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HINTS AT UNCONVENTIONALSUPERCONDUCTIVITY OF THEHEAVY-FERMION SUPERCONDUCTOR CeCoIn5�G. Goll, H. v. LöhneysenyPhysikalishes Institut, Universität Karlsruhe, 76128 Karlsruhe, GermanyV.S. Zapf, E.D. Bauer and M.B. MapleDepartment of Physis and Institute for Pure and Applied Physial SienesUniversity of California, San Diego, La Jolla, CA 92093, USA(Reeived July 10, 2002)We report on investigations of CeCoIn5 in the superonduting stateby point-ontat spetrosopy. Andreev re�etion of quasipartiles at anormal metal/superondutor interfae leads to harateristi features inthe di�erential resistane dV=dI as a funtion of applied bias V . We mea-sured spetra whih show either a redued resistane for bias jV j < �=ewith a double minimum at V � ��=e or a single minimum of dV=dI forV = 0, i.e., a zero-bias anomaly. Both features are weakened with inreas-ing temperature and vanish lose to T. The observation of a zero-biasondutane anomaly is expeted only if the order parameter exhibits asign hange as a funtion of ~k. Andreev re�etion of the quasipartiles atthe surfae leads to a surfae bound state whih is deteted in the dV=dI vsV spetra. Therefore the data support unonventional superondutivityin CeCoIn5.PACS numbers: 74.70.Tx, 74.20.Rp, 73.40.Jn, 74.80.Fp1. IntrodutionThe ternary rare-earth ompound CeCoIn5 is a heavy-fermion superon-dutor with a superonduting transition temperature T = 2:3K [1℄, thehighest transition temperature among the heavy-fermion superondutors,and a linear oe�ient of the spei� heat (T) = 350mJ/molK2 [2℄. There� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.y Also at: Forshungszentrum Karlsruhe, Institut für Festkörperphysik, D-76021 Karls-ruhe, Germany (575)



576 G. Goll et al.is strong experimental evidene that superondutivity in this material is un-onventional. There is an enormous jump �C in the spei� heat at T with�C=T = 4:5 while �C=T = 1:43 is predited in weak-oupling BCStheory. In the superonduting state, power-law behavior of the spei�heat lose to T 2 [2, 3℄ and of the thermal ondutivity lose to T 3 [3℄ giveevidene that the superonduting order parameter has line nodes. Fromthe observation of a lear fourfold symmetry of the thermal ondutivity inthe superonduting state an order-parameter with the angular position ofthe nodes along the (��, ��) diretion has been proposed [4℄ whih be-longs most likely to dx2�y2 symmetry. From NMR measurements [5℄ whihshowed a vanishing spin suseptibility for T � T, a spin-singlet-pairingstate is inferred as well.2. Results and disussionPoint-ontat spetrosopy is a very suitable tool to study the order-parameter symmetry through the mehanism of Andreev re�etion (AR).Heteroontats between the superonduting sample (S) and a normal-metal(N) ountereletrode Pt were established in a 4He bath ryostat at lowestT = 1:5K by means of a mehanial di�erential srew mehanism. The typi-al ontat resistanes range between 1 and 130
. The di�erential resistanedV=dI of the ontats as a funtion of applied bias V was measured with astandard lok-in tehnique. Figure 1 gives an overview of the point-ontatspetra at T � 1:5K at di�erent points on the surfae. For omparison, thespetra have been normalized to the di�erential resistane at V = �5mVand shifted with respet to eah other. The main result is that two dis-tintly di�erent types of spetra are observed. Curves displayed in panel (a)represent spetra whih exhibit a double-minimum struture, while urvesdisplayed in panel (b) represent spetra whih show a single minimum indV=dI entered at V = 0, and shoulders symmetri in V at higher bias.In both ases, the features are related to superondutivity as they beomeweaker with inreasing T and vanish near T (see Fig. 2(a) and (b)).Minima at �nite V in the di�erential resistane are expeted for N/Spoint ontats due to Andreev re�etion at the N/S interfae for both on-ventional [6℄ and unonventional [7℄ superondutors. This sattering pro-ess, where an eletron is injeted and a hole is retro-re�eted with proba-bility RA, leads in isotropi fully gapped superondutors to a redution ofdV=dI for voltages < �=e. A �nite but small probability 1�RA of normalre�etion due to an interfae barrier inreases the zero-bias resistane andleads to the harateristi double-minimum feature with minima at ��=e.Qualitatively, the same general behavior is expeted for unonventional su-perondutors with a k-dependent gap funtion � = �(~k), although the
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V (mV)Fig. 1. Di�erential resistane dV=dI vs voltage V of point ontats betweenCeCoIn5 and Pt at T = 1:5K. The ontat resistane is R0 = 3:3
 (1), 2:1
(2), and 3:6
 (3) for urves in panel (a) and R0 = 4:2
 (1), 1:2
 (2), and 1:6
(3) for urves in panel (b).

Fig. 2. Temperature dependene of both types of strutures in the di�erentialresistane dV=dI vs V .�transpareny� of the juntion for AR has to be determined self-onsistentlyto take into aount that the interfae itself might be pairbreaking for someorder-parameter symmetries. In priniple, from the width of the struture



578 G. Goll et al.and the position of the minima, the gap value � an be inferred by �ttingthe urves, although the exat value depends on the hoie of the order pa-rameter. A rough estimate shows that � is well above the weak-ouplinglimit 2� = 3:5kBT = 0:69meV.The observation of a zero-bias ondutane anomaly (ZBA) is expetedonly if the order parameter exhibits a sign hange as a funtion of ~k. Andreevre�etion of the quasipartiles at the surfae leads to a surfae bound statewhih is deteted in the dV=dI vs V spetra. It was shown [8℄ that forthe dx2�y2 symmetry, the ourrene of a ZBA depends on the diretion ofurrent �ow with respet to the rystallographi axis. For urrent injetionalong the [100℄ diretion, no zero-bias anomaly is deteted beause no surfaebound state is formed. In ontrast, along [110℄, the order parameter exhibitsa sign hange and, therefore, a surfae bound state at zero energy is formedwhih is seen in the spetra as a enhaned ondutane at zero bias, i.e., asingle minimum in dV=dI. 3. ConlusionIn summary, diretly probing the superonduting energy gap of CeCoIn5by means of point-ontat spetrosopy gives strong support of an unon-ventional pairing state. The most onvining indiation learly omes fromthe ourrene of a zero-bias anomaly. The unde�ned diretion of urrent�ow in the experiment, however, prevents a de�nite assignment of the order-parameter symmetry.Researh at UCSD was supported by the VS DOE and NSF.REFERENCES[1℄ C. Petrovi et al., J. Phys.: Condens. Matter 13, L337 (2001).[2℄ V.S. Zapf, et al., Phys. Rev. B65, 014506 (2001).[3℄ R. Movshovih et al., Phys. Rev. Lett. 86, 5152 (2001).[4℄ K. Izawa et al., Phys. Rev. Lett. 87, 057002 (2001).[5℄ Y. Kohori et al., Phys. Rev. B64, 134526 (2001).[6℄ G.E. Blonder, M. Tinkham, T.M. Klapwijk, Phys. Rev. B25, 4515 (1982).[7℄ Chr. Bruder, Phys. Rev. B41, 4017 (1990).[8℄ M. Fogelström et al., Phys. Rev. Lett. 79, 281 (1997).


