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Quasiparticle bound states and vortex core contraction effects in iron-based superconductors are studied
by solving the Bogoliubov de Gennes (BdG) equations self-consistently including pair coupling effects.
We find that the appearance of quasiparticle bound states in the vortex core is controlled not only by
the pair coupling effects but also by the inter-orbit coupling strength. We also point out that the rapid

vortex core contraction is controlled by quasiparticle interference effects. We suggest that these results
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superconductors.

deserve more attention in analysis of vortex quasiparticle bound states and vortex core contraction
effects found in scanning tunneling microscopy (STM) experiments for different iron-based

© 2012 Elsevier B.V. All rights reserved.

Understanding of the symmetry of the gap functions in iron-
based superconductors is one of the major tasks in strongly corre-
lated physics today. As an important clue to identify the symmetry
of the pairing state, determination of the properties of quasiparti-
cle excitations is essential. In conventional s-wave superconduc-
tors, theory predicts that quasiparticles in the vortex core consist
of a bound state [1]. The bound state appears as a zero bias peak
in the local density of states (LDOSs) which splits into two sym-
metric peaks and eventually merges into the coherence peaks on
moving away from the vortex center. This prediction was con-
firmed by STM experiments on NbSe, [2]. In iron-based supercon-
ductors, a nodeless s,»,» wave pairing has been proposed based on
various experiments and theoretical works. It is natural to believe
that the bound state will appear in the vortex core. The STM exper-
iment in stoichiometric FeSe reveals evidences for the bound state
in the vortex core [3]. The hole-doped Ba122 shows a zero bias
peak in the LDOS at the vortex center, which splits and merges
with the coherence peaks away from the vortex [4]. LiFeAs also
shows a vortex core peak in the LDOS [5]. These results seem to
be consistent with the prediction. However, Yin et al. find that elec-
tron-doped Ba122 shows no bound state in the vortex core [6]. As
these compounds have the similar crystal structure, energy bands
and Fermi surfaces, we can naturally expect that these compounds
should have the similar magnetic properties and superconductivi-
ties. But the appearance or disappearance of the bound state in the
vortex core of these compounds indicates more complicated elec-
tronic interactions in these materials than those initially predicted.
The discrepancy between theories and experiments needs further
theoretical studies on the bound states in the vortex core.
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On the other hand, there is another confusing observation in
STM experiments. Hanaguri et al. observed vortex cores shrink rap-
idly with lowering temperature in LiFeAs [5]. The explanation of
the vortex core shrinking effect is still controversial. Hanaguri et
al. think that this unusual temperature effect can be explained by
so-called Ktamer-Pesch (KP) effect [7]. In this paper, we will give
a different explanation to the vortex core shrinking effect. In order
to solve these questions, we investigate the bound state and the
vortex core shrinking effect by considering the pair coupling effect
and the inter-orbit coupling effect in vortex cores. We find that the
appearance of the bound state in vortex cores is controlled by the
strength of the inter-orbit coupling and the quasiparticle interfer-
ence effect. By directly numerical calculation on the self-consistent
BdG equation in two-orbit model with a magnetic field, we also
point out that the shrinking of vortex cores is due to an increasing
overlap of the wave functions of quasiparticles in the neighbor or-
bits. The extended wave functions of pairing states of the neighbor
orbits interfere with each other. This effect partly restores the
destroyed pairing states in vortex cores. It corresponds to a reduc-
tion in the size of the vortex core. This important result gives a
clear account of the confusing vortex core contraction effect
observed in experiments in many iron-based superconductors.

The quasiparticle interference effect due to impurity scattering
was also explored in iron-based superconductors as it can directly
probe the pairing symmetry. Teague et al. use Fourier transformed
tunneling conductance in STM experiment to study the quasiparti-
cle scattering interference (QPI) in Ba(Fe,_xCoy)As> [8]. They find
that dominant QPI occurs at three wave-vectors: q; = (27,0)/
(0,21); q2 = (7,0)/(0,7); and q3 = (7,7). They think that the appear-
ance of q3 wave-vector might be due to a larger density of Co -
atoms which may behave like magnetic impurities. In this paper,
we find that the strength of the inter-orbit coupling will increase
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the quasiparticle interaction between the electron pockets (or
hole) pocket. So the appearance of q; wave-vector might be due
to the different strength of the inter-orbit coupling.

We start with an effective two-orbital model that includes only
the iron d,, and d, orbits [9-11]. The Hamiltonian is defined on
two dimensional square lattice: H = Hy + Hy; + Hy. Hy is an effective
tight-binding Hamiltonian on the two-dimensional lattice with a
pairing interaction V between two electrons on the next
nearest neighbor sites for s-wave superconductors, Hy = —>;;,

ae's tij o pClyoCiso + Dijag [A UC:T\ocC}.l.li +he | = U325 6Cl, 4 Cing- The
intra- (t;4,) and inter-orbital (&, 4.5) hopping integrals with the
subscripts o, 8 (o, () labels d,, and d,, orbits) describe the electron
effective hopping integrals between sites i and j of the Fe ions on
the square lattice. ¢/, ;(cis0) creates (annihilates) an o« orbital elec-
tron with spin ¢ at the site i, and p is the chemical potential. The
phase factor ¢; = * fr;‘ A(r) - dr, where A =(hy,0,0). h is magnetic
field. The second term Hy; is the Coulomb interactions including in-
tra-orbital, inter-orbital, and spin-flip and pair-hopping interac-
tions.  Hy = UY; ,MiaiNisy + Ziw_a[U’n,‘wnm,o + (U = NigeNigs]+

i M(cmclmcmc,m + Cm mcx/ﬂcim +H.c.). The third term Hy =

> iap) )A,JA{; is responsible for pair coupling where /. is pair cou-
pling constant. After the mean field approximation for this Hamil-
tonian, the model hamiltonian can be diagonalized and we obtain

the following BdG equations:
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where uf, ;. 2%, are the Bogoliubov quasiparticle amplitudes on the
j-th site with corresponding eigenvalues E,,. The obtained equations
are solved by numerical iterations starting with a random set of ini-
tial conditions. In the following, we set t; as an energy unit. We use
the following parameters in our calculation: (t;=-1.0, t;=1.3,
t3=-0.9, J=1.0, U=3.5, U = 1.5). The doping is § = —0.2 in follow-
ing calculations. The band dispersions can be written as:
E(k) = &, (k) = /22 (k) + €2, (xy) — 1, £ (K) = 1 [&u(K) % &(K)], &x(k) =
—2tycosk, — 2t,cosky, — 4tscosk,cosky, &, (k) = —2t,cosky — 2t cosk, —
4tscoskycosky, &y (k) = —4tssinkysink,. These dispersions catch the
main characteristics of the local-density approximation energy
band calculations.

The superconducting order parameter and the local electron
density n(r;) satisfy the self-consistent conditions,

m.l/i - 4 Z(uuﬂ yj,};l u]m y?xj) tanh (szT) (2)
Zlum\ f(En) + Z\vml (1 —f(En)], 3)

where f(E) = 1/[e"/%T 4-1] is the Fermi distribution function. The
Sy,2-Wave pairing potential at site i is given by 4; = (4,46, +
Aii_ee, + Aijre,-e, + dije,—e,)/4. Here €, denotes the unit vector
along x, y direction. In the present work, we consider the pairing be-
tween the same orbital of the next nearest neighbor site. We calcu-
late the LDOS at the core of vortices when a magnetic field is
applied. For the calculation we use unite cell of size Ny x N, = 20-
a x 40a with periodic boundary condition. The My x My, =10 x 10
supercell is used to calculate the LDOS. By taking the strength of
magnetic field, h = 2¢o/NiNy, such that the flux enclosed by each
unit cell is twice ¢, the equation is solved with the aid of the mag-
netic Bloch theorem:

(uk,a(Tmn ) :e"k'ﬁ eiX( /zuk (i:) (4)
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here ¥ isihe position vector defined within a given unit cell, and the
vector R = mNyéy +nNyé, -k = 22k - @, + zmyy &, with L,=01,.
Myy — 1 are the wave vectors. My N ‘and MyN, are the linear dlmen—

sioni of the_) whole single-layer system, and the phase
X(F,R) = ZXA(R) - F — 4mn7. The LDOS is given by

] ! 1 ! N
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where f(E) is the derivative of the Fermi distribution function. The
p(ri,E) is proportional to the local differential tunneling conduc-
tance which could be measured by STM experiments [12].

In Fig. 1, we show the spatial variation of the vortex structure
for different pair coupling strength. Spatial variation of the s,).-
wave order parameter is similar to the results of previous re-
searches [13-16]: it decreases continuously to zero from its bulk
value as the vortex core center is approached. From the figure we
can see that the vortex core region occupies a smaller part of a unit
cell of the vortex lattice with increasing the pair coupling strength.
Fig. 1c is the core radius variation of the vortex with different tem-
peratures. The vortex core shrinks with decreasing the tempera-
ture. This is consistent with the experiments [5]. There is no gap
magnitude increase as t; changes from —0.85 to —1.2 without
the magnetic field. So we do not think that the appearance of
bound states in the vortex is due to the enhancing of superconduc-
ting gap. In fact, we increase the gap magnitude at t, = —0.85 by
enhancing the pairing coupling constant V and find no bound states
in the vortex. Instead, we clarify that the appearance of bound
states in the vortex is due to the increasing the quasiparticle inter-
ference effect. The extended wave functions of the pairing states of
the d,, and d,, orbits are close enough to interfere with each other
(in fact they are in the same atoms). The interference effect in-
creases as t, increases. This effect partly restores the destroyed
pairing states in the vortex cores. With temperature decreased,
more and more quasiparticles become condensing. So the interfer-
ence effect grows stronger with decreasing the temperature. The
sensitivity of the core radius variation of the vortex on the effect
of the inter-orbit coupling is also investigated. Fig. 1d is the core
radius variation of the vortex with different inter-orbit coupling
strength. The vortex cores shrink with increasing the inter-orbit
coupling strength. The strong inter-orbit coupling enhances the
quasiparticle interference effect between different orbits.

In the following, we will investigate the bound state in the vor-
tex core for the iron-based superconductors. We firstly compute
the inter-orbit coupling t, = —0.85 (small) and pairing coupling
strength 1= 0.1 case. We find that the zero bias peak in the vortex
core is too weak to be seen. Then we fix t; = —0.85 and increase the
pair coupling strength. We find that the zero bias peak becomes
stronger. These results are not strange because the strong pair cou-
pling enhances the quasiparticle interference effect. However, we
find that the appearance of the zero bias peak in iron-based super-
conductors is also related to the strength of inter-orbit coupling.
For inter-orbit coupling t,=—0.85 and pair coupling 4 =0.0, the
spatial profiles of the LDOS near the vortex core are plotted in
Fig. 2a. Interestingly, the vortex charges show no zero bias peak
in the vortex core in the LDOS. With increasing the t4, the zero bias
peak appears slowly. It grows stronger as t, becomes larger. When
ty = —1.2, the LDOS shows an apparent bound state in Fig. 2c. This
variation of the LDOS inside the vortex core is consistent with
many experiment observations [3-6]. From these results, we
emphasize that the appearance of the bound state in the iron-
based superconductors is controlled not only by the pair coupling
effect but also by the inter-orbit coupling strength.

The inter-orbit coupling effect also has effect on the QPI in iron-
based superconductors. In order to show their relations, we discuss
the nonmagnetic impurity effect on s,2,.-wave superconductivity.
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