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ANDREEV SPECTROSCOPY OF FeSe:EVIDENCE FOR TWO-GAP SUPERCONDUCTIVITYYa. G. Ponomarev a, S. A. Kuzmihev a, M. G. Mikheev a, M. V. Sudakova a,S. N. Thesnokov a, T. E. Shanygina a, O. S. Volkova a, A. N. Vasiliev a*, Th. Wolf baLow Temperature Physis and Superondutivity Department, Mosow State University119991, Mosow, RussiabKarlsruher Institut für Tehnologie, Institut für FestkörperphysikD-76021, Karlsruhe, GermanyReeived Deember 21, 2010Current�voltage harateristis (CVCs) of Andreev superondutor�onstrition�superondutor (SS) ontatsin polyrystalline samples of FeSe with the ritial temperature TC = (12 � 1) K have been measured us-ing the break-juntion tehnique. In Sharvin-type nanoontats, two sets of subharmoni gap strutures weredeteted due to multiple Andreev re�etions, indiating the existene of two nodeless superonduting gaps�L = (2:75� 0:3) meV and �S = (0:8� 0:2) meV. Well-shaped CVCs for staks of Andreev ontats with upto �ve ontats were observed due to the layered struture of FeSe (the intrinsi multiple Andreev re�etionse�et). An additional �ne struture in the CVCs of Andreev SS nanoontats is attributed to the existeneof a Leggett mode. A linear relation between the superonduting gap �L and the magneti resonane energyEmagres � 2�L is found to be valid for layered iron pnitides.Among a wide range of iron-based superondu-tors [1; 2℄, the binary ompound FeSe has the simplestrystal struture and a moderate ritial temperatureTC = (8�13) K [3; 4℄. The transition temperature TCan be inreased to 37 K by applying external pres-sure [5; 6℄ or totally suppressed by tensile strain [7℄. Itis generally aepted that superondutivity exists onlyin tetragonal phase [3; 8; 9℄. At ambient-pressure FeSeis not magnetially ordered, but its magneti proper-ties beome more ompliated as the external pressureinreases or Se is substituted by Te [10; 11℄.A layered struture is a ommon feature of iron-based superondutors [12℄. In the ase of FeSe, theFermi surfae onsists of two interseting ylindrialeletron Fermi surfaes at the Brillouin zone orner andtwo onentri hole ylinders at the zone enter, sim-ilar to FeAs-based multiband superondutors [13℄. Itan be expeted that FeSe also belongs to the lass ofmultiband superondutors, whih have been studiedintensively sine the original theoretial papers [14; 15℄.Initially, a two-gap model was proposed by Kresinand Wolf for uprate superondutors [16; 17℄. Exper-*E-mail: vasil�mig.phys.msu.ru

imental evidene for a two-band superondutivity inYBa2Cu3O7�Æ ame from surfae impedane measure-ments [18℄ and tunneling spetrosopy [19; 20℄. Studiesof multigap superondutivity intensi�ed after the dis-overy of superondutivity in MgB2 (2001) [21℄ andlater in iron pnitides (2008) [22℄ (see [2; 23℄ for thedetails). The model of nodeless multigap superondu-tivity in FeSe was supported by experimental studies ofthe magneti penetration depth [24℄ and quasipartileheat transport [25℄.A unique property of two-band superondutorsis the existene of a olletive exitation (Leggettmode) [26℄, whih was reently deteted in MgB2[27�30℄. Prerequisites of the observation of the Leggettmode in iron oxypnitides were disussed in [31℄.Naturally, the layered struture of iron-based super-ondutors triggered a searh for the intrinsi Joseph-son e�et (IJE) [32�34℄, and some experimental evi-dene for its existene in oxypnitides was reently pre-sented [35℄.Andreev spetrosopy is a powerful instrument tomeasure the superonduting energy gap(s) in a widetemperature range up to TC [36; 37℄. A number of suh527
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200 nmFig. 1. The morphology of the sample surfae as seenby eletron mirosopymeasurements have been performed on oxypnitidesRFeAsO1�xFx [38�41℄. Studies of the subharmonigap struture (SGS) in urrent�voltage harateristisof individual Sharvin-type SS nanoontats [27; 28; 41℄help to gain valuable information even in the ase ofinhomogeneous samples. To make the SGS observable,the size a of an Andreev ontat should be hosen sig-ni�antly smaller than the mean free path l of quasi-partiles (the ballisti regime) [42℄. A typial size aof a ballisti ontat is of the order of (10�20) nm orless [38; 41℄, and is usually muh smaller than the rys-tallite size in a polyrystalline sample.Here, we present a systemati study of urrent�voltage harateristis of FeSe break juntions at tem-peratures 4:2 K � T < TC . Polyrystalline samples ofFeSe have been grown from melt by spontaneous nule-ation. Powders of iron (puriss.) and selenium (99.95%)were mixed at the molar ratio 1:1, sealed into a quartztube and heated to 1100 ÆC at the rate 100 ÆC/h. Af-ter a holding time of 1 hour, the ampoule was ooled to986 ÆC at the rate 1.3 ÆC/h and then quenhed by tak-ing out of the furnae. The morphology of the samplesurfae is illustrated by Fig. 1, where grains of typialdimensions 100 nm are learly seen.The quality of the samples was haraterized bymeasurements of the temperature and �eld depen-denes of magnetization performed in the �QuantumDesign� Magneti Property Measurement System. Thetemperature dependene of magnetization measured inthe magneti �eld B = 0:01 T, as shown in Fig. 2,demonstrates an almost omplete Meissner e�et withthe superonduting transition temperature TC about10.5 K. The superonduting transition width indi-
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Fig. 2. The temperature dependene of the magnetisuseptibility � of FeSe. The upper inset is a magni-�ation of �(T ) in the viinity of the magneti due tothe presumed Fe7Se8 impurity. The lower inset showsa magnetization loop in FeSe at 2 Kates a nonuniformity of the superonduting statein the sample. At T > TC , the magneti susep-tibility is positive and shows a pronouned kink atabout 133 K, as an be seen in the upper inset toFig. 2. Tentatively, this kink an be asribed to a spin-reorientation phase transition in the impurity phaseFe7Se8. This phase is ferrimagneti with the Curie tem-perature about 450 K [43℄. The presene of a ferrimag-neti omponent in magnetization is learly seen from�nite slopes ofM�B urves, shown in the lower inset toFig. 2. Without the orretion for the demagnetizingfator, the �rst ritial �eld of FeSe an be estimatedas BC1 = 0:225� 0:025 T at 2 K. Both the upper riti-al �eld BC2 and the irreversibility �eld Birr were notreahed in present measurements.To produe point ontats in thin plates with di-mensions about (0:1 � 1:0 � 3:0) mm3, we used thebreak-juntion tehnique [41; 44℄. Two urrent and twopotential leads were attahed to eah plate by an In�Ga528
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Fig. 3. The normalized dI=dV harateristis of ad-justable Andreev SS break juntions in polyrystallineFeSe samples at T = 4:2 K: 1 � a single-ontatFS1D02, 2 � a two-ontat array FS1D01, 3, 4 �three-ontat arrays FS1D09 and FS1D10 respetively,5 � a six-ontat array FS1D13. Two sets of sub-harmoni gap singularities at bias voltages VnL == 2�L=enL and VnS = 2�S=enS are detetable(�L = 2:5 meV and �S = 0:95 meV). The dashedand dotted lines display the expeted bias voltages VnLand VnSalloy. A rak in the sample was generated at heliumtemperature. The I(V ) and dI(V )=dV harateristisof a mehanial point ontat between two ryogeni-ally leaved surfaes were registered by a omputer-ontrolled experimental set-up [41℄. The dI=dV - andd2I=dV 2-harateristis were measured using a stan-dard modulation tehnique. A low-level AC modula-tion voltage (820 Hz) on potential leads of a ontat wasstabilized using a lok-in nanovoltmeter and omputer-ontrolled digital AC bridge with a PID feedbak sig-nal. The di�erential ondutane of a ontat is pro-portional to the amplitude of the AC feedbak urrentthrough the ontat.To evaluate the superonduting gap, two relatedmethods were used: Andreev spetrosopy of individual
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Fig. 4. The normalized I(V ), dI=dV , and d2I=dV 2harateristis of the Andreev SS break juntion ina polyrystalline FeSe sample (a three-ontat arrayFS1D10) at T = 4:2 K. Two sets of subharmonigap singularities at the bias voltages VnL = 2�L=enLand VnS = 2�S=enS are detetable (�L = 2:7 meVand �S = 1:0 meV). The dashed and solid lines re-spetively show the expeted bias voltages VnL andVnS . The vertial bar displays the expeted bias volta-ge (�L +�S)=eSS Sharvin-type ontats (the gap was alulated fromSGS in dI(V )=dV harateristis [45�47℄) and intrinsiAndreev spetrosopy (natural staks of Andreev on-tats in the -diretion, the intrinsi multiple Andreevre�etions e�et [48; 49℄). It is possible to swith be-tween these two di�erent regimes of measurements inone experiment simply by readjusting the ontat witha mirometri srew. An additional advantage of thistehnique is the existene of lean ryogenially leavedsurfaes used for the ontat formation.In studying intrinsi multiple Andreev re�etionse�et in FeSe samples, we used natural nanosteps-and-terraes strutures, whih were always present onthe top of atomially �at rystal surfaes [50℄. TheI(V ) harateristis of suh nanosteps (j k ) are8 ÆÝÒÔ, âûï. 3 (9) 529
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Fig. 5. The normalized dI=dV harateristis of theAndreev SS break juntions in a polyrystalline FeSesample (three-ontat arrays, TC = 12:5 K) at T == 4:2 K. Two sets of subharmoni gap singularitiesat the bias voltages VnL = 2�L=enL and VnS == 2�S=enS are detetable (�L = 2:6 meV and�S = 0:95 meV). The dashed and dotted lines re-spetively show the expeted bias voltages VnL andVnS . The solid lines display the expeted bias voltages�(�L +�S)=eatually harateristis of staks of superondutor�insulator�superondutor (SIS) (or superondutor�normal metal�superondutor (SNS)) ontats due tothe layered struture of the ompound. In one measur-ing yle, it is always possible to �nd several nanos-teps with di�erent heights by readjusting the on-tat [48; 49℄. We note that nanosteps are loated inbetween of the two surfaes forming a rak, whihprotets these nanosteps from being overheated by themeasuring urrent.The main features of I(V ) harateristis of SSSharvin-type ontats in a lassial single-gap super-ondutor omprise a pronouned exess urrent at lowbias voltages and a subharmoni gap struture, show-ing sharp dips of the di�erential ondutane dI=dV atbias voltages [45�47℄:
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Fig. 6. The normalized dI=dV harateristis of theAndreev SS break juntions in a polyrystalline FeSesample (two-ontat arrays FS2D08 and FS2D09,TC = 12:5 K) at T = 4:2 K. Two sets of subharmonigap singularities at the bias voltages VnL = 2�L=enLand VnS = 2�S=enS are detetable (�L = 2:95 meVand �S = 0:7 meV). The dashed and dotted linesrespetively show the expeted bias voltages VnLand VnSV = 2�en ; n = 1; 2; : : : (1)Usually, SGS is explained by multiple Andreev re-�etions at interfaes of the point ontat. In thease of a two-gap superondutor, there exist two in-dependent SGSs, orresponding to the gaps �L and�S . When the amplitudes of the gaps di�er signi�-antly (�L � �S) and only the hannels L ! L andS ! S are dominant, there is no di�ulty in mea-suring both SGSs. This type of struture was ear-lier observed in exess-urrent harateristis of SSbreak juntions in MgB2 [27; 28℄ and LaFeAsO1�xFx[41℄. When the L ! S hannel beomes signi�ant,an additional struture appears, being most notieableat the bias voltage V = (�L + �S)=e [51℄. In thisinvestigation, we assume that the theoretial model of530



ÆÝÒÔ, òîì 140, âûï. 3 (9), 2011 Andreev spetrosopy of FeSe : : :Kümmel et al. [45℄ is appliable to our break juntionswith exess-urrent harateristis.The quality of the SGS strongly depends on the ra-tio of the mean free path l to the radius of the ontatarea a [45℄. In this investigation, it was possible toobserve several (up to 4) singularities in SGS and toalulate both gaps �L and �S with su�ient au-ray. We note that the auray signi�antly dereaseswhen the two SGSs orresponding to two di�erent gapsoverlap. Lukily, for FeSe nanoontats (SS, Sharvin-type), the subharmoni gap strutures are separateddue to a pronouned di�erene in �L and �S values(Figs. 3�6).Another di�ulty in analyzing experimental dataarise from the appearane of staks of Andreev on-tats while using the break-juntion tehnique (due tothe presene of natural nanosteps-and-terraes stru-tures on the leavage surfaes [50℄). The bias voltageVn;m = m(2�=en) orresponding to the subharmonigap struture for staks is �quantized� (m is the numberof ontats in a stak). We see this when we readjustthe ontat with a mirometri srew and the numberof ontats m hanges. In one experiment, it is easyto obtain several ontats with di�erent m. Usually, mvaries in the range from one to �ve or six. There aretwo important properties of urrent-voltage harater-istis of these staks: 1) when normalized to a singleontat, the SGSs for individual ontats and staksoinide within experimental errors (Fig. 3) and 2) theSGS in dI=dV harateristis of staks is muh sharperthan the SGS for individual ontats (Figs. 3�6).There are de�nitely two superonduting gaps(�L = (2:75 � 0:3) meV and �S = (0:8 � 0:2) meV)in FeSe (Figs. 4�7, Table). The superonduting pa-rameters in Ref. [24℄ (a two-band model version) arealso added to Table for omparison. In aordanewith the two-band model, the intraband oupling inone of the bands is weak and superondutivity in thisband is indued by the �driving� band through the in-terband oupling (this is illustrated by model alula-tions shown in Fig. 2 in Ref. [52℄). As a result, thezero-temperature gap ratio 2�S=kBTC for the �weak�band is signi�antly smaller than the BCS value (Ta-ble). This is also the ase for LaFeAsO1�xFx [41℄ andMgB2 [27�29℄.Additional Andreev singularities in Figs. 4 and 5 atbias voltages V = �(�L + �S)=e are most probablyaused by the opening of the L ! S hannel due to astrong interband sattering [51℄.We estimate the loal ritial temperature TC ofFeSe nanoontats TC = (12:5� 0:5) K from the tem-perature dependene of the large gap �L(T ) (Figs. 8
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Fig. 7. The dependenes of bias voltages VnL == 2�L=enL and VnS = 2�S=enS on 1=nL;S forthe investigated Andreev SS ontats. The solidlines orrespond to �L = (2:75 � 0:25) meV and�S = (0:8�0:2) meV. Dashed lines indiate spreadingof dataand 9). This temperature orresponds to the onset tem-perature of the resistive transition of a sample, mea-sured before reation of a rak (Fig. 9). A quik de-rease of the small gap �S(T ) (Figs. 8 and 9) quali-tatively agrees with alulations in Ref. [52℄. Due toa weak interband oupling (�ij � �ii), the funtion�S(T ) deviates signi�antly from the standard BCSdependene, but the ritial temperature TC is thesame for both gaps (see insets to Fig. 2 in Ref. [52℄).It is worth noting that a lose doublet struture of An-dreev singularities for nS = 1 (see Figs. 8 for example)ould result from the four-band nature of the eletronspetrum of FeSe [1; 2℄.The sharp line shape of Andreev singularities om-posing the SGS for a high-quality nanoontat (Fig. 6)points to nodeless gaps �L and �S in FeSe. This on-lusion is also supported by the omparison of our ex-perimental data (Fig. 4, the d2I=dV 2 harateristi)531 8*



Ya. G. Ponomarev, S. A. Kuzmihev, M. G. Mikheev et al. ÆÝÒÔ, òîì 140, âûï. 3 (9), 2011Table. Superonduting parameters of FeSe samples at T = 4:2 K and ambient pressureSample TC , K �L(4.2 K) �S(4.2 K) 2�L(0)=kTC 2�S(0)=kTCPresent investigationFS1D08(three ontat array) 12:5� 1:0 2:5� 0:2 1:0� 0:2 4:6� 0:8 1:9� 0:4FS1D09(three ontat array) 12:5� 1:0 2:5� 0:2 1:0� 0:2 4:6� 0:8 1:9� 0:4FS2D01(three ontat array) 12:5� 1:0 2:3� 0:3 1:1� 0:2 4:3� 0:8 2:0� 0:5FS2D09FIN(two ontat array) 12:5� 1:0 2:9� 0:2 0:6� 0:1 5:4� 0:8 1:1� 0:3Data from [24℄FeSe 8.3 1.63 0.38 4.59 1.07
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nL = 1Fig. 10. The normalized dI=dV harateristi of theAndreev SS break juntion in a polyrystalline FeSesample (two-ontat array FS2D07, TC = 12:5 K)at T = 4:2 K. Two sets of subharmoni gap sin-gularities at the bias voltages VnL = 2�L=enL andVnS = 2�S=enS are detetable (�L = (2:3�0:2) meVand �S = (0:8 � 0:2) meV). An additional �ne stru-ture at the bias voltages VnL = (2�L +mE0)=enL,marked by dotted lines, is possibly aused by a reso-nant emission of m Leggett exitons with the energyE0 = (1:8 � 0:1) meV in the proess of multiple And-reev re�etions (nL = 1)with the theoretial results in Ref. [53℄ for an s-wavesuperondutor with a nodeless gap. Theoretial plotsof the derivatives of the dynami ondutane d2I=dV 2vs. the bias voltage [41; 53℄ display a rather symmetribehavior (as in Fig. 4). For a d-wave superondutor, astrong asymmetry in the form of the Andreev singular-ity develops due to the presene of nodes in �(') [53℄.We have observed an additional �ne struture inthe CVCs of FeSe break juntions at bias voltagesVnL = (2�L +mE0)=enL (Fig. 10), whih losely re-sembles the struture aused by a resonant emission ofm Leggett plasmons [26℄ in the proess of multiple An-
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Fig. 11. Superonduting gap parameters 2�L and2�S vs. the ritial temperature TC for iron-basedsuperondutors KFe2As2 [59℄, FeSe (under externalpressure [52℄), FeTe0:5Se0:5 [60℄, FeTe1�xSex [64℄,FeSe (present investigation), LiFeAs [61; 63℄,LaFeAsO0:9F0:1 [41℄, and LaFeAsO1�xFx [62℄dreev re�etions in MgB2 ontats [27�29℄. If this isthe ase, the energy of the Leggett plasmon for FeSeE0 � 1:8�0:1 meV is lose to 2�S and does not there-fore ontradit the requirements for the observation ofthe resonane in a two-band superondutor with node-less gaps [31℄.It was pointed out previously [54�57℄ that inelastineutron sattering data an provide a valuable informa-tion about the symmetry of the superonduting gapin novel superondutors. Calulations have shown, inpartiular, that a prominent hump struture unrelatedto the resonane mehanism must appear in the dy-nami spin suseptibility just above the 2� energy inthe ase of an s++-wave state (the fully gapped s-wavestate without sign reversal) [57℄. Reently, the experi-mental linear dependene of the spin resonane energyEres on TC with the average slope 4:7kTC was pre-sented for several iron-based superondutors (Fig. 5in Ref. [58℄). Within experimental errors, this depen-533



Ya. G. Ponomarev, S. A. Kuzmihev, M. G. Mikheev et al. ÆÝÒÔ, òîì 140, âûï. 3 (9), 2011dene is oinident with the plot of the superondutinggap parameter 2�L vs. the ritial temperature TC forFeSe (this investigation) and iron-based superondu-tors KFe2As2 [59℄, FeSe (under external pressure [52℄),FeTe0:5Se0:5 [60℄, FeTe1�xSex [64℄, LiFeAs [61; 63℄,LaFeAsO0:9F0:1 [41℄, and LaFeAsO1�xFx [62℄ (Fig. 11).Although the sattering of data is quite signi�ant, twolinear dependenes emerge with 2�L=kTC = 4:6� 0:3and 2�S=kTC = 1:2�0:2 (Fig. 11). The oinidene of2�L=kTC (Fig. 11) and Eres=kTC (Fig. 5 in Ref. [58℄)supports the version of a fully gapped s-wave statewithout sign reversal [57℄.In onlusion, urrent�voltage harateristis inpolyrystalline FeSe samples have been measuredusing the break-juntion tehnique. The individualSS Sharvin ontats and staks of SNS ontats(natural nanosteps-and-terraes strutures) showsubharmoni gap strutures due to multiple Andreevre�etions. Two sets of SGSs were deteted, indiatingthe existene of two nodeless superonduting gaps�L = (2:75�0:3) meV and �S = (0:8�0:2) meV. Thelayered struture of FeSe allowed observing well-shapedurrent�voltage harateristis in staks of Andreevontats with up to �ve ontats. An additional �nestruture in the CVCs of Andreev SS nanoontatsis attributed to the existene of a Leggett mode. Alinear relation between the superonduting gap �Land the magneti resonane energy Emagres � 2�L isfound to be valid for layered iron pnitides.This work was supported by the RFBR Grants08-02-00935, 08-02-90401, and 10-03-91334 and theDFG Grants 436RUS113 and FOR 538/BU887/4. Wethank E. G. Maksimov, V. M. Pudalov, and I. A. Yan-son for the useful disussions.REFERENCES1. A. L. Ivanovskii, Physis � Uspekhi 51, 1229 (2008);Yu. A. Izyumov and E. Z. Kurmaev, Physis � Us-pekhi 51, 1261 (2008); M. V. Sadovskii, Physis �Uspekhi 51, 1201 (2008).2. D. C. Johnston, Adv. Phys. 59, 803 (2010).3. F.-C. Hsu et al., Pro. Nat. Aad. Si. 105, 14262(2008).4. S. Margadonna et al., Chem. Comm. (Camb.) 5607(2008).5. S. Margadonna et al., Phys. Rev. B 80, 064506 (2009).6. S. Medvedev et al., Nature Materials 8, 630 (2009).
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