PHYSICAL REVIEW B VOLUME 54, NUMBER 2 1 JULY 1996-II

Superconducting gap symmetries in YBaCuz0,_ ; compatible
with electronic Raman efficiencies and the local-density-approximation band structure
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Superconductivity induced absolute electronic Raman efficiencies are presented for single-domain
YBa,Cu3;05_sin a-b plane polarization geometries and compared with spectra calculated from gauge invari-
ant theory using realistic Raman vertices derived from the local-density-approximation band structure. Effec-
tive mass fluctuations, screening, gap size, and anisotropy on the multisheeted Fermi surface are systematically
investigated. It is argued that the observed anisotropy oAthe B4, andB,4 spectra requires two different
gaps on the Cu@plane Fermi surfaces afvenand odd parity. Respective time reversal invariant gaps of
Big andA;q symmetry(e.g., Agyer=Oyx2—y2, Aggq=0.5) or of A;gandA,, symmetry(e.g., Aeyer=Six2-y2) »

Aodd= Sxy(x2—y2)) are found compatible with the Raman data, band-structure calculations, and with corner-
superconducting quantum interference device edacis tunneling result4.50163-182@06)03626-0

Electronic Raman scattering in high- super- ing effects together with the anisotropic masses determine
conductors® and its theoretical foundations of charge den-the frequency and polarization dependence of the spectra and
sity fluctuations near the Fermi levelow frequency gap their intensity in theg— O limit. The Fermi surface of Y-123
formation®® light induced pair-breaking and polarization de- has four sheets corresponding to the even and odd symmetry
pendent gap anisotropies in the superconducting state has notlo states of the Cu@planes, thgpdo bands of the linear
yielded a consensus on the pairing symméy.Electronic  chains, and th@d= bands of the apical oxyger8In addi-
Raman scattering probes the electronic structure factor, i.etion to different masses on each Fermi surface the gaps and
the spectrum of electronic excitations near the Fermi levelrespective anisotropies may also be different on each sheet.
and directly displays the condensation of low frequencyEven though Raman scattering is not sensitive to the phase
charge density fluctuations below the gap and increased quaf the superconducting order parameter the mass fluctuations
siparticle scattering above the gap in the superconductingield clearly distinctive gap excitation spectra for different
state. The coupling of the incident and scattered Raman phaap sizes and anisotropies. In the following systematic inves-
tons to the normal and superconducting electronic system isgation of the Raman spectra of superconductivity induced
given by the Raman vertex, i.e., the effective mass tensoglectronic excitations, the generalized masses and mass fluc-
contracted by incident and scattered polarization vectors, angations consistent with the LDA band structure and experi-
can be expressed using p perturbation theory.Polariza- mental photoemission results are determined. Then, using the
tion dependent Raman efficiencies are then determined byauge invariant and screening inclusive theory of Abrikosov
the averages of the corresponding effective mass fluctuatioret al® and Kleinet al.® gap excitation spectra are calculated
over the Fermi surface which has multiple sheets infor a wide range of gap structures and the compatible ones
YBa,Cuz0,_ 5 (Y-123).12-3 Screening affects the low fre- determined in comparison with the experimental results.
quency density fluctuations which carry a net charge and High quality single-domain Y-123 crystalsT{=91 K)
leads to suppression of the corresponding fully symmetrigvere either produced by uniaxial stress detwinning or small
(A14) mass fluctuations and the formation of a peak at theones selected as grown by identification in a polarization
plasma frequency. Similar to intervalley scattering in semi-microscope and their single-domain structure verified by
conductors, however, unscreenig, scattering(i.e., corre-  x-ray diffraction. The Raman spectra were taken in a single
sponding to fluctuations of zero net charge observable monochromator-filter spectrograph with a Mepsicron array
from multicomponent carrier systems, e.g., multisheetedietector for high sensitivityincident power< 20 W/cm?),
Fermi surfaces, where nonvanishing differences to the avesufficient resolution, and coverage of the normal state con-
age mass fluctuations exigt}315-19 tinuum to eliminate the possibility of a luminescence back-

Effective masses and polarization dependent Raman veground.
tices have been recently determined from band-structure cal- Figure 1 shows a set @-b plane polarized and depolar-
culations. For the normal state electronic Raman continudzed spectra. The main results are the following: Above 1000
effective mass averages over the Fermi surface derived froem ™! Raman shift the spectra display the flat continuum
the local-density-approximatiofLDA) band structur® of  attributed to the collision limited response of the normal
Y-123 yield essentially correct absolute efficiencies in allstate. Below 200-500 cit, depending on polarization,
polarizations thus supporting the validity ab initio band-  gaps open up with the redistributed spectral weight shifted to
structure calculations and establishing their relevance ipair-breaking peaks at higher frequenciesxty,x—y po-
electronic Raman investigatiofsFor the superconducting larization the pair-breaking peak appears above 650 tm
state, the anisotropies of the superconducting gap and screenhile all others peak at about half that frequency. The inten-
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justifies analysis in tetragonal Raman tensorsAgf @,
Big & _p), andByg (° o) symmetry augmented by a tensor
of (° o) Symmetry to account for the chain-induced orthor-
hombicity. These four frequency dependent tensors were de-
termined from the five spectra and are shown in Fidp).1
Az (g _d) contributions, which may arise from polarization
dependent resonances, were found to be s(rall.5 B,g)
(Ref. 21 and were omitted from the following discussion.
The corresponding fitted spectra agree well with the data as
shown by the solid lines in Fig.(&) thus justifying the pro-
cedure. Even though the scattering intensity observed below
1000 cmi ! must be a mixture originating from supercon-
ducting and normal state electrons, their separation is diffi-
cult to estimate in particular if impurities are present. How-
ever, the superconductivity induced intensities above the
baselines defined by the respective high frequency normal
state continua ¢>1000 cmi ') can unambiguously be at-
tributed to pair-breaking scattering. Their peak positions,
linewidths, and intensities are summarized in Table |,
whereby the intensities were determined from the peak areas
above their respective>1000 cm ! baselinegFig. 1(b)].
Calculations of the quasiparticle spectra in the limit
q—0 were made following Kleiret al® The spectral density

Intensity (10 8cm™'sr 'cm)

Orthorh. describing the superconducting gap excitations is given by
Aig 2 —1y\2
B, dS)dSQ =r2AN(Eg) o tm?Im| (= 2\) — % 1)
o with
0 500 1000 1500 2000 NG
Raman Shift (cm™") A= ———. 2
\/4|A|2— w?

FIG. 1. Polarization dependent 10 K electronic Raman efficien-
cies of a YBgCu30y7_ ;5 single-domain crystal in absolute unie. Here A denotes thek-dependent gap function on the
Phonons have been subtracted and the spectra normalized to the fflaérmi surface,u”! the Raman vertex, and) the Fermi
normal state continuab) shows frequency dependent Raman ten-syrface averagewhich includes density of states and geo-
sors 0f Ay, Bag, Byg, and orthorhombic symmetry, ie.(),  metric correction factors. The Raman vertex is given by the
(° -p). (° o), and (' ), determined by fits to the five spectra@  inyerse effective mass tensor contracted with incident and
as indicated by the solid lines. scattered polarization vectogs and és and describes the

electronic charge density fluctuations that modulate the
sities of the parallel polarizations dominate. The strgiyg  plasma polarizability and their strong polarization depen-
andxx polarized spectra display essentially the same behawence within and between the different Fermi surface sheets.
ior except for their large intensity difference attributed to theln a superconductor, this term is weighed by the pair re-
linear chains and their associated Fermi surface sheet. Thiponse function which it2) accounts for the gap structure

TABLE I. Peak positions, linewidths, absolute and normalized integrated Raman efficiencies of the superconductivity-induced electronic
Raman response above the normal state continuum bagebrel000 cmi !, Fig. 1(b)] for Agg @, Byg ® “p)» Bag (¢ 9, and
orthorhombic P o) Symmetry in units 0of10~® cm™? sr™1). The dataaccuracy+ 30%) include corrections for optical constants. The ratios
of their integrated intensities to the normal state continua are also given together with the respective theoretical estimates based on the
plane-only LDA mass fluctuations and the gap structurgFag. 5(g)]. The normalizedA4/B,4/B,q intensity ratios of theA;;— Ay, gap
structure
(Fig. 6) are 0.7/1/0.2 .

Experiment Calculations
Symmetry Peak FWHM Intensity Intensity SC/normal SC/normal Intensity
(cm™Y) (em™1) (10785 cm~1sr7Y) (Normalized (cm™Y) (em™1) (Normalized
Aqg 310£50 240+ 100 20 2.7 210 104 0.8
Big 670+=50 400+ 100 7.5 1 140 139 1
Bog 400+ 100 450+ 200 3.9 0.5 100 100 0.3

Orth. 350-50 323100 28 3.7 220 - -
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and introduces pair-breaking peaks at &éhve 2A singularity.
In principle, vertices for all permutations of electron and
hole generations on the same and different Fermi surface
sheets must be consider&tHowever, for the realistic Fermi
surface derived from band-structure calculations, vertices
with electron and hole generation on different sheets do not
fall in the g—0 limit thus making them Raman forbidden.
Vertex corrections, which lead to gauge invariance, as well
as Coulomb corrections, which account for screening effects
of the fully symmetricA,4 fluctuations, are includédfor
g—0 by subtraction of the second term (h). Final state
interaction leading to quasiparticle lifetime broadeAfhis
accounted for by a damping term () taken to be frequency
dependent for better agreement with the experimental
results®® Impurities and collisions can significantly alter the Pk Pk
low frequency behavior and linewidths of the pair-breaking
peaks:’:6'27 Thus the. followmg .dlscu%?’mn is limited to pair- FIG. 2. Effective mass tensors contracted with polarization vec-
breaklng.pealf positions and intensities. . tors for theevenandodd Fermi surfaces of the LDA band-structure
Intensities integrated from the superconductivity Ir‘ducedfour—band model in polar coordinates about 8point. The results

peaks in the spectra essentially follow the cross sections Qfre given in the symmetric irreducible representationd pfetrag-
the normal state continua in all symmetries as indicated bynal symmetry, i.e.A,40.5(u5, + Hyy)s B1g0-5(ks — gy, and

the ratios(Table ). After establishing their role for the nor-
mal staté! this result confirms the role of the mass fluctua-
tions also for the superconductivity induced electronic Rafour-band model was used and plane dimpffidhe low
man vertex. Only gap structures other than isotropic order polynomial approximation of which leads to unrealistic
pairing may introduce differences in intensity ratios betweemasses, was not included. The masses are not very sensitive
superconductivity induced and normal state continua angp changes in the Fermi level. Only the,, masses show
factors of less than 2 were found for tise and d-pairing nonzero averages, a symmetry property, which leads to
combinations investigated below. Absolute SuperCondUCtiVscreening of the corresponding charge fluctuation averages.
ity induced intensities calculated for isotropic equally sized To investigate the effects of saddle points and parameter
s gaps were found to be about 1 order of magnitude too lovsensitivity, the masses of ndaperiodic polynomial type po-
which is_similar to deviations found for the normal state tentials, i.e., ¢a)(x*+y*) +b(x®+y®) —c(x*y*) (denoted
continud" and may originate from the resonant Laser exci-4-8-4), were calculated for Fermi levels near their saddle
tation or lifting of momentum conservation due to collisions points withx andy (different from Ref. 20 corresponding to
permitting Raman vertices between different sheets of the1 —k ) and (1~ ky), respectively, andy,b,c>0. The po-
Fermi surfacé” The A;4, Byq, and orthorhombic pair-  tentials display saddle points defining a lower limit for the
breaking—normal-intensity ratios are enhanced overBtﬂ)e Fermi levels in the models. Even and odd Czup)ane Fermi
value. This may be a result of the mass fluctuations of theyrfaces were simulated by offsetting the Fermi levels and
orthorhombic chain Fermi surfa¢€ig. 1(b)] which, similar  extended saddle points by larger exponefets)., 6-12-6.
to Ay, displays a low frequency pair-breaking peak andThe polynomial potentials are in qualitative agreement with
gap, is consistent with loweA;, superconducting-normal the ARPES and LDA band-structure results, i.e., they pro-
ratios observed in Bi-2212 and TI-2228and the ones cal- duce concentric rounded square Fermi surfaces abous the
culated without chains below. point in the Brillouin zone, saddle points, extended or not at
Calculations of the mass fluctuations were performed aghe X andY points, and minima at th€ point. Altogether
follows. Essentially all experimental results are contained inmasses similar to the ones of the four-band maée. 2)
the tetragonal,4, By4, andB,4 spectra, the chain spectra for the even and odd Fermi surface sheets were found. This
being similar toA4. Thus it suffices to use the downfolded indicates that the presence of saddle points has a limited
LDA band-structure results of Andersenal.including only  effect and that the four-band model masses are indeed a re-
the tetragonabdo orbitals of the CuQ planes’® They are  sult of the band structure and not numerical artifacts of the
consistent with ARPES and dHVA data, have the effect ofanalytic model at the Fermi level. The main properties of
the chains pdo orbitalg and the apical oxygengp@im or-  the four-band model masséBig. 2) are = periodicity (in
bitals) properly removed from the band structure and reducgyolar coordinates abo®), larger magnitudes of tha,, and
the four-sheeted orthorhombic Fermi surface of Y-123 toBlg but sma”erBzg masses of the even Compared to the odd
two sheets with even and odd symmetry. Ordy and  Fermi surface, and highly anisotropig, andB;, masses of
d-wave gap functions and linear combinations thereof arghe odd Fermi surface, the topological origin of which may
considered initially. A§A|? entering in(2) hasA;qy symme-  be its proximity to the saddle points which causes a reversal
try, gap structures are only distinguishable by size and anef curvature betweeL00) and (110 directions. The nodes
isotropy. Thus it suffices to calculate effective masses obf the evenB, 4 and By, masses are defined by symmetry.
Aig. Big, and By, symmetry, ie., 056, +pu,). Mass enhancements were found to be small by comparison
O.S(MX‘Xl—M;yl), and,ux_y1 at both Fermi surfaces the results of LDA band dispersion and ARPES dé&taStrong correla-
of which are shown in Fig. 2. Here the Cy(lane-only tion effects have been shown not to introduce effective mass
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FIG. 4. Superconductivity induced electronic Raman spectra of
A4 (rectanglep B, (diamonds$, andB,, symmetry calculated us-
ing the mass fluctuations for botvenandodd Fermi surfaces$Fig.

2) with equal s d, s+0.5d, and 0.5+id gaps on each sheet
including broadeningRef. 25.

Intensity

ing of A;q symmetry excitations then remains the explana-
tion of the strong low frequenci, 4 peak with a single gap
function. The second term in E@L), which describes screen-
ing, will vanish if \/u does not contaiA;4. For constant
masses scattering ok, symmetry will be screened out.

: However, unscreenedl;; gap excitations are possible to the
(9) A =0.500 +iAgcos2¢ ~(h) extent that the anisotropic masses are correlated with an an-
' isotropic gap.

In order to systematically investigate the spectra resulting
from multiple Fermi surface sheets with different mass and
gap anisotropies, single Fermi surface sheets were evaluated
first. Figures 8a), 3(c), 3(e), and 3g) showA,y, B4, and
B,y spectra for the masses of the even Fermi surface using
isotropic s—, d—, s+0.5d, andd+0.5s gap functions
where d denotes cosg and is indistinguishable from
. |[cos2p| in (2). The B,g4 spectra, where mass and gap maxima
Raman Shift (u) /AO) coincide, produce strong peaks @ 2with larger linewidths
in the d-gap cases while the response of the nearly constant

FIG. 3. Superconductivity induced electronic Raman spectra of\1g Mass is completely screened out. TBg spectra also
Ay, (rectangles By, (diamonds, andB,, symmetry calculated us- P2k at A, in the s-gap dominated casd$igs. 3a) and
ing the mass fluctuations for the singienor odd Fermi surface  3(€)], however, wherd or anisotropics gaps dominatgFigs.
sheets of Fig. 2 ang, d, s+0.5id, and 0.5+id gaps. Low-energy  5(C) and §g)] mass maxima at odd and gap maxima at even
gap onsets are broadened by dampiRef. 25 adjusted to repre- multiples of 7/4 lead to weak low frequency,, pair-
sent the data. breaking peaks. This has been unjustifiedly taken as proof

for d-wave pairing, however, other compatible gap symme-

anisotropy for different symmetries in heavy fermion sys-tries also exist. The spectra of the odd Fermi surfdggs.
tems and similarly are not considered relevant to the conclu3(b), 3(d), 3(f), and 3h)] yield strong unscreenedl,; peaks
sions of this paper. Thus the LDA masses of Fig. 2 are conat 2A, as a result of highly anisotropié;; masses. The
sidered to be representative of Y-123 at the current state ofieaker odd Fermi surfad®,y peaks at A, are a result of
available and reliable experimental and numerical detail anthe smallerB;y masses. Thus the mass fluctuations of a
are used as the basis for the following discussion about gagingle Fermi surface in conjunction with d, or anisotropic
symmetries compatible with the observed Raman gap exck gaps always produd®,4 pair-breaking peaks at the maxi-
tations. mum gap A,. The A;4 peak is either completely screened

The square root singularity if1), which emphasizes con- out or its unscreened remainder for highly anisotropic
tributions atw=2A, will almost always produce a peak at masses appears neak2 A significant low frequency shift
the maximum gap, i.e., &, unless it is suppressed by of the A;4 peak from 2 is only possible with unrealistic
screening. Recalling the main experimental resultAef,  A;, masses and at the expense of intenity., Figs. &)
Big, and B4 pair-breaking peaks at Raman shifts &f, and 3h)]. It is therefore concluded that the recehtvave
2A,, and A, and intensities ratios of about 4:2:1, respec-claim'° which was based on a single Fermi surface sheet, is
tively, the essential problem in view of the Coulomb screen-not well founded for optimally doped Y-123.
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Even and odd Fermi surface mass fluctuations with thespectra to different degrees of gap anisotropy and the pos-
same gaps on each sheet are investigated yielding the specsille distinction of anisotropis-wave andd-wave gaps is
shown in Fig. 4. As the\;; masses on both sheets are dif- addressed. Figures(ip-5() in comparison to &), 5(d),
ferent, unscreened,y mass fluctuations result in all cases 5(g), and §h) show the effects of small admixture to the
and lead to strong peaks at\g. For the inherently un- s gaps while Figs. 6n)-5(p) in comparison to Figs. (),
screened mass fluctuationiganishing mass averagesf  5(d), 5(g), and %h) detail the differences of highly aniso-
B,y andB,, symmetry, the spectra are the superposition oftropic s gaps versus gaps. In addition all respective spectra
the ones from the individual sheets, whereas the strong urwere recalculated using cg8¢) gap functions for cos(@)
screenedA, spectra are produced largely from mass fluc-(not shown. All these results show that peak positions and
tuations between different sheets. As a result the experimerntensities in the spectra do not change strongly with small
tally observed strong unscreendg, intensities are ascribed differences in the anisotropy of the gdsg., Fig. %g) ver-
to intersheet fluctuations between Fermi surfaces with differsus §m)]. Particularly the Raman detection of nodes in the
ent massegindependent of the peak positionsthe A4 gap®i.e., a necessary condition fdrwave pairing, appears
peaks at A&, are caused by the square root singularityin ~ to be an overinterpretation of the d&feDue to the presence
which draws the largest intensity to the gap maximum unlessf impurities and lifetime effects, which can produce subgap
the A,y mass deviations from the multisheeted average exRaman intensities, the claim of gap nodes based on nonvan-
actly vanish in their vicinity. The probability of this occur- ishing low frequencyB,, intensities alone is questionable.
rence is very small in view of similar low frequendy;;  This is independent of the number of Fermi surface sheets as
results observed in TI-2223 and Bi-2242. their contributions add in the absence of screening.

Thus it must be concluded that different gap sizes with or Gap symmetries for translationally invariant singlet pair-
without anisotropy are required on both Fermi surface sheeti&ig in tetragonal D4, symmetry crystals have been identi-
to obtain agreement with the data. Figure 5 shows the resulfged using group theoretical methods and aid in the determi-
of calculations of(1) with various combinations of, d, and  nation of compatible gap structurds:3® They are the five
anisotropics gaps different on the even and odd Fermi sur-even parity irreducible representations of tBe, point
face sheets. Figuregd and 5b) display the effect of dif- group, i.e.A.q, Ayg, B1g, Bog, andEg with basis functions
ferent sizeds gaps. The unscreendd y peaks are drawn to  S*t=x?+y2 S =xy(x?—y?), D"=x?—y?, D~ =xy, and
the maximum deviations from the totél;; mass average E=z(x=*iy), respectively. Thus in principle gaps expand-
which occur on the odd Fermi surface at9s/2, =7 (Fig.  able in five sets of harmonics that transform like the basis
2) while the small even Fermi surfagg deviation from the  functions are allowed including different gaps on different
average is largely screened out. TBg, andB,4 spectra in  Fermi surface sheets. The irreducible representations for
Figs. 5a) and §b) directly reflect the superposition of the and anisotropics pairing are the same while the one for
different mass sizes and gaps. The results of diffedeydps,  d,._,2 pairing is different. Thus and anisotropis pairing
shown in Figs. &) and 8d), yield similar results as in Figs. are not separable on symmetry grounds and will likely be
5(a) and 8b) except for the intensity differences and the mixed whiles andd pairing may be separable by a pertur-
inherently lowB,4 frequencies discussed above. Figuré® 5 bation of lower symmetry. Without requiring time reversal
and 8f) show the results of a large gap and a small symmetry, mixed gaps, i.eA;+€e'?A,, with the relative
d-like gap in both possible combinations. The low frequencyphase as dynamical variable become allowed in addition to
A4 peak of Figs. B8) and Hc) is now shifted to higher the pure symmetries. The relative phasend® between or-
frequenciedFig. 5e)] reflecting the effect of thel gap on  der parameters of different irreducible representations is fa-
the oddA;4 masses and the Fermi surface averages. Excepbred in this case as it minimizes the free energy in the
for intensity differences Fig.(§) is almost identical to Fig. Ginzburg-Landau expansidfi.However, for different gaps
5(b). Figures %g) and §h) detail the results of a largg¢gap  on different Fermi surfaces completely separatel space,
with a smalls gap. With the smalk gap on the odd Fermi no states with mixed gaps are expected to exist. In this case
surface and thd gap on the even sheet thg, peak appears the Ginzburg-Landau expansion is not expected to yield a
at low frequency and acquires considerable strength compareference for the relative phase of the gaps. Investigating
rable toB;4 while the weakB,y, peak appears neard}. (1) it should be noted that all gaps enter|ag2. Thus the
Thus except for the lowA,, intensity this gap structure Fermi surface average will not permit detection of phase ef-
agrees quite well with the experimental Raman data. Usingects between Fermi surface sheets and nonsuperconducting
this gap structure in conjunction with a 4-8-4 potential cor-sheets will not contribute. If mixed gaps are present on the
rect peak positions and intensities could be produced. Pasame sheet, phase shifts are detectable in principle. In the
ticularly, agreement with experiment is better with this gapcase ofs+id versus anisotropis; + s, pairing, however, the
structure than in the case of different sizbdaps[Fig. 5c)],  s;s, term in (1) will only produce a slight change in the
where theB,, frequency is significantly lower than observed Raman spectra. Calculations using the gap parameters simi-
and theA,4 intensity is smaller. lar to Figs. %i)—5(p) with and without phase differences

Summarizing the results of Figs(&s—5(h) consistency showed that these effects will hardly be detectable in elec-
with A4, Big, and B,y experimental peak positions re- tronic Raman experiments.
quires the gap on the odd Fermi surface to be significantly Further insight may be gained by comparing Raman com-
smaller than on the even Fermi surface. The experimentgatible gap symmetries to results of phase sensitive super-
intensities are best reproduced when the gap on the odebnducting quantum interference  devicgSQUID)
Fermi surface is isotropic and the even gap is highly anisomeasurement®:*® Corner SNS SQUID results between a
tropic. In Figs. %i)—5(p) the question of sensitivity of the Y-123 and a Pb superconductor indicate the presence of a
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. sign change of the order parameter in ghb plane3® How-
(Even, Odd) (A, , 0.5A,) (Odd, Even) ever, the finite central minimum value of the critical current
(a) (b) at zero flux, the large flux period of the current minima of the
- corner junction compared to the edge junction, and the
c-axis tunneling resulf§ appear to disagree with the
d-wave model. The Lqei=d, Aygq—0.58) gap structure
! compatible with the Raman resul[fSig. 5g)] with thed gap
(©)  (Aocos2¢, 0.5M0c0s2¢)  (d) on the even and the smallgap on the odd Fermi surface
indicates somewhat better agreement withdhe plane and
c-axis SQUID data. Calculations of the expected corner
junction critical current versus flux behavior for the
(Agver=d, Ayqi=0.55s) gap structure, whereby equal cou-
pling strengths of the even and odd Fermi surfaces of Y-123
to the Pb Fermi surface were assumiégiield the observed
nonvanishing central current minimum but marginal flux pe-
riod and linewidth consistency with the dafaFor tunneling
in the ¢ direction the coupling of the gap on the odd Fermi
surface of Y-123 to the Pb Fermi surface reproduces the
c-axis SQUID dat&® while thed gap yields no net tunneling
current.

However, better agreement is produced by the gap struc-
ture of A4+ Ay, symmetry(both reat®) shown on the right
side of Fig. €a). A;4 and Ay, gaps on the even and odd
Fermi surfaces, respectively, are compatible with the Raman
() (Ao +05iAgcos2¢ , 0.540) () data[Fig. 6(b)] and produce agreement with the SNS SQUID

data[Fig. 6(c)]. Simulations of corner SQUID tunnel junc-
tions between a3+ A,y and anA,4 superconductor also

; yield minima of the critical current at vanishing flux through
the junction, i.e., periods of two small and one large maxima

which, if smoothed, account very well for the observed non-
(K) (Ao + 0.5iAgc0s26 , 0.5A0c0520) (1) vanishing central minimum and the linewidtfisFurther-

more, the doubled flux period of consecutive flux minima of
the A4 gap compared to thB,4 (dy2_y2) gap may account

for the extensivé6x) corner-edge period rafld (1x is ex-
pected for lengthsl one=2*legqe @and dy2_y2 pairing.
Changing the external current adjustable phase also yields

(M)  (Agcos2d + 0.5iAq , 0.5A¢) (n) similar asymmetries as observedor the corner junctions.

(e) (Do, 0.5A0c0528) [$)]

(9) (Agcos2d , 0.5A0) (h)

intensity

The c-axis SQUID data of Ref. 36 are reproduced by the
even Fermi surfacé 4 gap coupling to the Pb Fermi surface
and do not require coupling of the odd Fermi surface, nec-
essary in théB,;y + Ay (Agveri=d, Aggs=0.55) gap struc-
ture, asc-axis tunneling from theA,; gap is expected to
broken consistent with observatidfsand the Apy*Bay,
term in the Ginzburg-Landau expansion is expected to van-
argued to favor anisotropis pairing®® and, for even-odd
band splitting, a sign reversal of the gap between the even
calculated using the mass fluctuations of theenand odd Fermi a_nd only compatible with ,thizRaman data if different gap
surfaces(Fig. 2) with differentgap sizes and anisotropies on both SiZ€S are assumed. Kubaial.™ have suggested the forma-

(0) (Aocos26 + 0.5iAq , 0.5A0c0526)(P) vanish by symmetry. For cle&rseparation betweeh, 4 and
A,q gaps (even-odd Fermi surface pairing prohibited in
& ish. It has been suggested th#afy pairing is promoted by
0 3 0 third-neighbor in-plane interaction or antiferromagnetic
and odd Fermi surfaces ovéswave pairing*! However, the
suggested complete phase reversal between even and odd
sheetsA,y, Biy, andB,, spectra are labeled as in Fig. 3 and the tion of different gaps 4..=A=A ) on the even and odd
evenandodd gaps are exchanged between the left and right figures-€rmi surfaces of the bilayer systems due to interplane inter-

ground statptime reversal symmetry is not expected to be

Raman Shift (w/Ag) exchangé’ Antiferromagnetic spin fluctuatiofiShave been
FIG. 5. Superconductivity induced electronic Raman spectra{:ermi surface$ appears incompatible with the SQUID data
Broadening adjusted to represent the data was included. action. Even though their multiple order parameter model
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FIG. 6. Calculated Ramalfilb) and tunnelingc) data of theA,; + A,y gap structure, i.eA gyeri=Sjx2—y2 @NdA ogq=Sxy(x2—y2) , displayed
in (@ in planark space and vertical real spade) shows the calculated and smoothéiamond$ behavior of the critical current vs flux
through the tunnel junction of a SNS corner SQUID between dualggpA,4 and single gap\,4 superconductors assuming equal coupling
of the A;4 and A, gap Fermi surfaces to the,4 gap Fermi surface of the low temperature superconductor. Even and odd superposition
(Ref. 42 of anisotropicA,4 single plane gaps augmented to include hybridization for the odd Fermi sérfgemp is speculated to produce
the Raman and SQUID data compatiig; and A, symmetry gaps on thevenandodd Fermi surfacega).

appears to favor different gap sizes on the even and odtitatively compared with the pair-breaking excitation spectra
Fermi surfaces, the formation of Raman compatiblg and  calculated using effective mass fluctuations from realistic
Aig symmetry(e.g.,Agyer=dy2_y2, Aggq=0.51S) or A;g and  band structures for a wide range Bf,, symmetry compat-

Azg symmetry(e.g., Aever=S|x2—y2|» Aogd=Sxy(x2—y2)) 9aPS  ible gaps. It is found that two gaps of different size and
in their model would requirel; andA, gaps ofequalsize  anisotropy are required on the Cy(lane Fermi surface
[nontetragonal in case af, = and A, (Ref. 44] which  sheets of even and odd parity. Respective gap structures of
appears to contradict expectationsdifferentin-plane and  B;4 and A;; symmetry (€.9., Agyer=0yx2_y2, Aggq=0.55)
interplane interactions. It is thus speculated thagpand and A;y and Ay symmetry (e.9., Aever=Sy2-y2,

A,g symmetry gap could result from the even and odd supera ;= Sxy(x2—y2)) are identified. They are compatible with
position of anisotropis gaps and hybridizatiofFig. 6@] of  the Raman data as shown by calculated Raman spectra based
the multiple order parameters into a single time reversal inpn the mass fluctuations of the band structure, the corner-
variant order parameter for each Fermi surface. However, gnd c-axis SQUID tunneling data and preserve time inver-
detailed investigation including model calculations has to be;jgy, symmetry due to completeseparation.

deferred to a later publication. In addition other experimental _ . _ _
results also suggest the existence of a dual gap in bilayer Numerous discussions with M. Cardona on the electronic

cuprateg>4 Raman effect, O.K. Andersen, I.I. Mazin, and A.l. Liechten-

In summary, absolute superconductivity induced Ramarstein on the LDA band structure, and verification of the nor-
efficiencies of Y-123 have been measuredaib plane po- mal state Raman efficiencies by S. Donovan are gratefully
larizations. The spectral and intensity anisotropies are quaracknowledged.
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