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Density-of-states-driven anisotropies induced by momentum decoupling in E$r,CaCu,Og¢
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Momentum decoupling arises when smalécattering dominates the pairing interaction and implies density-
of-states-driven anisotropies in superconductivity. In this scheme we explain puzzling aspects of the anisotropy
in Bi,Sr,CaCuy,Og, such as the correlation of gap magnitude and visibility of the dip above the gap, the
enhancement of anisotropy with temperature, the presence of gap minima away frbrXtbeection and a
gap maximum in thd™-X direction, the similarity of tunnel and angle-resolved photoemission spectra in the
I'-M direction, and the asymmetry in vacuum tunnel spectra where the dip structure is present only at negative
sample bias[S0163-182806)52134-X

The observation by angle-resolved photoemission In the following, we will give a simultaneous explanation
spectroscopy (ARPES of the superconducting gap in to all the previously cited experimental points. We will see in
Bi,Sr,CaCu,0g4 (Refs. 1-5 failed in answering the contro- particular that all the previous points characterize a super-
versial question of the symmetry of the order parameterconductor in which the isotropis-wave electron-photortor
Some experimental results support thevave hypothesié, other bosoh coupling is dominated by forward scattering
while others point to a rather complex mixed state in whichprocesses. Dominance of forward scattering could be due for
the gap has nodes away from thex (k,=ky) directior? or  example to the vicinity of a phase separation instafility
even has no nodes at afft. These contradictions, together strongly correlated electronic systetsr to an interlayer
with the absence of gap observation in Y/&a1;0, and the  Josephson tunneling mechanidfar simply due to the two-
weakness of the gap values reported opB,CaCu,0g,°  dimensional character of the electronic systénOn the
illustrate the difficulty in measuring the gap with the ARPES other hand, there is evidence from Raman scatt&fitigat
technique. small momentum transfefRaman active phonons are

However in some qualitative points all ARPES experi-strongly affected by superconductivity in cuprates. Notice
ments are in agreement. The first point is that the highethat a somewhat analogous situation has already been con-
values of the gap are reached in the direction where the desidered in discussions of the peak in the microwave
sity of electronic states(DOS) on the Fermi level conductivity® and of the change of sign of the order
N(Eg,k)=|ve(k)| "t is maximal, and in general the gap parametéf reported in some experiments on YR2uzO.
magnitude is correlated with the DOS magnitude. A second When forward scattering is dominant, there is “momen-
point is related with the anomalous dip structure above theum decoupling”(MD) in the superconducting behavior, im-
gap seen also by tunnel spectroscopy. This dip structure islying a different coupling in different regions of the Fermi
more visible in the direction in which the gap and the DOSsurface In the case of MD the coupling at each region of the
are maximal and the sharpness and magnitude of this stru€&ermi surface is proportional to the DOS in this region, and
ture is correlated with the magnitude of the gap and locathereforethe anisotropies of the superconducting state are
DOS. A third important remark is that from the ARPES ex-induced by the anisotropies of the density of states in the
periments in thd™-M (0,1) direction where the gap and DOS normal state
are maximum, one obtains a spectral function very similar to Let us now illustrate briefly how the MD appears for
the tunnel spectrur?]_ln the case of tunneling we see the small momentum transfer processes and why it leads to DOS
average of the spectral function over the Fermi surface, andependent anisotropies. The anisotropic Eliashberg equation
the similarity of ARPES and tunnel data in such anisotropidn the off-diagonal sector, for an Einstein spectrum can be
materials is quite surprising. In addition, some very impor-written with usual notations as follows:
tant experimental trends have been reported recently. In Ref.

4 it is shown that the anisotropy is strongly enhanced when AZe= TS dz_p N(Eg.p)lg(k—p)[2Q

we move from thel =0 regime to thel— T regime. In Ref. T D s S T 0% (w0

3 it has been shown that the gap has minima about 10° away

from theI'-X direction and a maximum in thié-X direction. ~ Thek dependence is contained in the coupljggk — p)|2.

On the other hand, detailed vacuum tunneling spectroscopy In conventionak-wave superconductors it is assumed that
measuremenfsreport an asymmetric density of states inthe interaction/g(k—p)|? is almost constant on the Fermi
Bi,Sr,CaCu,0g, 5, With the dip appearing only at negative surface and it leads to an isotropic gap. On the other hand, if
sample bias. one supposes thag(k—p)|? has a relevant momentum de-

F(Ap,@n).
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pendence in the vicinity of the Fermi surfa@s it is the case 22
in the d-wave scenario where this function reflects electron-
spin fluctuation couplingthen from the above equation one -
can obtain an anisotropic gap. However the anisotropy of the
superconducting parameters is mainly imposed by the anisot-
ropy of the interaction anaot from the anisotropy of the
density of states. In order to obtain significant DOS induced
anisotropies one has to considerigotropic s-wave interac-
tion dominated by forward scattering processes. This can be
illustrated by taking for example an interaction sharply
peaked at zero momentufg(k—p)|2~g28(k—p). In that
case occurs the perfestomentum decouplingVe obtain a 1.0
momentum independent Eliashberg equation which provides 0 62 04 06 08 1
the gap functionA(k,iw,) for each momentunk on the q/ =
Fermi surface. This last equation is analogous to the isotro-
pic Eliashberg equatiomvith a coupling strength propor- FIG. 1. Evolution of the anisotropy ratio as a function of the
tional to the density of states at the given point of the Fermfharacteristic range of the exchanged momeptaFor q.< /2
Surface NEF ,k) We remark that our MD reglme |s com- it increases Shal’ply |nd|Cat|ng the onset of MD.
pletely different from any separable potential approach
which can only lead to potential driven anisotropies. We are now going to see how MD can explain simulta-
Of course as-function peak atj=0 is a rather unrealistic neously all the features of the ARPES and tunnel experi-
coupling function. In our approach we consider an isotropionents mentioned in the introduction. We take first the tem-
interaction that has a finite range in momentum space with gerature dependence of the anisotropy reported in Ref. 4. If
characteristic momentum cut-off. that is much smaller MD was perfect in BySr,CaCu,0Og, 5, roughly speaking
thank yet sufficiently larger than the level spacindl/N in  the temperature at which the gap disappears inlth¢ di-
k space in such a way that theintegration introduces an rection should be smaller than the temperature at which it
average occupancy. However MD occurs even for figite disappears in thd&'-M direction. In fact since the DOS is
providedq is small compared to the characteristic momen-smaller in thel’-X direction, the coupling and. should also
tum of the DOS variationsTo illustrate this point we per- be smaller. Therefore, in the case of MD the anisotropy is
formed numerical simulation on a simple two-dimensionalenhanced close t6., and if MD would be perfect it should
BCS model. In that case the gap is given by even diverge.
We will now show how within our BCS model the results
—V(k=p)A(p) of Ref. 4 can be qualitatively r_eproduced when firigenal)
A(k)= ————tani{ \/[§S+ A?%(p)]/2T}. momenta are transferred. In Fig. 2 we report the temperature
Plépl<0p 2V &+ A%(P) dependence of the gap at the points £ ,and (7/2,7/2)
_ _ ) ~ [A(0,m) and A(m, ), respectively for different values of
We consider an isotropis-wave electron-phonon coupling q_  and in Fig. 3 we give the corresponding temperature
having at small momentaLorentzian behavior as a function dependence of the anisotropy ratR=A(0,7)/A(m, ).
of the norm of the exchanged momentum The critical temperatures are obtained by solving numeri-

V(a)=—V(1+|g|?g3) " In this spectrum the electron- cally the Hermitian eigenvalue problem of the linearized
phonon scattering is dominated by the processes which trangguations neaf .

1.4 |

Alr, 0) / Alm, 1)

fer a momentum smaller thagy. In our analysisg. is the  whengq.=n/4 the DOS induced anisotropy, because of
relgvant parameter and the particular shape of the interactiogartial MD, is already significantR~1.7) but the anisotropy
is irrelevant. is almost temperature independéhtig. 3). For smaller val-

For clarity, we will consider here the simple nearest-yes ofq, there is a continuous deformation of tfiedepen-
neighbor  tight-binding  dispersion at  half-filling dence of A(m, ) from the largeq, regime to theq.—0
&= —2t[cos(,) +cosk,)] (the lattice spacing is taken regime where, as expected in perfect MB 7, 7) should
equal to unity. The Fermi surface is a square defined byhave a BCS behavior going to zero at a temperature of the
ke=ky*m andk,=—ky* 7 with saddle points at (&; 7)  orderT,/2, and therefore the anisotropy ratio should diverge
and (+,0). Theminimum of the density of states is ob- close toT,. The results of Ref. 4 point to a strong MD
tained at the pointsX 7/2,= 7/2) (in the ky=k, direction  regime. But one should bear in mind that, if the small gap is
and therefore the characteristic momentum length of themaller than the temperature at which it is measured, it be-
DOS variations on the Fermi surface i8y2. We expect comes experimentally inaccessibfeTaking into account
therefore that fog,> 7/ /2 the gap might be isotropic while these damping effects neglected in our BCS model, the re-
for q. sufficiently smaller thanr/\/2 MD should manifest sults of Ref. 4 can be qualitatively understood even wjith
leading to DOS induced anisotropies. In fact in Fig. 1 weof the order#/10® The enhancement of anisotropy with
show the ratio of the gap at (@) over the gap at the points temperature is an evidence of MBndcannotbe understood
where the DOS is minimal+/2,7/2) as a function ofy. . in the case of anisotropic interactions such as those consid-
We can see that fay.< 7//2 this ratio begins to be appre- ered in the spin fluctuationd-wave scenario.
ciably different from unity indicating the onset of a DOS  There is a qualitative feature common to all experiments
induced anisotropy because of MD. that certifies that, in agreement with the MD picture, moving
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N The increase with temperature of this ratio is a clear indication of

6 MD.

= The authors claim that there must be a difference between
the results in thd"X andI'Y quadrantgwhich is not appar-
ent from their datpand that the minima might correspond to
nodes. To our analysis instead, these results could be a
strong evidence for MD, although MD do not necessarily
imply the presence of this local maximum at 45°.

= We show in Fig. 4a), the angular dependence of the den-

) sity of statedmeasuring angles exactly as in Ref. 3 starting

>1 from theX-M direction around the+, ) point] for a simple

5 next-nearest neighbor tight-binding dispersiohE=

= —0.5(co%,+ cok,) + 0.49co&,cok,] that accounts quali-
tatively for the CuO bands seen by ARPESFixing the
distance from the bottom of the band~aB850 meV as in the
experimenf we consider three different characteristic situa-

' tions depending on the distance of the Van Hove singularity

0'40 0.2 O"fr/ T0'6 0.8 1.0 from the Fermi levelSE(SE=10 meV, 40 meV, and 90
c meV). We can see that the DOS has minima at around 30°

and 60° and a maximum at 4§iist due to the bending of the
FIG. 2. Temperature dependence of the dapn the (w,0)  Fermi surface To obtain the corresponding anisotropies of
(circles and in the ¢r,m) (triangles directions [(w,0) and  the gap, we performed strong coupling calculations for an
(m/2,712) points of the FS, respectivdlyor three characteristic Ejnstein phonon spectrum assuming perfect MD. Perfect MD
ranges of exchanged momertg. means totally decorrelated physics in the different parts of

— o ) the Fermi surface, in which case the coupling strength or

go from a strong coupling regime to a weak coupling regimeproportional to the local DOS.
In fact in thel'-M direction one can observe a dip structure  We choose a coupling factor or mass enhancement param-
above the gap that is a strong coupling effect independent Qfter\ that reproduces in thE-M direction the experimen-
the spectral structure of the bOS.H”SUCh a dip appears ta|ly reported dip structure\~3). The absolute value of the
when for sufficiently strong couplings the gdpis compa-  gap depends on the considered phonon frequency, that is
rable to the boson energies that mediate superconductlvrr\)(,hy we show in Fig. &) only the relative variations of the
(2A/T.=5.5). The stronger the coupling is, the sharper a”‘bap. Considering howeved ~40 meV as the study of the
deeper is the dip’ The visibility of the dip is therefore an gap ratio spectral dependef®@nd Raman experimerits
effective measure of the coupling strength. It is a commonygicate, we reproduced the gap afdof these materials?
trend of all experiments that, moving frofi-M towards The local minima of the gap at30° and 60°(Ref. 3
I'-X on the Fermi surface, the visibility of the dip follows the could reflect local minima of the DOS. Notice that, only in
reduction of the gap and DOS, indicating that indeed differthe case of an isotropgwave interaction in the MD regime,
ent couplings are present in different regions of the Fermfine structures of the DOS anisotropy such as a local maxi-
surface. mum at 45°, could be reflected in the gap anisotropy. If the
In Ref. 3, it has been reported that the gap has minimanteraction were not isotropig@s for example in the case of
around 30°-35° and 55°-607angles measured from spin fluctuations mediated waves, the anisotropy of the
X,Y-M) and a smaller maximum at 45k =k, direction). interaction would completely dominate the fine structures of
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value of SE (Ref. 5 is such that one can easily accommodate
the gap anisotropies reported by both Refs. 4 and 3, and the
momentum dependence of the dip visibiltfy.

As for the qualitative similarity of tunnel spectra and
ARPES spectra in the direction optimal for superconductiv-
ity, in the case of MD, the tunnel spectrum is a sum of
independentcontributions from various parts of the Fermi
surface, and it doesot reflect an averaged superconducting
behavior'® The tunnel spectra are dominated by the contri-
bution of the optimal part aroundd-M, since the Van Hove
singularity is extended and covers about 30% of the Brillouin
zone and the coupling is much stronger in this region. With
this picture we can naturally understand the asymmetry of
the tunnel spectra of Ref. 7. In fact, the dip structure is seen
only at negative sample bias, because the Van Hove singu-
larity atI'-M is belowthe Fermi level. Measuring at positive
sample bias, the dynamic behavior reflects the density of
states above the Fermi lev@s in inverse photoemissipn
The presence of the dip at negative sample bias and its ab-
sence at positive sample biagmdicates that the density of
states at an energy of the orderfofibove the Fermi level, is
at least 30% smaller than that at an enerfyybelow the
Fermi level, and this can be easily obtained given the pres-
ence of the Van Hove singularity in tH&-M direction. Be-
cause the DOS is smaller above the Fermi surface, the cou-

FIG. 4. (a) N(Eg) as a function of the angl¢. measured from  pling is also smaller and the dip is no more visib{é®
the X-M direction for a simple second nearest-neighbors tight- Note added in prooflt was reported recenthyR. J. Kelley
binding model with a Van Hove singularity at 10 mé¥ll line), et al, Science271, 1255(1996] that overdoped BSCCO has
40 meV (dashed ling and 90 meV(dotted ling below the Fermi  the gap in thg(1,1) direction as in Ref. 4, but not the opti-
level. (b) The corresponding gap anisotropy when the Van Hovemally doped. Indeed in our MD scheme nodes may appear or
singularity is at 10 me\(triangles, 40 meV(circles, and 90 meV disappear with doping depending on the Coulomb pseudopo-
(squaresbelow the Fermi level, obtained by strong coupling calcu- tantial [G. Varelogiannis and M. Peter, Czech. J. PH4&.
lations assuming perfect MD. 1047(1996; and (unpublishedi].

the DOS anisotropy and a local maximum at 45° could not We are grateful to M. Onellion, Ch. Rennef, Bischer,
be visible. The magnitude of the anisotropy, is very depenZ.-X. Shen, E. Liarokapis, G. Margaritondo, M. Campuzano,
dent on the distance of the Van Hove singularity to the FermP. B. Allen, P. W. Anderson, E. N. Economou, G. C. Psal-
level and is significantly enhanced by the Coulombtakis, C. Castellani, C. DiCastro, and M. Grilli for useful
pseudopotentidf In fact the experimental uncertainty on the discussions.
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