U'?2 = 1.05¢t and weaker impurities V2 = 0.4¢t. For
U'? < 0 the impurities affect the superconducting state
relatively weakly. The decrease of A/A( at and its in-
crease near the impurities is a combined effect of changes
in the (local) density of states and the deformation of
the superconducting wave function trying to preserve
the condensation energy despite the impurity (cf. also
Fig. 1a). However, one notices the appearance of the
separate regions with high and low values of the order
parameter. For U'2 > 0 even weak potential scattering
leads to the in-gap bound states and suppression of su-
perconductivity. The distribution of the gap values is
more uniform in this scenario.

4. Discussion and conclusions

We have studied the effect of inter-orbital impurity
scattering on the superconducting properties of iron pnic-
tides described by the two-orbital model and intra-orbital
or inter-orbital pairing interactions. The attractive inter-
-orbital pairing interaction leads to s-wave symmetry
states A, with the same phases for A = 1 and A\ = 2,
while the repulsive one to si-state, which is charac-
terised by the order parameters with different phases

Aq(r) = —As(r). The impurities strongly affect the lo-
cal properties of the material with si-superconducting
state. The bound states appear inside the gap and the
average value of the order parameter strongly decreases
with the strength of the impurity potential V'2, while
the state with the same phase of the order parameter
seems to be more robust against both intra-orbital and
inter-orbital impurities [17].

The iron oxypnictide samples are certainly strongly
disordered systems. Despite of that the local gaps mea-
sured by STM [11-14] do not change very drastically.
This makes the inter-orbital pairing with repulsive U'?
and thus sy-superconducting state [9] rather unlikely.
Our results favour the scenario with attractive inter-
-orbital pairing and s-wave state, which is protected
against non-magnetic impurities by the Anderson-like
mechanism.
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