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IMPURITY BOUND STATESIN THE PSEUDOGAP PHASE OF HIGH-T CUPRATES�David Parker, Kazumi Maki and Stephan HaasDepartment of Physis and Astronomy, University of Southern CaliforniaLos Angeles, CA 90089-0484, USA(Reeived July 10, 2002)We study the impurity bound states in d-wave harge and spin densitywave (CDW & SDW) phases, whih are andidate models for the pseudo-gap regime in the high-T uprates. The Bogoliubov�de Gennes equationsfor a single impurity are solved. When the impurity is nonmagneti, thereis no distintion between CDW and SDW. The bound state wave funtionexhibits a fourfold symmetry pattern analogous to the d-wave superon-duting phase. In addition, the wave funtion exhibits a hekerboard-likepattern, previously observed around the vortex bound states in the under-doped region of Bi2212. These preditions should be readily aessible tosanning tunneling mirosope experiments.PACS numbers: 73.20.Mf, 74.72.�h, 75.30.FvAfter a long ontroversy a new piture of the pseudogap phase in theuprate superondutors is emerging. It now appears that T � is not a ross-over temperature, but rather indiates the transition temperature T toa ondensed phase. So far d-wave harge density wave (CDW) [1, 2℄ andd-wave spin density wave (SDW) [3℄ have been proposed to desribe thisregime. The dx2�y2 -wave nature of the energy gap in the pseudogap regimeis well known from angle resolved photoemission studies [4℄. More reently,the nature of the pseudogap phase has been explored by neutron satter-ing [5℄ and optial dihroism [6℄ measurements. We have reently arguedthat these two experiments favor SDW over CDW [7℄.Here we onsider a single nonmagneti impurity in CDW or SDW. Fora nonmagneti impurity there is no di�erene between CDW and SDW. TheBogoliubov�de Gennes equations for dx2�y2-wave CDW are given by [8℄Eu(r) = ��r22m � �� V (r)�u(r) + 1p2F�(�2x � �2y)v(r) ; (1)� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(583)



584 D. Parker, K. Maki, S. HaasEv(r) = ���r22m + �+ V (r)� v(r) + 1p2F�(�2x � �2y)u(r) ; (2)where � is the hemial potential, pF is the Fermi momentum, and V (r) =V0Æ2(r) > 0 is an isotropi impurity sattering potential, entered at r = 0.Compared with the equations for a d-wave superondutor, the sign ofthe �+ V (r) term in the seond equation has hanged. But otherwise theBdG equations have the same struture. Also, as in our earlier analysiswe onsider a strong impurity potential, V (r) � �, where � is the super-onduting order parameter for T = 0K. As to the atual value of �, theavailable data indiates � = 2:14T if we identify T = T � [9℄. Indeed,we may take this as evidene that the underlying density wave has d-wavesymmetry. In the limit j�j � �, � should be the same as for d-wave super-ondutors in the weak-oupling limit [10℄.We �nd a variational solution of the BdG equations by making use ofthe Ansatz [8℄u(r) = A exp (�r)�J0(pFr) +p2�J4(pFr) os (4�)� ; (3)v(r) = p2A� exp (�r)J2(pFr) os (2�) ; (4)where Jl(pFr) are Bessel funtions of the �rst kind, �, �, and  are vari-ational parameters, and A is a global normalization fator. Inserting thisinto Eqs. (1) and (2) we obtainE = K � V � ��p2 ;(E + 2�)� = �K�� ��1 + �p2�p2 ;E� = K� � ��2 ; (5)where K ' 2=2m, and V = hV (r)i.Let us now onsider a strong-sattering Zn impurity. In Bi2212 this givesrise to a bound state at E ! 0 [11℄. Assuming V � � as in Ref. [8℄, weobtain K = 0:3�, � = �0:8, and � = �1:33. Then the di�erential tunnelingondutane is given by�I�V (r; V ) / seh2�eV �E02T �� ���u(r) + os��xa � os��ya � v(r)���2 : (6)The ondution at eV = E0 is dominated by the above ombination ofu(r) and v(r). Two brief omments on this result are in order:



Impurity Bound States in the Pseudogap Phase of . . . 5851. Unlike d-wave superondutors, both u(r) and v(r) are hole wave fun-tions. Furthermore, v(r) has an extra phase fator exp (�iQ � r) rel-ative to u(r), where Q [e.g. (�=a; �=a)℄ is the nesting vetor. Sinethere are four nesting vetors, the sum over these four vetors givesthe wave funtion in Eq. (6).2. There is another solution with the dominant v(r) omponent at E=E0�2�. In dx2�y2 -wave superondutors this orresponds to the solu-tion with E = �E0. This solution gives the ombinationv(r) + os��xa � os��ya � u(r) : (7)In Fig. 1 we show the spatial patterns of these solutions as they shouldbe observed by sanning tunneling mirosopy. As one would expet, there isa lose similarity to those found in d-wave superondutors, although thereis a superstruture whih is not present in the superonduting regime. Thisarises from the interferene between u(r) and v(r). For plotting the above�gures we assumed that  = 0:2pF.
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Fig. 1. Spatial variation of the loal tunneling ondutane, entered at a strong-sattering impurity, suh as Zn, in a dx2�y2-wave CDW system, (a) using Eq. (6),and (b) using the onjugate wave funtion of Eq. (7).We may onlude that the impurity bound state in a dx2�y2 -densitywave phase produes a piture similar to those in d-wave superondutors.Moreover, there is a hekerboard-like superstruture learly visible in the2D spatial pattern. Therefore, the detetion of this impurity bound statewave funtion may provide another test of the notion that the pseudogapphase is d-density wave. Furthermore, a magneti impurity, suh as Ni,an di�erentiate SDW from CDW. The analysis of suh weak-sattering Niimpurities will be reported in a future publiation.
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