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 2010 April 25Order parameter sign-reversal near s�-superconductor surfaceA.M.Bobkov, I. V. Bobkova1)Institute of Solid State Physics, 142432 Chernogolovka, Moscow reg., RussiaSubmitted 1 February 2010Resubmitted 12 March 2010The superconducting order parameter and LDOS spectra near an impenetrable surface are studied on thebasis of selfconsistent calculations for a two band superconductor with nodeless extended s-wave order para-meter symmetry, as possibly realized in Fe-based high-temperature superconductors. It is found that for awide range of parameters the spatial behavior of the order parameter at a surface is not reduced to a trivialsuppression. If the interband scattering at a surface is of the order of the intraband one or dominates it, itcan be energetically favorable to change the symmetry of the superconducting state near the surface from s�to conventional s-wave. The range of existing of this surface conventional superconductivity is very sensitiveto the relative values of interband and intraband pairing potentials. It is shown that the LDOS spectra nearthe surface can qualitatively di�er upon calculating with and without taking into account the selfconsistencyof the order parameter.The discovery of a new family of iron-based high-temperature superconductors with distinct multi-orbitalband structure [1 { 3] has renewed interest to the prob-lem of multi-band superconductivity, �rstly discussed�fty years ago [4, 5]. It was proposed theoretically [6, 7]that the Fe-based superconductors represent the �rst ex-ample of multigap superconductivity with a phase di�er-ence between the superconducting condensates belong-ing to di�erent bands. This state was discussed previ-ously [8, 9], but not yet observed in nature. In the mostsimple case there is the phase di�erence � between thesuperconducting condensates arising on the hole Fermisurfaces around � point and the electron Fermi surfacesaroundM point. This so-called s� (or extended s-wave)state has been favored by a variety of models within ran-dom phase approximation (RPA) [7, 10, 11] and renor-malization group techniques [12 { 14]. Currently the s�-state is viewed to be the most plausible candidate forthe role of the superconducting order parameter in thesecompounds.Surface and interface phenomena in s�-superconduc-tors have attracted considerable recent attention. Theformation of bound states at a free surface of an s�-superconductor [15 { 18], at an S�=N interface [19 { 22],an N=S=S� junction [23] and at Josephson junctionsincluding s�-superconductors [24, 22] was investigatedtheoretically. In particular, the �nite energy subgapbound states (depending on the interface parameters)were found and their in
uence on the conductance spec-tra and Josephson current was investigated.However almost all these calculations (except for afew numerical results [19]) assume non-selfconsistent su-1)e-mail: bobkova@issp.ac.ru

perconducting order parameter (OP). In the present pa-per we focus on the study of the OP at a surface of s�-superconductor. We have found that for a wide range ofparameters the spatial behavior of the OP at a surfacecan not be reduced to a trivial suppression. If the in-terband scattering at a surface R12 is of the order of theintraband one R0 or dominates it, it can be energeticallyfavorable to change the symmetry of the superconduct-ing state near the surface from s� to conventional s-wave. The range of existing of this surface conventionalsuperconductivity is very sensitive to the relative val-ues of interband and intraband pairing potentials. Wedemonstrate that the selfconsistent OP behavior a�ectsthe surface local density of states (LDOS) pro�les, and,consequently, should be taking into account when inter-preting experimental results. It is worth to note herethat, while there is a wide parameter range of existingcomplex OP at the surface region [25], in this paper weonly discuss the case when the surface OP is of conven-tional s-wave type.We consider an impenetrable surface of a clean two-band superconductor. The OP is assumed to be of s�-symmetry in the bulk of the superconductor, that isthe phase di�erence between the OP's in the two bands(called 1 and 2) is �. It is supposed that an incomingquasiparticle from band 1,2 can be scattered by the sur-face as into the same band (intraband scattering), so asinto the other band (interband scattering).We make use of the quasiclassical theory of super-conductivity, where all the relevant physical informa-tion is contained in the quasiclassical Green functionĝi(";pf ; x) for a given quasiparticle trajectory. Here "is the quasiparticle energy measured from the chemi-cal potential, pf is the momentum on the Fermi surface�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 7 { 8 2010 451 7�



452 A.M.Bobkov, I. V. Bobkova(that can have several branches), corresponding to theconsidered trajectory, x is the spatial coordinate alongthe normal to the surface and i = 1; 2 is the band in-dex. Quasiclassical Green function is a 2 � 2 matrixin particle-hole space, that is denoted by the symbol .̂The equation of motion for ĝi(";pf ; x) is the Eilenbergerequation subject to the normalization condition [26, 27].For superconductivity of s�-type, when the pairing ofelectrons from di�erent bands is absent, the Eilenbergerequations corresponding to the bands 1 and 2 are in-dependent. The trajectories belonging to the di�erentbands can only be entangled by the surface, which entersthe quasiclassical theory in the form of e�ective bound-ary conditions connecting the incident and outgoing tra-jectories.However, owing to the normalization condition forthe quasiclassical propagator, the boundary conditionsfor the quasiclassical Green functions are formulated asnon-linear equations [28 { 30]. Furthermore, they con-tain unphysical, spurious solutions, so their practicaluse is limited. For this reason in the present work wemake use of the quasiclassical formalism in term of so-called Riccati amplitudes [31, 32], that allows an explicitformulation of boundary conditions [32 { 36]. The re-tarded Green function ĝi(";pf ; x), which is enough fora complete description of an equilibrium system, canbe parametrized via two Riccati amplitudes (coherencefunctions) 
i(";pf ; x) and ~
i(";pf ; x) (in the present pa-per we follow the notations of Refs. [32, 36]). The co-herence functions obey the Riccati-type transport equa-tions. In the considered here case of two-band cleans�-superconductor the equations for the two bands areindependent and read as followsivix@x
i + 2"
i = ���i 
2i ��i; (1)~
i(";pf ; x) = 
�i (�";�pf ; x): (2)Here vix is the normal to the surface Fermi velocity com-ponent for the quasiparticle belonging to band i. �istands for the OP in the i-th band, which should befound self-consistently.Let us suppose that the surface is located at x = 0and the superconductor occupies the halfspace x > 0.For the sake of simplicity we assume that the surfaceis atomically clean and, consequently, conserves paral-lel momentum component. Then there are four quasi-particle trajectories, which are involved in each surfacescattering event. These are two incoming trajectoriesbelonging to the bands 1,2 (with vix < 0) and two out-going ones (with vix > 0). It can be shown [32, 36]that the coherence function 
i(";pf ; x), corresponding

to the incoming trajectory can be unambiguously calcu-lated making use of Eq. (1) up to the surface startingfrom its asymptotic value in the bulk
bi = � �bi sgn"j"j+q("+ i�)2 ��bi 2 ; (3)where �bi is the bulk value of the OP in the appropriateband, � > 0 is an in�nitesimal. As for the coherencefunction ~
i(";pf ; x), it is determined unambiguously bythe asymptotic conditions for the outgoing trajectoriesand can be obtained according to Eqs. (1),(2).Otherwise, the coherence functions 
i(";pf ; x)for the outgoing trajectories and, correspondingly,~
i(";pf ; x) for the incoming ones should be calculatedfrom Eq. (1) supplemented by the boundary conditionsat the surface and Eq. (2). The surface is describedby the normal state scattering matrix for particle-likeexcitations, denoted by S and for hole-like excitations,denoted by eS, that connect outgoing with incomingquasiparticles. The scattering matrix S have elementsSkipj , which connect outgoing quasiparticles from bandi with momentum ki to the incoming ones belongingto band j with momentum pj . Here and below all themomenta corresponding to the incoming trajectoriesare denoted by letter p and all the momenta for theoutgoing quasiparticles are denoted by k. For the modelwe consider S is a 2� 2-matrix (for the particular valueof the momentum parallel to the surface) in the tra-jectory space. It obeys the unitary condition SSy = 1and without loss of generality can be parameterized bythree quantities R12, � and � as follows Sk1p1 Sk1p2Sk2p1 Sk2p2 ! =  pR0ei� i�pR12i�pR12 pR0e�i� ! ;(4)where R0 and R12 are coe�cients of intraband and inter-band re
ection, respectively. They obey the constraintR0 + R12 = 1. The phase factors � = �1 and � ap-pear to be unimportant for further consideration. Whilein general the scattering matrix elements are functionsof the momentum parallel to the surface pjj, we disre-gard this dependence in order to simplify the analysis.The scattering matrix eS for hole-like excitations are con-nected to S by the relation eS(pjj) = Str(�pjj). In theabsence of spin-orbit interaction the S-matrix elementsare only functions of jpjjj, that is in the case we considereS = S.From the general boundary conditions [36], which arealso valid for a multiband system, one can obtain theexplicit values of the coherence functions 
i(";k; x = 0)�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 7 { 8 2010
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i(";p; x = 0) via the scattering matrix elementsand the values of the coherence functions 
i(";p; x = 0)and ~
i(";k; x = 0) at the surface. They read as follows
1k = R0
1p +R12
2p � R0R12~
2k(
1p � 
2p)21 + ~
2k (R12
1p +R0
2p) ;(5)~
1p = R0~
1k +R12~
2k � R0R12
2p(~
1k � ~
2k)21 + 
2p (R12~
1k +R0~
2k) :(6)Here the arguments ("; x = 0) of all the coherence func-tions are omitted for brevity, 
ip � 
i(p) and ~
ip �� ~
i(p) and the analogous notations are used for 
i(k)and ~
i(k). Quantities 
ip and ~
ik, entering Eqs. (5) and(6) are to be calculated from Eqs. (1) and (2) supple-mented by the appropriate asymptotic condition. Thecoherence functions 
2k and ~
2p are obtained by the in-terchanging 1 $ 2 in all the coherence function bandindices at the right-hand side of Eqs. (5) and (6), re-spectively.Now, substituting the coherence functions into theself-consistency equation�i(x) = �TX"n;j �ij � �2i�
jpf1 + 
jpf ~
jpf �pf ; (7)we iterate system (1){(3), (5){(7) until it converges. InEq. (7) �ii < 0 is the dimensionless pairing potentialfor band i and �12 = �21 is the dimensionless interbandpair-scattering potential. We choose �12 > 0, whichstabilizes s� OP in the bulk. The Matsubara frequen-cies "n enter the coherence functions via the substitu-tion " + i� ! i"n. h:::ipf means the anomalous Greenfunction averaged over the entire Fermi surface, that ispf incorporates as the incoming trajectories p, so as theoutgoing ones k. For concreteness we suppose the Fermisurface to be cylindrical for the each band. However, ourresults do not qualitatively sensitive to this assumption.The spatial pro�les of the OP calculated accordingto the described above technique, are represented inFigs.1{3. We assume that in the bulk j�b1j > j�b2j.Panels (a) of Figs.1{3 demonstrate the spatial OP pro-�les for band 1, while panels (b) correspond to band 2.Fig.1 shows the dependence of the e�ect on the in-terband pair-scattering value �12. While the larger OP(in band 1) is simply suppressed near the surface andthe magnitude of the suppression is only slightly sen-sitive to �12 (at least, in the range we consider), thesmaller OP (in band 2) reverses its sign near the surface.Thus, there is a surface region, which size is compara-ble to the superconducting coherence length �, where
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Fig.1. Spatial pro�les of the OP corresponding to band1 (panel(a)) and band 2 (panel(b)) near the surface(x = 0) for di�erent values of interband pair scatter-ing. R12 = 1, �b2 = �0:25�b1, temperature T =0:3�b1. The values of intraband pairing potentials �iiare adjusted to keep �b1 and �b2 unchanged upon vary-ing �12. The particular values of coupling constants arethe following: (�12; �11; �22) = (0:06;�0:2607;�0:0327)for black solid curve, (0:03;�0:2695;�0:1353) fordashed curve, (0:01;�0:2753;�0:2036) for dotted curve,(0:004;�0:2771;�0:2241) for dashed-dotted curve and(0:002;�0:2777;�0:2310) for gray solid curve. The su-perconducting coherence length � = v1f=�b1s�-superconductivity is superseded by the conventionalone. The reason for this OP sign reversal is the inter-band surface scattering R12, because it is energeticallymore favorable to minimize the OP gradient term alongthe quasiparticle trajectory. It is worth to note heresomewhat similar e�ect of the OP sign reversal for thesmaller gap due to magnetic impurities [8].Fig.1 demonstrates that the weaker the interbandpair scattering potential the wider the region, wherethe conventional s-wave superconductivy exists. It canbe qualitatively understood on the basis of the self-consistency equation (7): the phase of the smaller OP isdetermined to a great extent by the phase of the domi-nant OP via the term �12. The weaker this connectionthe less energy cost to reverse the phase. As it is seenfrom the caption to Fig.1, in the particular calculationswe take j�12j � j�11j. Such a choice of parameters is�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 7 { 8 2010
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x/xFig.2. Spatial pro�les of the OP near the surface in band1 (panel (a)) and in band 2 (panel (b)) for di�erent val-ues of interband surface scattering R12. �b2 = �0:25�b1,T = 0:3�b1, (�12; �11; �22) = (0:004;�0:2771;�0:2241).R12 = 1 for black solid curve, 0:8 for dashed curve, 0:5 fordotted curve and 0:2 for dashed-dotted curveconsistent with the experimental estimates of the cou-pling constants for FeSe [37].The curves represented in Fig.1 are calculated underthe assumption of purely interband surface scatteringR12 = 1, when the OP sign reversal is strongest. In or-der to investigate the e�ect in the more realistic situationone needs to take into account intraband scattering R0.The corresponding results are demonstrated in Fig.2. Itis seen that the region of reversed OP existence shrinkswith increasing of R0. However the e�ect remains to bepronounced even if the portion of intraband scatteringexceeds 50%. Thus, we believe that the self-consistentOP treatment is essential for polycrystalline samples,for example, upon analysing spectroscopic data.The considerable region of conventional s-wave sur-face superconductivity can only occur if the bulk OP'sin the two bands essentially di�er in magnitude. In caseif j�b2j approaches to j�b1j, the OP phase reversal regionshrinks and, �nally, the surface OP behavior reduces tothe trivial suppression for the two bands if j�b1j = j�b2j.Otherwise, upon decreasing the ratio j�b2j=j�b1j the sur-face region gets wider until its width saturates at some
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ipf ~
ipf1 + 
ipf ~
ipf �pf : (8)Figs.4 and 5 represent the LDOS at the surface(x = 0) as a function of quasiparticle energy. Left andright columns of the Figures demonstrate the LDOS forbands 1 and 2 separately. Upper row of each Figureshows LDOS plots, calculated taking into account theselfconsistent OP behavior. It should be compared tothe lower row, where LDOS is plotted for the same pa-rameters, but for the non-selfconsistent OP equal to itsbulk value. The results represented in Fig.4 correspondto R12 = 0:5, while Fig.5 illustrates the case of purelyinterband scattering R12 = 1.As it was already discussed in the literature, ifR12 6= 0 there are surface bound states in the system,�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 7 { 8 2010
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Fig.4. LDOS as a function of quasiparticle energy calcu-lated at x = 0. The energy is measured in units of �b1. Leftcolumn represents LDOS for band 1, while right columncorresponds to band 2. Upper row demonstrates the re-sults of selfconsistent calculations and lower one shows theLDOS assuming non-selfconsistent OP. (�12; �11; �22) == (0:004;�0:2771;�0:2241), �b2 = �0:25�b1, T = 0:3�b1,R12 = 0:5
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Fig.5. The same as in Fig.4, but corresponding to R12 = 1which manifest themselves as well-pronounced peaks inthe LDOS. At R12 ! 1 the bound state energies tendto zero, what can be clearly seen from the correspond-ing LDOS plots. For this case the LDOS is dominatedby very strong zero-energy peak and the di�erences be-tween selfconsistent and non-selfconsistent plots are notqualitative. It can be only noted that the features cor-responding to gap edges (clearly seen at least in panel(c) of Fig.5) are washed out under selfconsistent calcu-lation. At the same time for the intermediate value ofinterband scattering there are qualitative di�erencies be-tween selfconsistent and non-selfconsistent results (seeFig.4). They can be summarize as follows: (i) whilein the non-selfconsistent picture the bound state peaksare divided by the clearly de�ned gap, selfconsistencyresults in transforming this inner gap into "V"-shaped

behavior, which is known to be more typical for the su-perconductors with OP nodes at the Fermi surface. Webelieve that this observation can be essential for inter-preting experimental data. (ii) additional features (smallpeaks) appear in the subgap region upon taking intoaccount selfconsistency. It is worth to note here that,in contrast to the interface OP behavior, the shape ofLDOS pro�les can be quite sensitive to the details of themicroscopic model describing the interface, in particu-lar to the concrete dependence of the scattering matrixelements on pjj. However, if the particular microscopicscattering matrix model leads to the existence of an in-ner gap in the LDOS, it is inevitably transformed into\V"-shaped behavior under selfconsistent calculation, asit is demonstrated above. This fact is a consequence ofspatial line of OP nodes appearing if the OP sign rever-sal takes place at the surface.In summary, for a two band s�-superconductor wehave theoretically investigated the behavior of the OP ata specular re
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