
Pis'ma v ZhETF, vol. 96, iss. 11, pp. 830 { 837 c 2012 December 10�� ������ ������������������� ����� ��������������� �������������°®¥ª² ���� #08-02-00935THz phonon spectroscopy of doped superconducting cupratesYa.G.Ponomarev, H.H.Van, S.A.Kuzmichev, S. V.Kulbachinskii, M.G.Mikheev, M.V. Sudakova,S. N.TchesnokovDepartment of Low Temperature Physics, Lomonosov Moscow State University, 119991 Moscow, RussiaSubmitted 19 October 2012Facts are presented evidencing a strong electron-phonon interaction in doped BSCCO superconductors. Apronounced �ne structure in dI=dV -characteristics of Josephson junctions has been observed which is causedby interaction of �� Josephson current with Raman-active optical phonon modes. \Quantization" of the \gap"voltage for natural nanosteps on the cryogenically cleaved surfaces of BSCCO proves the existence of the intrin-sic Josephson e�ect. A sharp extra structure in the current-voltage characteristics of nanosteps is attributedto the presence of the extended van Hove singularity.Introduction. According to Abrikosov [1]   hightransition temperature Tc in layered cuprates is causedby the presence of an extended van Hove singularity(EVHS) near the Fermi level. In Abrikosov's model, op-tical phonons with small wave vectors °1 ³ a dominantrole in pairing. The electron-phonon coupling in high-temperature superconductors (HTSC) was con�rmed ex-perimentally via the pump-probe optical spectroscopy[2], the e�ect of renormalization of the quasiparticle den-sity of states [3{8], the e�ect of generation of opticalphonons by �� Josephson current [9{12], the photoe-mission spectroscopy [13, 14], and the isotope e�ect [15].It is well known that the transition temperature �cfor cuprates varies with the hole concentration, p, ac-cording to   parabolic law: Tc = Tc;max[1 � 82:6(p ��0:16)2] (the doping level p is de�ned as the hole densityper Cu site normalized to one CuO2 plane) [16, 17]. Atthe same time there is   contradictory information about  doping dependence of   superconducting gap �(p).In the present investigation a transition from over-doped (OD) to underdoped (UD) samples was achievedby substituting Sr with La [18]. The intrinsic Joseph-son e�ect in nanosteps on cryogenically cleaved surfacesof doped Bi-2212(La) single crystals, Bi-2212 whiskersand Bi-2223 polycrystals has been studied. A discreetcharacter of the \gap" voltage Vgn = n(2�=e) for nat-ural nanosteps (jkc) was observed (n is the number ofcontacts in a nanostep). The obtained results supporta previously observed scaling of the superconductinggap � with the critical temperature Tc on doping [19].In addition, we have registered a sharp extra structure
Fig. 1. dI=dV -characteristics of a single tunneling SIS-contact (1) and a single Andreev SnS-contact (2) in un-derdoped Bi-2212(La) at T = 4:2K (Tc = 78 � 2K,� = 24� 0:5meV, 2�=kTc = 7:1� 0:4)in the current-voltage characteristics (CVC's) of perfectBi-2212 nanosteps which could be caused by the pres-ence of the EVHS [20{23] close to the Fermi level inboth slightly overdoped and slightly underdoped sam-ples. An interaction between �� Josephson current andRaman-active optical phonon modes in the entire rangeof phonon frequencies (up to 25THz) was observed in830 �¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 11 { 12 2012
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Fig. 2. dI=dV -characteristics of a Bi-2212(La) nanostep(8 contacts) at T = 4:2K (a) shunted by a single SIScontact (b) (slightly overdoped sample, Tc = 88K, � == 25:0 � 0:5meV)doped Bi-2212 and Bi-2223 samples, pointing to a strongelectron-phonon coupling in HTSC [24{26]. A giantinstability in I(V ) { characteristics of Bi-2223 nanos-teps is explained by a resonant emission of 2� { opticalphonons in a process of recombination of nonequilibriumquasiparticles (Krasnov{Schnyder model [27, 28]).Experimental. A break-junction technique [29] hasbeen used to generate contacts of SIS-type (tunnellingspectroscopy) and SnS-type (Andreev spectroscopy) inBi-2212(La) single crystals, Bi-2212 whyskers, and Bi-2223 polycrystals. To protect Bi-2212 whiskers fromdamaging at room temperature additional transitivesubstrates of thin tissue paper were used. Four strips ofliquid indium-gallium solder were painted on substrates,and whiskers were located across these strips. At cool-ing of a sample holder an indium-gallium solder frozeand �xed whiskers. Calibration of measuring channelsof multifunctional I/O board AT-MIO-16X (National In-struments) was performed by a high-precision digitalvoltmeter.For temperature measurements a calibrated germa-nium thermometer was used. A typical error of mea-surements of a dynamic conductance of junctions didn'texceed one percent.The magnitude of the gap measured by tunnellingand Andreev spectroscopies on the same sample usuallycoincided within experimental errors (Fig. 1). In addi-

Fig. 3. dI=dV -curves for SIS contacts in underdoped Bi-2212tion, using the same technique we have studied the cur-rent { voltage characteristics (CVC's) of natural nanos-teps with   height from 1.5 to 30nm which are alwayspresent on cryogenically cleaved surfaces of bismuthcuprates. In most cases these nanosteps were shunted bya single SIS contact, which allowed to estimate the num-ber of contacts n in a stack (Fig. 2, dI=dV -characteristicof a Bi-2212(La) nanostep (8 contacts) at T = 4:2K (a)shunted by a single SIS contact (b)).We have used the data of tunneling, intrinsic tun-neling and Andreev spectroscopies to derive the depen-dence of a superconducting gap � on the impurity holeconcentration p (Figs. 1{4). It should be noted, thatfor underdoped samples of bismuth cupratrs it becomesprogressively di�cult to prepare true single SIS con-tacts with the current in c-direction. The layered struc-ture of the material and weakening of bonding betweensuperconducting blocks causes the formation of compli-cated network of contacts in the vicinity of the surface.In the present investigation the electron-phonon reso-nances were used as reliable calibration marks, whichhelped to judge a single SIS contact from a stack Dottedlines in Fig. 3 indicate the position of electron-phononresonances Vres, corresponding to a nonlinear interac-�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 11 { 12 2012
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Fig. 4. Resistive transitions R(T ) and gaps �(T ) in under-doped Bi-2212 samplestion of AC Josephson current with Raman-active opticalphonon modes [30]. For an apical oxygen phonon modeOSr: Ephon = 2eVres � 80meV [9].In all cases the superconducting gap �(� = 4:2�)was found to scale with the transition temperature �c(Figs. 5 and 6) in the entire doping range (the ratio2=�kTc is close to 7). The attening of the \gap"parabola in the vicinity of optimal doping (Fig. 6 ) isprobably an indication of pinning of the Fermi level tothe EVHS [31].We have found, that La substitution (red solid circlesin Fig. 6) does not a�ect the character of scaling of �and Tc (empty squares correspond to as grown crystalswithout La). A similar dependence was reported in [19],though a conicting experimental information can alsobe found [32]. Recently scaling of superconducting gap� and Tc was also observed in [33].The results obtained in the present investigation andin [19, 33] support the conclusion that the frequencyrange of HTSC Josephson contacts (important for THzapplications) is maximal for optimal doping.Direct measurements done by the scanning tunnel-ing microscopy (STM) method showed that the heightof nanosteps on cryogenically cleaved surfaces is pro-

Fig. 5. Resistive transitions R(T ) and gaps �(T ) in under-doped Bi-2212 samplesportional to half the height of the unit cell: 1.5nm (thecleavage surface is located between two neighbouringBiO planes) [18, 19]. Note that half a unit cell in thec-direction corresponds to a single Josephson junction.According to Kaneko et al. [34] and Mitchell et al. [35],the nanostep width does not exceed 1�m. This resultcoincides with the estimates made in Ref. [19]. By tun-ing the junction with a micrometric screw in a singleexperiment it was possible to move from one nanostepto another and record their CVC's individually.The gap voltage for nanosteps with di�erent num-ber of SIS contacts n is \quantized" : Vgn = n(2�=e)(Figs. 7 and 8), which proves the applicability of the \in-trinsic Josephson e�ect" scenario for cuprates [36]. Thesharpness of the gap structure is typical for Bi-2212(La)and Bi-2223 nanosteps and allows to estimate Vgn withsu�cient accuracy. No signs of overheating at biase volt-ages V � Vgn were observed. For slightly underdopedBi-2212(La) single crystal in Fig. 7 an elementary gapvoltage 2�=e equals 50mV at T = 4:2K.The gap feature in the CVC's has a shape typical foran \s-symmetry" (isotropic) gap parameter. At the �rstglance it is di�cult to match this result with the pho-toemission spectroscopy data, according to which thegap parameter in the ab plane is highly anisotropic [37].However, the situation changes when there is a van Hove�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 11 { 12 2012
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Fig. 6. Doping dependence of � and Tc for Bi-2212singularity at the Fermi level. Wei et al. [38] had foundthat a van Hove singularity enhances the gap structure inthe CVC's of junctions even when the gap parameter inthe ab plane is highly anisotropic. For slightly overdopedand slightly underdoped samples a sharp extra structurein the CVC's of Bi-2212 nanosteps was observed (Figs. 9and 10), which we attribute to the presence of the ex-tended van Hove singularity (EVHS) close to the Fermilevel [1, 20, 21, 23, 39]. This extra structure is absent inthe CVCs of optimally doped samples (Fig. 2) where itfalls into a 2�-region. For strongly underdoped andstrongly overdoped samples the extra structure is alsonot detectable. The latter e�ect could be the result ofa pronounced drop of a quasiparticle lifetime above thesuperconducting gap [40].The evolution of CVC's with temperature in Figs. 9and 10 agrees qualitatively with theoretical calculationsof Bok and Bouvier [21] (van Hove scenario). The innersingularity in Figs. 9 and 10 (and in [21]) closes at Tc andobviously corresponds to the gap structure, the outer sin-gularity does not disappear at Tc and may be caused byEVHS (see also a recent publication: A. Piriou et al.,First direct observation of the Van Hove singularity in

Fig. 7. dI=dV -curves for nanosteps with di�erent num-ber of contacts n at T = 4:2K (Bi-2212, overdoped,Tc = 88 � 3K, � = 25meV). The discreteness of the gapvoltage Vgn = n(2�=e) is clearly seenthe tunneling spectra of cuprates, Nature Communica-tions 2, 221, 01 March 2011 [23]).Fig. 11 presents a dynamic conductance dI=dV of abreak-junction with a partially suppressed backgroundas a function of energy E = 2eV (optimally doped Bi-2212 single crystal, T = 4:2K). A pronounced structurein the dI=dV -characteristic (Fig. 11) is caused by an in-teraction of �� Josephson current with Raman-activeoptical phonon modes [30] in the range of phonon fre-quencies up to 20THz, including the apex oxygen modewith the energy close to 80meV. Vertical dashed linesin Fig. 11 correspond to the energies of Raman-activeoptical phonon modes (from Ref. [9]).It is essential that the optical phonon spectra in�i-2223 and �i-2212 have a two-dimensional charac-ter. Structures of SrO{BiO{BiO{SrO spacers in thesephases { are identical, and superconducting blocks dif-fer by one CuO2-plane. From Raman spectroscopy dataand according to the present investigation the opticalphonon spectra in these phases practically coincide.5 �¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 11 { 12 2012
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Fig. 8. dI=dV -curves for nanosteps with di�erent num-ber of contacts n at T = 4:2K (Bi-2223, overdoped,Tc = 104K, � = 30meV). The discreteness of the gapvoltage Vgn = n(2�=e) is clearly seenIt has been found that the structure in dI=dV -characteristics of Bi-2212 Josephson junctions relatedto generation of optical phonon modes !i at bias volt-ages Vi = ~!i=2e can be observed for both under-doped and overdoped Bi-2212 and Bi-2223 single crys-tals (Figs. 11 and 12), with the doping level having only  negligible e�ect on the frequency of the main phononmodes (Fig. 13). This means that the electron-phononcoupling in BSCCO does not change signi�cantly withdoping over the entire region where superconductivityexists. Our experimental data support a model of astrong electron-phonon interaction [1, 24{26] in HTSC.At the same time we have not observed any structurewhich could be related to the \magnetic resonance"mode whose energy is expected to change signi�cantlyon doping [41, 42] (green rectangles in Fig. 13 mark ex-pected positions of a \magnetic resonance" [42] for everysample). Thus the role of magnon modes in pairing isquestionable. As for a dip-hump structure [32], whichis often associated with magnetic pairing, it is caused,from our point of view, by a speci�c complex state of thecrystal surface and has nothing to do with renormaliza-tion of the electron spectrum. We have found out, that

Fig. 9. dI=dV -characteristics of an overdoped Bi-2212nanostep with 17 contacts at di�erent temperaturesa dip-hump structure is absent in the CVCs of perfectnanosteps on the cryogenically cleaved whisker surfaces.A giant instability in I(V )-characteristics of Bi-2223nanosteps has been observed at helium temperatures(Fig. 14). A periodic switching between 7th and 9thbranches in a multibranch characteristic presented inFig. 14 could be caused by a resonant emission of 2�-optical phonons with the energy � 60meV (OBi-mode inFigs. 11 and 12) in a process of recombination of non-equilibrium quasiparticles in a stack of SIS junctions(Krasnov{Schnyder model [27, 28]). Two main factorswere found to inuence the amplitude of the instabilityof this kind. The instability amplitude reaches its max-imum when: 1) EVHS crosses the Fermi level, 2) thevalue 2� coincides with the energy of one of the opticalphonon modes. The instability amplitude is very sen-sitive to temperature and quickly drops in a \step-like"way when equality 2�(T ) = ~!opt.phon is not valid anymore. For Bi-2223 phase the 2�-value at helium tem-perature does not exceed 70meV (optimal doping) andthe \apical oxygen" mode (� 80meV) remains beyondreach. At the same time, using chemical doping we cantune the 2�-value at least to two optical phonon modeswith energiesEphon �= 60meV (OBi mode in BiO-planes,�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 11 { 12 2012
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Fig. 10. dI=dV -characteristics of an underdoped Bi-2212nanostep with 12 contacts at di�erent temperatures

Fig. 11. (Color online) Phonon resonances on a dI=dV -characteristic of a break junction in optimally doped Bi-2212 at T = 4:2K (E = 2eV ). Vertical blue lines corre-spond to the energies of Raman-active phonon modes [9]

Fig. 12. I(V )- and dI=dV -characteristics of a break junc-tion in Bi-2223 (T = 4:2K, � = 30meV). Single-phononand two-phonon resonances are marked by arrows

Fig. 13. Phonon resonances on dI=dV -characteristics ofbreak junctions in doped Bi-2212 at T = 4:2KFigs. 11 and 12) and Ephon �= 50meV (OCu mode inCuO2-planes). We succeeded to observe instabilities inCVCs of B-2223 nanosteps for both cases. For Bi-2212phase the 2�-value does not exceed 52{54meV (opti-mal doping) and instability easily develops in Bi-2212nanosteps close to optimal doping.�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 11 { 12 2012 5�
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Fig. 14. I(V )-characteristic of a Bi-2223 nanostep with againt instability at T = 4:2K3. Conclusions. Tunneling, intrincic tunnelling andAndreev spectroscopy studies of doped Bi-2212 and Bi-2223 samples are overviewed. Facts are presented evi-dencing the importance of the electron-phonon interac-tion in HTSC. A sharp extra structure in the CVCs ofBi-2212 contacts is attributed to the presence of the ex-tended van Hove singularity close to the Fermi level inslightly overdoped and slightly underdoped samples. Agiant instability in I(V )-characteristics of Bi-2223 andBi-2212 nanosteps could be probably an indication ofphonon pairing in HTSC.The authors are grateful to V.M.Pudalov andL.M.Fisher for useful discussions. This work was sup-ported by the Russian Foundation for Basic Research(project #11-02-01201, 08-02-00935, and 05-02-17868).1. A.A. Abrikosov, Physica � 341{348, 97 (2000).2. C. Gadermaier, A. S. Alexandrov, V.V. Kabanov et al.,Phys. Rev. Lett. 105, 257001 (2010).3. G. Zhao and A. S. Alexandrov, arXiv:1208.3128v1 [cond-mat. supr-con] (2012).4. D. Shimada, N. Tsuda, U. Paltzer, and F.W. De Wette,Physica � 298, 195 (1998).5. N. Tsuda and D. Shimada, Physica C 412{414, 76(2004).6. S. I. Vedeneev, A.A. Tsvetkov, A.G.M. Jansen, and P.Wyder, Physica C 235{240, 1851 (1994).7. R. S. Gonnelli, G.A. Ummarino, and V.A. Stepanov,Physica C 275, 162 (1997).
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