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ANISOTROPIC CRITICAL FIELDSof MgB2 SINGLE CRYSTALS �T. DahmUniversität Tübingen, Institut für Theoretishe PhysikAuf der Morgenstelle 14, 72076 Tübingen, GermanyA.I. PosazhennikovaLaboratorium voor Vaste-Sto�usia en MagnetismeKatholieke Universiteit Leuven, 3001 Leuven, Belgiumand K. MakiMax-Plank-Institute for Physis of Complex SystemsNöthnitzerstr. 38, 01187 Dresden, GermanyandDepartment of Physis and Astronomy, University of Southern CaliforniaLos Angeles, CA 90089-0484, USA(Reeived July 10, 2002)The reently disovered superondutivity in MgB2 has reated theworld sensation. In spite of the relatively high superonduting transi-tion temperature T = 39K, the superondutivity is understood in termsof rare two gap superondutor with energy gaps attahed to the � and�-band. However, this simple model annot desribe the temperature de-pendent anisotropy inH2 or the temperature dependene of the anisotropimagneti penetration depth. Here we propose a model with two anisotropienergy gaps with di�erent shapes. Indeed the present model desribesa number of peuliarities of MgB2 whih have been revealed only reentlythrough single rystal MgB2.PACS numbers: 74.20.Rp, 74.25.Bt, 74.70.Ad� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(549)



550 T. Dahm, A.I. Posazhennikova, K. Maki1. IntrodutionThe disovery of new superondutivity in MgB2 took the world by sur-prise [1℄. Early studies based on polyrystalline samples lead to a two gapmodel [2�4℄. On the other hand the anisotropy in H2(t; �) suggested ananisotropi s-wave model [5�9℄. Further it is lear that the simple twogap model annot desribe the strong temperature dependene of (t) =Hab2 (t)=H2(t) observed in single rystal MgB2 [6, 9℄. For this we need anorder parameter �(~k) of oblate shape [9℄. On the other hand, it is wellknown that Hab2 (t)=H2(t) > 1 and Hab1 (t)=H1(t) > 1 for single rystalexperiments [10�12℄, whih ontradits the Ginzburg�Landau phenomenol-ogy. Further, both magneti penetration depth data and H1(t) data suggesta prolate order parameter as in [7,8℄. Indeed, an earlier STM study suggesteda prolate order parameter as well [13℄.Is the order parameter prolate or oblate? The answer is that we needboth. We suggest, that the oblate order parameter is attahed to the �-bandwhile the prolate order parameter to the �-band. In the following we shalldesribe salient features of single rystal MgB2 within the present model.2. Upper ritial �eldWe just point out two features in the upper ritial �eld whih are outsideof the Ginzburg�Landau phenomenology: (a) the strong temperature depen-dene of the anisotropy parameter (t) = Hab2 (t)=H2(t) [9℄; (b) the deviationfrom the e�etivemassmodel H2(t; �)=H2(t; 0) 6=(os2�+ sin2�)�1=2 [6℄.For example �(~k) � 1=p1 + az2, where z = os� and a � 100 andesribe the temperature dependene of (t), as has been shown in Ref. [9℄.Also, by �tting the experimental data we obtained va ' 2:7 � 107 m/seand v=va ' 0:48. We point out that these values are very onsistent withthe ones for the �-band [2℄.By �tting experimental data forH2(�) [14℄ lose to T we an dedue theratio v=va ' 0:73, implying a = 10, for example. This result is greater thanthat estimated in our previous analysis of H2(T ) [9℄. Next order orretionin (T � T)=T leads to the inrease of the ratio v=va for the same valuesof the parameter a. In the future we are going to elaborate our study ofthe upper ritial �eld behavior in MgB2 by taking into aount impuritysattering, what we believe will improve the agreement with experiment.3. Lower ritial �eldFrom -axis oriented �lms and single rystals, the super�uid density �s;aand the lower ritial �elds H1 and Hab1 have been extrated reliably [11,12℄.It is lear this time that we need a prolate order parameter to �t these data.



Anisotropi Critial Fields of MgB2 Single Crystals 551We hoose �(~k) = 1=p1� az2 with a ' 0:92 � 0:95. These values givea good �t of penetration depth data [11℄. The magneti penetration depthsare related to the lower ritial �elds via the formulasH1(t) = �02��2a(t) ln �a(t)�a(t) ; (1)Hab1 (t) = �02��a(t)�(t) lns�a(t)�(t)�a(t)�(t) ; (2)where �a(t) and �(t) are the magneti penetration depth with the super-urrent in the ab-plane and in parallel to the -axis, respetively. Theyare related to the super�uid density via �s;a(t) = �2a(0)=�2a(t) and �s;(t) =�2(0)=�2(t). Taking a = 0:95, whih �ts �s;a(t) from Ref. [11℄, we alu-late �s;(t) and obtain the temperature dependenes of H1 and Hab1 fromEqs. (1) and (2), negleting the temperature dependene of the logarithms.The result is shown in Fig. 1 along with the experimental results fromRef. [12℄. From these �ts we obtain H1(0) = 24 mT and Hab1 (0) = 32 mT.From this the ratio of the relevant Fermi veloities an be estimated asHab1 (0)=H1(0) � v=va = 1:3. In other words, the orresponding Fermi sur-fae is more isotropi and further v > va. This strongly suggests that theprolate order parameter we are onsidering has to be assoiated with the�-band.

Fig. 1. Temperature dependene of the lower ritial �elds H1 (dashed line) andHab1 (solid line) along with the orresponding experimental data from Ref. [12℄.



552 T. Dahm, A.I. Posazhennikova, K. Maki4. SynthesesWe have seen so far that we need two energy gaps of di�erent shape inorder to desribe H2(t; �) and H1(t; �). The temperature dependene of(t) indiates that an oblate order parameter (�(~k) = 1=p1 + az2) dom-inates the behavior at high magneti �eld. Also we need v=va = 0:48.This suggests the ylindrial Fermi surfae assoiated with the �-band asthe arrier of this order parameter. On the other hand, for H1(t; �) weneed a prolate order parameter (�(~k) = 1=p1� az2). Also, the anisotropyin H1(t; �) suggests the �-band as the arrier of this order parameter. Inother words, if we assume that the high �eld properties are ontrolled by theoblate order parameter attahed to the �-band, while the low �eld proper-ties are due to the prolate order parameter attahed to the �-band, we havea onsistent piture for superondutivity in MgB2.We believe that this piture will be ruial to understand also a varietyof anomalies observed in the vortex state in MgB2.We would like to thank M. Angst, F. Bouquet, S. Haas, A. Janossy,A. Junod, B.B. Jin and N. Klein for useful disussions on MgB2.REFERENCES[1℄ J. Nagamatsu et al., Nature 410, 63 (2001).[2℄ S.V. Shulga et al., ond-mat/0103154.[3℄ J.M. An, W.E. Pikett, Phys. Rev. Lett. 86, 4366 (2001).[4℄ A.Y. Liu, I.I. Mazin, J. Kortus, Phys. Rev. Lett. 87, 087005 (2001).[5℄ O.F. de Lima et al., Phys. Rev. B64, 144517 (2001).[6℄ M. Angst et al., Phys. Rev. Lett. 88, 167004 (2002).[7℄ Y. Chen, S. Haas, K. Maki, Curr. Appl. Phys. 1, 333 (2001).[8℄ S. Haa, K. Maki, Phys. Rev. B65, 020502(R) (2002).[9℄ A.I. Posazhennikova, T. Dahm, K. Maki, ond-mat/0204272, to appear inEurophys. Lett..[10℄ C. Buzea, T. Yamashita, Superond. Si. Tehnol. 14, R115 (2001).[11℄ B.B. Jin et al., ond-mat/0112350, to appear in Phys. Rev. B.[12℄ M. Xu et al., Appl. Phys. Lett. 79, 2779 (2001).[13℄ P. Seneor et al., Phys. Rev. B65, 012505 (2002).[14℄ Yu. Eltsev et al., Physia C, proeedings of ISS2001, Kobe, Japan,Sept. 24�26, 2001, in press.


