PRL 103, 186402 (2009)

PHYSICAL REVIEW LETTERS

week ending
30 OCTOBER 2009

Nonmagnetic Impurity Resonances as a Signature of Sign-Reversal Pairing
in FeAs-Based Superconductors

Degang Zhang

Texas Center for Superconductivity and Department of Physics, University of Houston, Houston, Texas 77204, USA
(Received 25 April 2009; published 26 October 2009)

The energy band structure of FeAs-based superconductors is fitted by a tight-binding model with two
Fe ions per unit cell and two degenerate orbitals per Fe ion. Based on this, superconductivity with ex-
tended s-wave pairing symmetry of the form cosk, + cosk, is examined. The local density of states near
an impurity is also investigated by using the 7-matrix appréaoh. For the nonmagnetic scattering potential,
we found that there exist two major resonances inside the gap. The height of the resonance peaks depends
on the strength of the impurity potential. These in-gap resonances are originated in the Andreev’s bound
states due to the quasiparticle scattering between the hole Fermi surfaces around I' point with positive
order parameter and the electron Fermi surfaces around M point with negative order parameter.
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The recent discovery of a new family of superconduc-
tors, i.e., the FeAs-based superconductors [1-6], has at-
tracted much attention in the condensed matter community.
It has been reported that the superconducting transition
temperature 7. can be obtained as high as 55 K [2].
Undoped iron arsenides have a spin density wave order
below 150 K [4]. When holes or electrons are doped, the
iron arsenides become superconducting.

Similar to cuprate superconductors, FeAs-based super-
conductors also have a layer structure. It has been accepted
that superconductivity comes from Cooper pairs in the Fe-
Fe plane. However, in FeAs-based superconductors, each
unit cell contains two Fe ions and two As ions. The four
As ions around each Fe ion do not locate in the Fe-Fe plane
and have a twofold rotation symmetry and two reflection
symmetries (see Fig. 1). Because of different arrays of
As ions around Fe ions, the Fe-Fe plane can be divided
into two sublattices A and B. We note that the diagonal
directions of the Fe-Fe plane have translational symmetry
with the period a. In this coordinate system, the momen-
tum is a good quantum number.

Angle resolved photoemission spectroscopy (ARPES)
experiments have probed electronic properties in FeAs-
based superconductors [7—15]. It is established that there
are two hole Fermi surfaces around (0,0) and two electron
Fermi surfaces around (7, 7). These Fermi surface char-
acteristics have been obtained by local-density approxima-
tion calculations [16-19]. Many theoretical models have
been presented to reproduce the hole and electron pockets
by employing Fe d and As p orbitals and the hybridization
among them [20-25]. However, there is no consensus on
the superconducting gaps on Fermi surfaces. In a series of
ARPES, scanning tunneling microscopy (STM) experi-
ments, and point-contact Andreev reflection spectroscopy
experiments, the order parameter has been interpreted to be
nodeless [7,9—15,26], nodal [27,28], single gap [10,26,29—
31], and multiple gaps [7,11-15].
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PACS numbers: 71.10.Fd, 71.18.+y, 71.20.—b, 74.20.—z

In this Letter, we start from two Fe ions per unit cell and
two degenerate orbitals d,, and d,, per Fe ion and construct
an effective four-band model, which exhibits the features
of Fermi surfaces in FeAs-based superconductors. Based
on the mean field theory for superconductivity, we in-
vestigate the differential conductance and the impurity ef-
fect for the extended s-wave pairing symmetry [12,17,20],
so that we can understand the electronic properties in
FeAs-based superconductors.

We assume that #; is the hopping between the same
orbitals on the nearest neighboring Fe sites, 7, and 73 are
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FIG. 1 (color online). Schematic lattice structure of FeAs
layers with each unit cell (denoted by i and j) containing two
Fe (A and B) and two As (A and B) ions. The As ions A and B are
located just above and below the center of each face of the Fe
square lattice, respectively. Here, #; is the nearest neighboring
hopping between the same orbitals d,, or d,.. t, and t; are the
next nearest neighboring hoppings between the same orbitals
mediated by the As ions B and A, respectively. 7, is the next
nearest neighboring hopping between the different orbitals.
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the next nearest neighboring hoppings between the same orbitals mediated by As ions B and A, respectively, and ¢, is the
hopping between the different orbitals on the next nearest neighboring Fe sites (see Fig. 1). It is expected that 7, is small
and has the same value in both translation symmetry directions. Therefore, the model Hamiltonian we propose can be

written as

__ i i t
Hy = Z{M(CAa,ij,TCAa,ija + ChaijoCBaijo) T [11Cha ijo(CBaije T CBajitijo T CBaij+10 T CBajit1j+ic)
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+ 10(ChnijoChnitijo T ChaijoCBaij+10) T 13(ChniioCamij+io T ChaijoCBami+1jo) T 14(Chn ijgCAa+Li+1jo

T t t
+ ChnijoCaa+tij+ioc T ChaijoCBa+1itljo T ChaijoCBatlij+ic) T H.c.J}, (1)

where c:r‘( Baijo (Ca(B)a,ijo) creates (destroys) an « electron
with spin ¢ in the unit cell {i, j} of the sublattice A (B), and
a = 0 and 1 represent the degenerate orbitals d,, and d,,
respectively. Obviously, H, possesses the same symmetry
with FeAs-based superconductors, which is key to under-
standing the electronic properties of this new family of
high temperature superconductors.

To obtain the energy band structure of FeAs-based
superconductors, we diagonalize the tight-binding model

(I) in momentum space. Introducing cu(g)aije =
jﬁzk CAB)akoe © Y1) with N the number of unit cells
and taking the canonical transformation
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where ¢, , are new fermion operators, u(v) =0, 1,
Ix= \/Z(aik + GT,kf;k)’

a,x = 5(€ax — €gy) +

(_1)MJ%(EA,k — €px)” t €rk€rks €ax = —2(tpcosk, +
t3 cosky), €gx = —2(t, cosk, + t; cosk,), €rvk =
—214(cosk, + cosk,), and ery = —1;[1 + e + ek +

¢'®xt5)], then we have

HO = z (Euv,k - /J’)lpl-y,kg-lzbuv,ko"

uvko

1
Euv,k = E(GA,k + GB,k) + (_])vexy,k (3)
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Here, we have set the lattice constant a = 1.

Equation (3) describes analytically four energy bands
with the indexes (u, v). In Fig. 2, we plot these bands along
the path (0, 0) — (7, 0) — (7, ) — (0, 0). In our calcula-
tions, we have used #;, = 0.5, t, = 0.2, 13 = —1.0, t, =
0.02, and u = —0.622 (half filling) (eV). Obviously, there
exist two hole Fermi surfaces around (0,0), i.e., @ and
B bands, and two electron Fermi surfaces around (7, 7),

|
i.e., v and 6 bands. We note that the hole and electron
pockets are associated with # = 1 and 0 while v = 0 and 1
represent the inner and outer Fermi surfaces of the hole and
electron pockets, respectively. The parameters ¢, t,, and #5
determine the sizes of the hole and electron pockets, and #4
controls the intervals between the inner and outer Fermi
surfaces. We also note that u < —0.622 and u > —0.622
correspond to hole and electron dopings, respectively. With
increasing hole (electron) doping, the hole (electron) Fermi
surfaces, i.e., @ and B bands (y and 6 bands), become
larger while the electron (hole) Fermi surfaces, i.e., y- and
6 bands («- and B- bands) become smaller. When w >
—0.48 (i.e., ~15.9% electron doping), a band does not
exist. If wu>—0.32 (i.e., ~26.5% electron doping),
B band also disappears. Therefore, the energy band struc-
ture described by Eq. (3) agrees qualitatively with the
observations of ARPES experiments in the whole range
of electron and hole dopings [7-15].

In order to investigate superconductivity in iron arsen-
ides, we now introduce the pairing Hamiltonian

Hoe = 3 (i), b, o+ He), @

uvk
where A, are the superconducting gaps on the energy
bands (u, v), depending on the momentum of the quasi-
particles ¢, . Here, we assume that the energy gaps on
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FIG. 2 (color online). The band structure of the four-band
model with 1, = 0.5, t, = 0.2, 13 = —1.0, 1, = 0.02, and p =
—0.622 (eV), plotted along the path (0,0) — (77, 0) — (7, 7) —
(0,0).
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all the Fermi surfaces can be described by a single function
of the momentum, i.e., AlO,k = All,k = AOO,k = AOl,k' In
Ref. [12], Nakayama et al. measured the energy gaps on
different Fermi surfaces in optimally hole-doped
Bay¢Kg4Fe,As, (T. ~ 37 K) by employing ARPES ex-
periments. The order parameter can be fitted as A, =
1 Ag(cosk, + cosk,) with Ay = 13.5 meV or |A,, | in the
present coordinate system (i.e., two Fe ions per unit cell).
Such an energy gap can be induced by antiferromagnetic
spin fluctuations on the same Fe sublattices [17,20].
However, in the STM experiments on optimally electron-
doped BaFe; sCog,As, (T, ~22.5 K) [29-31], only two
coherence peaks were observed at a small gap, i.e.,
~ *5.8 meV. In the following we shall calculate the dif-
ferential conductance for the extended s-wave pairing
symmetry in the optimal electron doping, so that we can
compare our theory with the STM experiments.

After diagonalizing the mean field BCS Hamiltonian
H = Hy + Hyc by the Bogoliubov transformation, we
obtain the local density of states (LDOS) on the sublattice
AorB

A,B £2
4 ALY E
prstw) = ¥ Pkl L ®
N7Tuvkvlwﬂ - (_ 1) uvk liw,—w+i0"
= A — 2 2 B _
where v==l ‘Au,k — au,k/ru,k’ ‘Au,k -

erx€ri/ T2 Qi = By — wP + A2, and
2 oky =3[+ (—l)VEg'ﬁ“]. Obviously, the quasipar-

uv, kv
ticles on the hole and electron pockets have different
weights ﬂl;‘:f to contribute to the LDOS.

Usually STM experiments are performed at low tem-
peratures. In order to compare accurately with STM ex-
periments, we must take the effect of temperature into
account. The differential conductance measured by STM
experiments is

Lo [ fo-evpisora. ©

where f” is the derivative of the Fermi function and V is the
bias voltage applied between STM tip and sample.

According to formulas (5) and (6), we can calculate
differential conductance with different pairing symmetries
and dopings at low temperatures. In Fig. 3(a), we present
differential conductance for extended s-wave symmetry
with optimal electron doping under temperature 4.2 K.
The coherence peaks locate at =A,. We have observed
that the main contribution to dI/dV comes from the hole
Fermi surfaces, i.e., @ and B bands. The main difference
between theoretical results and the STM data could be due
to the fact that either the S or 6 band of the STM sample is
much closer to the nodal line as depicted in Fig. 3(b).

In order to detect the sign-reversal pairing in the
FeAs-based superconductors, now we calculate the
LDOS near an impurity located at the origin of the sub-
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FIG. 3 (color online). (a) The differential conductance as a
function of the bias voltage eV for the pairing symmetry A, =
3 A(cosk, + cosk,) with Ay = 5.8 meV and |A,, | at optimal
electron doping (~15%) under temperature 4.2 K. (b) The cor-
responding Fermi surfaces.

lattice A described by Himy = Vi3 40Cia.000CAa,000 T

VmZa(CXayoorcAa,OOT - CXQ,OOcha,OOl)- Here, Vs and Vm
represent the nonmagnetic part and magnetic part of the
impurity potential, respectively. The total Hamiltonian
H = Hy + Hgc + Hip, can be solved by the T-matrix
approach [32]. The analytical expression for the LDOS
on the sublattices A and B near the impurity has been
derived and will be presented elsewhere. We note that the
interband scattering is only allowed for those bands with
the same index v.

In Fig. 4, we plot the LDOS curves for A,y and |A , x|
on and near the impurity site with a moderate strength of
nonmagnetic potential, i.e., V, = 0.25 eV, plus a small
magnetic potential, i.e., V,, = 0.08 eV. Obviously, for a
pure scattering potential (V,,, = 0), the LDOS for A, « has
two impurity resonance peaks at Zw, = *£2.8 meV on the
impurity site and has a sharp resonance peak at w, near
the impurity site. However, the LDOS for |A,,, | has no
such in-gap impurity states due to no pair-breaking effect.
Therefore, these impurity resonances can be used to detect
the sign-reversal pairing in the FeAs-based superconduc-
tors. The origin of these impurity resonances comes from
the Andreev’s bound states due to interband quasiparticle
scattering with the phase opposite order parameters, simi-
lar to that of the zero bias resonance peak on a Zn impurity
in cuprate superconductors. An additional small magnetic
potential can strongly suppress the impurity peak at —w
and enhance the impurity peak at w, on the impurity site.
Meanwhile, all the resonance peaks on different sites
slowly move forward to zero energy. We note that for the
mixing potential, the LDOS for |A,, x| is similar to that
induced by a magnetic impurity in s-wave super-
conductors.

Figure 5 shows the LDOS for A, i and |A x| near the
impurity site with a unitary potential. The LDOS for A ,, x
also has two impurity resonance peaks at = w,. However,
the resonance peak at —w, is much stronger than that at
wq. For |A,, x|, the LDOS also has no in-gap impurity
resonance peaks.
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FIG. 4 (color online). The LDOS near an impurity, which
includes a dominant nonmagnetic potential V, and a small
magnetic part V,, for the pairing symmetry A, =
1 Ag(cosk, + cosk,) with Ay = 5.8 meV and |A,, | at optimal
electron doping (~15%).

We also investigate the other cases of the impurity
potential. For the attractive scattering potential, i.e., V, <
0, the stronger resonance peak inside gap in the LDOS near
the impurity site always appears at negative energy. With
increasing |V, the resonance peaks become higher. When
V, — —oo, the LDOS is identical with that for V; — +oo,
shown in Fig. 5. We note that an extra small magnetic
potential does not change the features of the LDOS. For a
dominantly magnetic potential, which always breaks
Cooper pairs, the LDOS near the impurity site for A,
has similar peak structures with that for |A,,, k|, although
the values of V,, or the locations of in-gap resonance peaks
are different. Therefore, magnetic impurity seems not to be
a good tool for detecting sign-reversal pairing in FeAs-
based superconductors.

In summary, we have built a two-orbital four-band tight-
binding model by starting directly from two Fe ions per
unit cell for the first time. The energy band structure
describes correctly the characteristics of Fermi surfaces
in FeAs-based superconductors. It is shown that in-gap
impurity resonances induced by nonmagnetic scattering
potential can be regarded as a signature of sign-reversal
pairing in FeAs-based superconductors, which could be
detected by STM experiments.
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FIG. 5 (color online). The LDOS near a unitary impurity for
the pairing symmetry A, = 3Aq(cosk, + cosk,) with A, =
5.8 meV and |A,, | at optimal electron doping (~15%).
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