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We have studied the effect of a single nonmagnetic impurityhe recently discovered (K,TI)E8& su-
perconductors, within both a toy two-band model and a maoaéistee five-band model. We have found that,
out of five types of pairing symmetry under considerationly ¢he d_.»_,2-wave pairing gives rise to impurity
resonance states. The intra-gap states have energiesdgrfiamn the Fermi energy. The existence of these
intra-gap states is robust against the presence or abskimtereband scattering. However, the inter-band scat-
tering does tune the relative distribution of local densitgtates at the resonance states. All these features can
readily be accessed by STM experiments, and are proposednasiss to test pairing symmetry of the new
superconductors.

Introduction. The very recent discovery of high: (above  conventional phase-sensitive measurements cannot bi¢yread
30 K) superconductivity in ARgSe, (A=K, Tl, Cs) [1-3]has applied to differentiate the different pairing states.
generated a new wave of excitement in the field of iron-based In this Letter, we propose to use local electronic structure
superconductors. The new family of compounds is unique iraround a single nonmagnetic impurity to probe the pairing
several regards. (i) the superconducting transition teaipee ~ symmetry in (K, Tl)FgSe, superconductors. Such properties
is about four times that of FeSe under ambient pressure fwhichave proved to be fruitful in identifying the unconventibna
is roughly 8 K) [4]; (ii) in contrast to the bad metal behavior pairing states of different classes of superconductois [2&
in other iron-based parent compounds, the Fe-deficient coneffort has been complicated [29, 30] in the previously stddi
pound @ < 1.6) is insulating [3, 5], raising the interest in the Fe-based superconductors due to the existence of both hole-
possibility of Mott insulating state [6—9] induced by paitted  like and electron-like Fermi surface pockets. Because the
Fe-vacancies [10, 11]; (iii) The end members, Ti6e and  Fermi surface of the new (K, TI)E&e, compounds comprise
KFe,Se, are heavily electron doped (0.5 electron/Fe) rela-small pockets of only one type of carriers, this kind of study
tive to other iron-based superconductors (such as LaOFeAsjight be very promising. We study the problem within both a
BaFeSe, FeSe etc.). Band structure calculations [12—16] ortwo-band toy model and an effective model including dethile
these end compounds show only electron pockets, primarilpand-structure from LDA calculations. Our results within
located around th&/ point of the Brillouin zone (BZ) defined a 7T-matrix approximation show that the intragap impurity-
for a simple tetragonal structure. Angle-resolved photoeinduced bound state only exists when the pairing symmetry
mission spectroscopy (ARPES) measurements observed theseof d,._,.. We also find that the bound-state peak in the
electron-like pockets around the points, and showed no local density of states (LDOS) occurs at a non-zero energy
hole-like pockets [17, 18] but very weak electron-like pock even in the unitary limit, in contrast to the situation in g,
ets [19-21] near the zone center cuprates. Our prediction can be directly tested by the sngnn
tunneling microscopy experiments on these new compounds.
The superconducting pairing symmetry of iron-based su- Local impurity effects in a toy two-band model. We start
perconductors has been extensively discussed from bothith a two-dimensional (2D) lattice formed by Fe atoms, and
weak-coupling and strong-coupling approaches.  Withinconsider a two-band toy model with the energy dispersion:
weak-coupling approaches, the usual argument for the pop-
ular s+ pairing symmetry relies crucially on the existence Emk = —4Dpy cos ky cos ky + €m 1)
of r-centered hole po_ckets a_M-centere_d el_ectron pockets, for each bandn (= 1, 2) with the band widtt8| D,.,| and band
which was the case in previously stuqlled iron-based fSUperéenter-of-gravityem. In the superconducting state, the bare
copductor_s. By contrast, strong—<_:oup||ng approacheskiavo Green’s function within the Nambu space is given by
pairing driven byJ;-J> exchange interactions. The absence
of I'-centered hole pockets, therefore, provides an opportu- e1x Aix O 0
nity to elucidate the mechanism for iron-based superconduc Ax —e1x O 0
tivity. Recent calculations have predicted that the superc 0 0 e2x Aok
ducting state could hawé,»_,»-wave [22—-24],s-wave sym- 0 0 Agx —eok
metry [9], or a mixture ofs,2,2- andd,>_,--wave pairing (2)
states in the magnetic frustration regime [25]. All these-sc wherew,, = (2n + 1)7T (n integer) is the Matsubara fre-
narios lead to nodeless superconducting gap structurehwhi quency for fermions. The superconducting gap function is
is in agreement with the ARPES observations and other exdescribed by\,, x. Hereafter, we consider only spin singlet
periments [26, 27]. Because of the particular Fermi sugface pairing. When an alien atom is substituted for Fe, it plays th
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FIG. 2. (Color online) LDOS measured at the first nearesthimig

G(i, jyiwn) = Goli, jiiwn) + Go(i, 051wy ) T'Go (0, j; iwn) - ing sites to the single impurity site with only intra-bandatering
(3) (left column) and with both intra- and inter-band scattgr{night
Here theT-matrix can be expressed ggwn) — U[j _ column). Each column is divided into panels for differerpeg of

pairing symmetry: (s0), (sl1), (s2), (d1), and (d2). Exceptthe
panel for (d1) in the left column, where = 1, 5, 100 is taken,
the scattering strength is taken@as= 100 andv = 0 for the left
column oru = v = 100 for the right column. The superconducting

Go(0,0; iw,)U]~1. The potential scattering matrix takes the
following structure

g 0 8 0 pairing potential is taken aa” = —A(” = 0.08. The intrinsic
U= v v 4) broadening parameter= 5 x 10~%.
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whereu andv are the strength of the intra- and inter-band2&m k = Am’ sink; sin k, (d2). For the superconducting gap
scattering potential. The bare real-space Green’s fumctio(S0), there is no sign change within each electron pocket or

can be obtained from the Fourier transfor@(i, j; iw,) =  @Ccross the pockets along the zone boundary. When the radius
NLL S Go(k; iwy, )e™ (7:=15) | where N, is the number of of the electron pockets smaller thati2, this is also the case
lattice sites. The LDOS can be evaluated @v) = for the gap structure (s2). However, the gap structure (s1)

—%Im{Tr[g(i,i;w + )]} with  being the intrinsic lifetime and (d2) have the sign change _vvithin each e_Ie<_:tr0n pocket.
broadening parameter. This quantity is proportional tddhe 1 h€ gap structure (d1) has no sign change within each elec-
cal differential tunneling conductance as measured in STMON pocket but changes sign across two neighboring efectro

experiments. The above scheme is sufficiently general to caPOckets. The various types of pairing symmetry have been
ture essential properties of the single impurity scattpiina ~ considered intensively in the studies of early Fe-arseased

two-band superconductor. superconductors.

To mimic the electron pockets of (K, TI)E8e, supercon- In our numerical simulation, we have taken the gap func-
ductors within the present toy model, we takg = —1, tionsin both bands to have same magnitude but out of phase
Dy = —05, ¢, = 3, andes = —2.5 in the two-band en- with each other. We notice that since there are only electron

ergy dispersion as given by Eq. (1), which leads to an elactropockets from band 1 while the band 2 is below the Fermi en-
occupation of 2.17 with the zero value of chemical potential €rgy, it is not important whether there is a gap on the second
Unless specified otherwise, the energy is measured in units dand as well as its relative phase with that in the first band.
|D1|. Figure 1 shows the energy dispersion along the cut wittrigure 2 shows the LDOS of quasiparticles at a site nearest
k, = 0 and the Fermi surface in the one Fe per unit cell BZ. neighboring to the impurity site, which we assume to be lo-
We now turn to the response of the local electronic struccated at the center of the square lattice. The left column of
ture to the single impurity scattering in the superconahggti the figure is for the case without inter-band impurity saatte
state with various pairing symmetry. The considered pairin ing (i.e.,v = 0) while the right column is for the case with
symmetry includes conventional momentum-independent inter-band impurity scattering = u. The coherent peak

wave channel with\,,, . = A (s0), the extendegrwave ~ Structure related to the system without impurity subsotut
nicely reflects the momentum dependence of the gap structure

as just analyzed above. For comparison, we have taken the

_ AW . . .. ,
asAmi = Am cos Ifof cosky (s2), and thed-wave chan-  game magnitude of the pairing potentigl"’ for all types of

nel with A, x = ATm(cos kg — cosk,) (d1) as well as pairing symmetry. Wide quasiparticle gap opens for the, (sO)

. (0)
channel withA,, x = %(ces ky + cosky,) (s1) as well



(s2) and (d1) pairing states, with their well-like shapenigei
similar to what happens in conventiosalvave superconduc-
tors and compatible to the nodeless gap structure as relveale
in the ARPES experiments. For the (s1) and (d2) pairing sym-
metry, al/-shape DOS is exhibited reflecting the existence of
nodal structure in these two types of pairing symmetry. No-
ticeably, the quasiparticle gap size as measured by trendist
between two coherent peaks in the DOS is much smaller tha
that for (s0), (s2), and (d1) pairing state. Given the samg-ma
nitude of the pair potential, it has already suggested tat t 3
superconducting states with (s1) and (d2) pairing symeeetri r X M r

do not have enough condensation energy; this is consister s - oo online) The five-orbital tight-binding fit (thsolid

with the aforementioned microscopic calculations. blue lines) of the ten-orbital Wannier fit (thin dashed grdiees)

We now turn to the the impurity induced resonance peakso the paramagnetic DFT band structure (thick solid redsiin@he
when the impurity scattering is in the unitary limit. We find splitting of bands near the Fermi energyl'gpoint has been enlarged
that such peaks arise only when the superconducting state ht® guarantee the removal of hole pockets at lower electrpmndo
the (d1) (i.e.d,>_,2-wave) pairing symmetry. To make sure
that the intra-gap resonance peak originates from the iitypur
scattering, we have also calculated the LDOS by varying thelectron per Fe to 0.1 electron per Fe. Correspondingly) as i
impurity scattering potential strength. As shown in thegdan Ref. 22, we have artificially adjusted a few tight-binding fit
(d1) of the left column, the resonance peak moves toward théng parameters to ensure only electron pockets existitiggn
coherent gap edge with decreasing potential strengthirtis BZ as the chemical potential = —0.28 eV is introduced to
teresting to notice that even in the unitary limit, the ing@  produce a correct filling factor.
resonance peak is located far away from the Fermi energy (at The tight-binding Hamiltonian as obtained with the above
w = 0), in contrast to the case in high:- cuprates, where procedure makes it theoretically possible to study the low e
the impurity resonance peak is located very close to the Fernergy quasiparticle properties, where the experimentally e
energy [28]. Two remarks are in order. Firstly, the electrontracted superconducting gap is at the order of 10 meV. Nu-
pockets here are small in size, implying a strong violatibn o merically, we diagonalize the five-orbital tight-bindingdel
particle-hole symmetry when the Fermi energy is located neawith an extremely large number &f points in the large one
the band bottom. This aspect has been tested to be true for tiFe per cell BZ. Out of the 5 bands from the diagonalization,
d-wave superconductor as relevant to hiGheuprates [28].  the two bands with the one cutting the Fermi energy and the
Secondly, although there is a sign change of the gap struather located immediately below the Fermi energy are picked
ture across two neighboring electron pockets along the zongut for the calculations of local electronic structure ardu
boundary, no nodal quasiparticles (with zero energy) are ala single nonmagnetic impurity in the superconducting state
lowed in the (d1) pairing state. Inclusion of the interbamd i ~ Guided by the findings from the toy model studied above, we
purity scattering (see the right column of the figure) does noconsider here only the superconducting state with (d1)jsha
change the above conclusion except that the intensity peak if,._,.-wave, pairing symmetry. Figure 4(a) shows the den-
tuned to the opposite side with respect to the Fermi enengy fasity of states in the system without the impurity and the LDOS
a given measure point of the LDOS. at the site nearest neighboring to the impurity site. As show

Local impurity effectsin an effective low-energy model with in the toy model, the bare density of states exhibits a vilel-|
realistic band structure. To include the realistic band struc- gap feature around the Fermi energy, indicating a nodeless
ture at low energies into the study, we have performed bangairing state. Also in the presence of a singe impurity scatt
structure calculations for Kk&e, based on the local density ing in the unitary limit, intragap resonance peak appeattsdn
approximation. The full-potential linearized augmenti&the ~ LDOS. The existence of impurity resonance state is also ro-
wave (FP-LAPW) method as implemented in the WIEN2K bust against the inter-band impurity scattering. In corigoar
code [31] is used. We then follow the procedure suggested bip the case of only intra-band impurity potential scattgythe
Graseret al. [32] to fit the Wannierized bands [33, 34] with location of the resonance energy and its relative intesitst
a five-orbital tight-banding Hamiltonian [35], unfoldingg  given measure site might be adjusted by the relative sthengt
small two Fe per unit cell BZ to a large one Fe per unit cellof the inter-band scattering. For a given configuration of im
BZ. In this procedure, an interface [36] between the WIENZ2kpurity scattering, the relative intensity of the resonasizte
code and the wannier90 code [37] is also employed. As showdepends on the location of the measure site. To better un-
in Fig. 3, the tight-binding band structure reproduces tBdL derstand the profile of the impurity-induced resonancestat
band structure pretty accurately, and agrees reasonalily wave have also calculated the spatial dependence of the LDOS
with those results reported earlier [22]. Considering thie¢  at the resonance energy, corresponding to the peak losation
pound Ky sFe; 7Se on which the recent ARPES experimentsin Fig. 4(a). The results are shown in Fig. 4(b-c). For the
were performed [17], the electron doping is reduced from 0.Fase without inter-band scattering, the LDOS intensityais-v
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' ' results, we propose to use STM measurements of local elec-
tronic structure near nonmagnetic impurities to probe tie p
ing symmetry of the new superconductors.
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