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Abstract 

In addition to the conducting CuOz (S) layers, most high-rc superconductors 

also contain other conducting (N) layers, which are only superconducting due 

to the proximity effect. The combination of S and iV layers can give rise to 

complicated electronic densities of states, leading to quasilinear penetration 

depth and NMR relaxation rate behavior.at low temperatares Surface states 

can also complicate the analysis of t u n n h g  and. photoemission- measure- 

ments. Moreover,. geometrical considerations and inhomogeneously trapped 

flux are possible explanations of the paramagnetic Mekner effect and of cor- 

ner and ring SQUID experiments. Hence, aIl. of the above experiments could 

be consistent with isotropic s-wave superconductivity within the S layers. 
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I. INTRODUCTION 

Recently, there has been a great deal of interest in the symmetry of the superconducting 

order parameter (OP) in the layered high transition temperature T, cuprates. Most studies 

have been discussed in terms of an OP A(k, T) of ds-g-wave [A(k,T) = Ad(T)(kZ - &:) = 

A&?') cos 2&] or of s-wave [A(k, T) = A,(T)] symmetry, or of linear mixtures of the two 

competing OPs. Of the materials studied, by far the largest number of experiments have been 

performed on YBa2Cu307-6 (YBCO). In particular, tunneling [1,2], YBCO/Pb Josephson 

tunneling along different YBCO sur€- [3,4] and corners [5], the temperature T depen- 

dence of the penetration depth [6], YBCO/YBCO grain boundary junction experiments in . 
various*geometries [7,8], neutron scattering. [9], NMR or NQR l/TI(T) and Knight shift 

measurements below T, [lo], low T measlirements of the magneticseld H dependence of the .. . . - 
specific h&t [11,12], the .Ram& scattering intensities [13,14]; and the angular dependence 

of the non-linear magnetic torque with H . 1  t [15]. While some ofthise'experiments'were 

interpreted in terms of the above d-wave OP, others were interpreted in te&s of & s-wave. 

OP, 'and the'prdent situation is that there .is really no consensus among the Gerimental '. I" 

results. 

. . . . 

. 

. . 
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. .  . . *  . .  

In Bi2Sr2CaCui08+6 (BSCCO), experiments. made.-with tunnehg [16],' photoe&ssion 

[17-201 Raman scattering [21,14], low T specific hetit' [B,23], and'magnetic flux expulsion. I. . 

(Meissner effect) [24], gave results for ,the OPlth-at were' also inconsistent.- Similarly, in 

La2-,Sr,CuOa (LaSr214), penetration depth measuredents [26], Raman scattering [27], and 

polarized neutron scattering [28] led to inconsistent results. for the OP. Although single 

crystals of HgBQCu04 (Hg1201) are not yet available, NMR [29] and point contact tunneling 

[30] on polycrystalline samples have led also to different conclusions regarding the OP. . 

. 
. 

However, in Nd1.&eO.1&u04 (NCCO), penetration depth and surface impedance experi- 

ments [31] are quantitatively in agreement with the BCS theory of an s-wave superconductor, 

and point contact tunneling experiments [32] are at least qualitatively consistent with that 

interpretation. Thus, with the exception of NCCO. in all of the materials studied to date, 
The submined manuscript has been authored 
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no consensus has been obtained as to the symmetry of the OP. ' 

Here we argue that intrinsic and/or extrinsic complications might be present in many, 

if not most, of the materials studied. In particular, we shall examine the intrinsic proper- 

ties of surface sates adnormal  layers, which can greatly complicate the analysis of many 

experiments. In addition, extrinsic effects arising from specific sample geometries and inho- 

mogeneously trapped flux can explain the apparent phase shifts observed in some SQUID 

and junction experiments. Hence, we shall conclude that even isotropic s-wave supercon- 

ductivity cannot be ruled out by the experiments to date. 

, 

11. THE SN MODEL 

In LaSr214 and NCCO, the evidence is pretty strong that the only conducting layers in . 

the crystals are the CuOz layers. However, the presence of spin .fluctuations in LaSr214 can , 

cause complications in the analysis .of many physical properti- (such as the Raman ,scatter- 

ing). In YBCO, on the other hand, in addition to the two conducting CuO2 planes within a: '. 

unit cell, there is overwhelming evidence that the CuO chains are also conducting. This is 

true both in the normal state, as evidenced by the resistivity measurements on untwinned 

single crystals E331 and by direct observation of their F e d  surface by positron adhilation . 

. . * . 

. .-. 

experiments 4341, ad in' the  superconducting state, as evidenced by the measurements of . . - . , .. * . .  
the in-plane anisotropy of the penetration depth in untwinned crystals [35]. In BSCCO, the 

situation is l e s  clear. Electronic structure calculations [36] predicted that the BiO layers. 

ought to be conducting, but the lack of a linear term in the low T specific heat 122,231 sug- 

gests that they might not be in the bulk. Moreover, point contact tunneling on the top BiO 

surface [16] indicated that the top BiO layer band lies above the Fermi energy EF by about 

60-80 meV. This small Bi-0 energy gap is likely sample dependent, since overdoped samples 

of BSCCO appear to exhibit normal state resistivities along the c-axis which are suggestive 

of metallic behavior [37]. As it is well known that BSCCO is stable with a large range of 

stoichiometries, it it therefore likely that the BiO layers are spatially inhomogeneous, with 
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conducting islands within semiconducting regions. The situation in Hg1201 is somewhat. 

similar, as suggested by the NSIR and point contact tunneling experiments [29,30]. Elec- 

tronic structure calculations predicted that the Hg-0 layers were above EF, but gave widely 

different values for the gap, varying between 1.2 eV (381 and 0.26 eV (391. Hence, it is quite 

possible that the Hg-0 chains have bands which lie very close to EF. 

Thus, we have modelled these high-T, superconductors as SN multilayers; For simplicity, 

we assume only one CuOz (S) layer and one nominally normal conducting ( N )  layer per 

unit cell, which becomes superconducting only because of its proximity to the S layers. For 

simplicity, we assume coherent interlayer hopping parmaeters J1 and Jz across the insdating 

barriers of thickness d and d’ = s - d. The Hamiltonian is thus taken to be H = Hi +V,. 

. . . 

. where > .  

forms either s-wave pairs with Xk,p = & or d9-9 pairs with Xk;r = 2Xocos2&cos28kt. 

. within the S ’(n = 1) layers for energies witl6n.q of EF.’ In Eqs.’ (1) ahd ‘(2), +jw(k) -:. . 
’ [+jw(k)] annihilates [creates] a quasiparticle with spin.0 and wavevector k within the ith 

layer in the jth unit cell, and we have set ti = c = JCB = 1: The model described in Eqs. 

(1) and (2) is pictuted in Fig. 1. The &(k) represent the relevant (metallic, or nea,r&t to 

. .  I .  

’ I 

EF) quasiparticle energy bands on the different layers, relative to EF- Here we consider two. 

models. 

In Model (A), ’we take 

PGr = t o 2  = (k2 - k;)/(2m2), (3) 

where p = ml/mz. This model is chosen for simplicity, as the two lajers have identical Fermi 

surfaces in the absence of interlayer hopping. The parameter p can simulate the effect of 
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strong correlations within and the number of the S layers, which typically require p = 5 [40]. 

Since the Fermi surfaces of the S and N la?;ers in Model (A) are identical, the proximity 

coupling between these layers can be extremely strong: the low T dependence of properties 

depending upon the quasiparticle density of states (DOS) will behave as T1i2.for 51 = 52,  

unlike the experiments. We therefore choose Jl # J2, which splits the bands, weakening the 

proximity coupling. This approach is also useful in describing surface states. 

. 

In Model (B), we assume the quasiparticle dispersions are given by 

toi(k) = -t(cos kxa + cos ha) - i'cos kxa cos k,,a - p1 

t02(k) = -t2= cos kza - tly cos &a - pi. (4) 

We generally take p1 = p2 = EF. This model can closely approximate the Fermi surface 

of YBCO, with quasi-two-dimensional S layers and a quasi-one-dimensional N layer. The. 

paranieters must be chosen so as to accurately fit the Fermi sur€aces observed,in AR.?ES 

measurebts and/or LDA calculations. In the inset of Fig. 2; such choices were. made. 

Note that in Model (B), the Fermi.surfaces can only intersect at a finite number of points, 

so the proximity coupling is much weaker than in Model (A). Hence,-one canchoose J1= Jz, 

at least with regard to  bulk properties. Nevertliekss, it is clearly seen in Fig. 2 that the 

minimum energy required to create quasiparticles (the. energy gap) is zero above T, on the .. 

Fermi surface, as expected, but is not only non-zero below T,, but moves .ofl the Fermi I ' ,  . 

surface. Hence, a'determination of the actual energy gap is greatly complicated by the 

presence of normal layers, as it does not necessarily occur at the same wavevectors as does 

the Fermi surface above T,. 

111. BULK PROPERTIES 

The specific heat is a fundamental, bulk property of a solid. In ordinary superconductors, 

one expects it to behave as T3 at very low T, due to the leading phonon contribution. In 

YBCO, however, in addition to a Schottky anomaly arising presumably from Cu++ S = f 



spins, the leading behavior is 7(0)T+pT3. The 7(O)T term is readily obtained when a finite 

portion of the Fermi surface is normal, as for a normal metal. From the inset of Fig. 2, it is 

readily seen that the chain band is essentially gapless in the region where the'bands are well 

separated. Hence, Model (B) can explain the 72' specific heat term generally observed in 

YBCO [11,12]. If the superconducting OP had line nodes on the Fermi surface, the specific 

heat should also exhibit an aT2 term. However, no aT2 term was actually observed in 

YBCO [12]. While rather strong HI12 dependence of 7 was observed [11,12], few data points * -  

at low H were taken, and the H = 0 data in [ll] were adjusted to Y(0)T 4- aTz + PIT3, 

by assuming 7 ( H )  - f(0) cc H'i2 for a d-wave superconductor, with a corresponding (non: 

observed) aT2 term at H = 0. Without making this assumption, the data are 4.0 consistent. .. : . 

with 7 ( H )  = ~ ( 0 )  

unknown. Moreover, the non-linear H dependence of the transverse magnetization at various - 
angles with H I 

single crystals, and no evidencefor nodes of the OP was observed [15]. - 

. .  

. .  

. .  1 .  

H - 7 2 P .  Hence, the significance of this specific heat data is presently . * 

. .  * .  . . .  . .  . .  , .  

in the Meissner state has been studied on disk-shaped untwinned YBCO 

-. 
. I .  

We remark, however, that the low T, H = 0 s p d c  heat in BSCCO exhibits neither a . 

7(O)T term nor an aT2 term [22,23]. This fact strongly suggests that BSCCO is'nodeleks,' 

and that specific heit measurements with HI12 could prove useful. 

. 

. .  

The T dependence of the magnetic penetration depth X in .twinned YBCO single &stals a .  

I .  

' has been studied [6], and the low-T behavior was found to-be cokistent 'with Model..(A). 

for either s-wave or d-wave superconductivity [a]. In that calculation, it was shown that 

fitting the in-plane A,@') with either OP form led to distinctly different predictions for 

the out-of-plane X,(T). However, both types of behavior were observed in YBCO by [41] 

and in YBa2CueOs [42], confusing the issue. To further elucidate the nature of the chains, 

. . . 

. 

. .  
. . 

data on untwinned YBCO have recently been taken [35]. This data clearly showed a strong 

degree of anisotropy within the the a b  planes, and the T = 0 values L(0) and &(O) were 

found to differ by about 50% [35]. We have attempted to fit this data at least qualitatively, . . . 

by employing Model (B) [43]. We chose the parameters listed in the caption of Fig. 3. 

In Figs. 3 and 4, the results for our calculations of A,(T), Xa(T), and A,(T) for s- and d- 
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wave superconductivity are shown, and are all qualitatively consistent with the data [35,41]. 

. Hence, we conclude that while the in-plane anisotropy Xb(O)/X,(O) ,and the rather linear 

X(T) behaviors observed at low T are suggestive of d-wave superconductivity, they can also 

be explained with realistic models of s-wave superconductivity. 

N. SURFACE SENSITIVE PROPERTIES 

Two of the most often cited classes of experiments relevant to the OP symmetry in 

the cuprates are tunneling and angle resolved photoemission spectroscopy (ARPES). In . 

YBCO, AFU?ES.experiments above and below T, have. not generally bixn successful in ,, . . e  ' -  I 
observing the quasiparticle energy gap, and did not observe the CuO chain Fermi.surfxe.. 

either. Moreover, SIN tunneling between YBCO and a normal metal have generally shown : -. . I 

quite gapless behavior [l]. In addition, c-axis YBCO/Pb Josephson junctions have led to. -. .I .. . *  , . 

praducts IC.& of the.critical current I, and the normal resistance .& well below the standard. 

Ambegmkar-Baratoff (AB) result [3]. The.wmbination of the above strongly suggests that - .. . 

there is some sort of.normal.top surface layer of YBCO, even below T,. ,. 
. .  In Model (C), we treat YBCO as.a bilayer, with an N layer on.top.of an S layer [MI. '.In. . . -. 

c-axis Josephson and SIN tunneling, the conventional superconductor S' is situated OD top .*: .. . : *: 

. of the NS bilayer, with an insulating ( I )  junction in-between, leading to an 'overall S'INS : . . 
. .  

junction, with a tunneling matrix element Tc,k across the f junction. We assume the.N 

and S layers have identical Fermi surfaces, but different .pairing interactionsi In addition, 

the.N and S layers are weakly coupled with effective hopping energy J .  In.Model (C), ye, 

have calculated I,& as a function of J/Td, assuming s-wave superconductivity in both the 

S and S' superconductors, where Ta G T,(J = 0). Our results relative to that of .AB are 

shown in Fig. 5. In the limit of large coupling, IC& approaches the AB limit. .For finite 

coupling, it is always less than the AB limit, as observed in experiments [3].. Ic&/Ic&(AB) ' 

is about 0.2 in untwinned single crystals, but it is smaller in twinned samples. In (heavily 

twinned) thin films, the ratio is on the order of 0.001, suggesting that the coupling varies. 

- 
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roughly inversely with the twinning. 

In addition to spatial variation of tile pa---ig interaction, other types c itrinsic surface 

effects are possible. In an SN multilayer, it matters whether an S or an N layer is on top. In 

the S surface case, the top S layer T, (and the corresponding gap) is higher than in the bulk, 

as it is decreased from 2-4 by its proximity to only one adjacent N layer [45]. Conversely, 

when the N layer is on top, it is less superconducting than the N layers in the bulk. 

. .  

These differences are enhanced by the presence of surface states. Of these, the simplest 

are of the Shockley type, for which the atomic positions, electrostatic potentials, and pairing 

interactions do not vary spatially, except for the introduction of the vacuum at the surface.. 
.. . 

. .  
Such Shockley states were recently predicted to occur in NCCO in LDA calculations [46]: 

We consider-a simple extension of Model (A) in which.t01= &, JI # 52,  and take /3 = 1 for 

simplicity. This is a simplification of a more general model of three or more layers per unit. 

. 

,.. . 

. 
. 

cell, for which two or more effective hoppings occur naturally. For the effective two-layer . .  
. .  . .  

systems, we then have two models. In Model (Dl), we assume the layers and interlayer 

hoppings are ordered horn top to bottom according to 'SJ1iJ2S& ...,. and in Model (D2), 

we have NJISJ2NJI ... In the normal state above.T,, these models are equivalent. It h&. I 

a .  

I 

. - ,  . .  . .  

. . . . .  . .  . .  
' been shown [4S] that a band of surface states can exist if J472 < 1. For in&uiva.ient J, . .  

- .  . .  . 

values, the two Fermi surfaces are split by the hopping, and the d a w  states lie halfway 

in-between the Fermi surfaces. The s u r f a c e  charge density is localized near the surface, 

and decays and oscillates with the distance from the surface. Hence, the largest electronic .. . 

density occurs on the top layer. 

. . 
. . '  . .  . .  

. I  

. .  . .  - .  

For T < T,, the role of surface states can be very complicated. When an N layer is on . .  

top, the enhanced charge density due to the surface state causes the superconductivity to be 

suppressed on the surface. In Fig. 6, we have pictured the SIN tunneling DOS expected for 

this case of Model (D2). Note that the DOS is very gapless, with a zero-bias conductance 

(or central DOS) which is a large fraction of the normal state value. This is exactly as 

observed in S I N  tunneling experiments on YBCO [1,3]. Hence, the excellent agreement 

. 

strongly suggests that the top surface of YBCO is normal. 
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On the other hand, when the top layer is an S layer, the enhanced electronic charge , 

density associated with the surfacestate will make the superconductivity appear to be more . 

pronounced than it is in the bulk. Since the gap on the surface is larger than in the bulk, 

surface sensitive measurements will favor this enhanced surface gap. In BSCCO, for example, 

it is possible that the top BiO layer could be a narrow gap semiconductor, as evidenced by 

STM tunneling measurements [16]. In that case, if the internal BiO layers are nominally N 

layers, the top surface layer would be.an S layer; and surface states could complicate the 

analysis. Furthermore, from LDA calculations [36], the interlayer hoppings depend strongly 

upon the intralayer wavevectors k. One scenario consistent with the LDA calculations would 
. .  

. 

be for &(k) and &(k) to satisfy 

where J' > 0. In the case 6J = 0, J1 < Jz except at & = A&, at which points the spectral. 

weight of the surface states (and the apparent superconducting gap on them) vanishes. This 

is pictured in Fig. 7. If 2.7' > 6.7 > 0, the spectral weight of the surface states (and their 

gap function) vanishes over a h i t e  region of the, Fermi surface, as clgmed in some recent 

experiments [19,20]. For different SJ dues,  the surfaces states could vanish completely, .or. 

lead to an apparent nodeless but anisotropic gap function. .Thus, even .an isotropic s-wave 

- surperconductor can appear to be highly anisotropic, appearing to exhibit nodes or even 

finite regions of vanishing gap in ARPES experiments, due to the presence of surface states. 

V. INHOMOGENEOUS TRAPPED FLUX 

. '  .. . 

The paramagnetic Meissner effect (PME), also known as the Wohlleben effect, occurs, 

when the field-cooled (FC) magnetization is positive below T, [24]. This has been seen in 

melt-cast polycrystalline samples of BSCCO, and in one single crystal of YBCO [50]. The 

PME in polycrystalline BSCCO was claimed to be a feature of d-wave superconductivity 

[25]. However, the effect has recently also been seen in Nb disks [47]. Those authors showed , 



that the effect was intimately connected with the surface properties, as polishing the surface 

caused the PME to vanish. They also found that the zero-field-cooled (ZFC) magnetization 

exhibited a knee just below T, prior to polishing, which disappeared after polishing. Hence, 

they attributed the effect to the surface having a lower T, than the bulk. Independently, 

at Argonne we have reproduced their main results in two samples. However, in two other 

samples, a slightly different effect was observed. In Fig. 8, data taken on a Nb disk are 

shown, both before and after polishing the top and bottom surfaces [48]. It is seen that the 

FC magnetization dips diamagnetically just below T,, and .then becomes paramagnetic at 

lower T. After polishing, the effect disappears. However, the ZFC magnetization results in . 
a lower T, after polishing, so that the surface initially had a higher T,.. Evidently, the PME . . . I 

. .  

. . .  

is observed when the sample surface has either a higher or a lower T, than the 'bulk value.. . . 

This is not yet understood,' but there is compelling evidence that inhoniogeneously trapped 

flux is mainly responsible for the PME. In any event, the observation of the PME in Nb. 

clearly shows that it is unrelated -to d-wave superconductivity. 

. 7- 

. -- 

. . 

Since the PME is most likely due to sample T, inhomogeneities and inhomogeneously 

trapped flux, one might wonderwhether such problems might also helpto explain the SQUID : . 

experiments that have been widely cited as 'smoking guns' for d-wave superconductivity . * ... 
[8,4,5]. .Of these, flux trapping problems appeax to be the'strongest in the co.rner SQUID. 

experiments [5], especially due to the sample corners [49]. In that experiment, a corner . 

junction was made on a rather flat YBCO sample in a perpendicular .magnetic field, and 

the I,(B) curye was recorded. The appearance of a dip in the low-field region of I,(B) led 

the authors to claim evidence for d-wave superconductivity, However, such a dip has been 

seen in SNS junctions prepared with' conventional materials [XI, provided that a vortex . 

was trapped near to the center of the junction. More recently, such a dip has also been seen 

in a c-axis YBCO/Pb junction, in which one flux quantum was deliberately trapped in the 

junction [52]. Experiments are thus underway to prove explicitly whether or not the original 

corner junction experiments [5] are actually due to inhomogeneously trapped flux. Whether 

such a scenario could possibly explain the YBCO tricrystal ring experiments [SI and the 
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Maryland YBCO/Pb square SQUIDS, remains to be seen. One interesting possibility is that 

a single flux quantum might lie entirely within the ring or SQUID, making its observation 

by a moveable SQUID microscope difficult. If the vortex exhibits a sideways jump at one 

of the junctions due to inhomogeneous flux trapping, an effective 7r-phase shift could occur, 

leading to a spontaneous appearance of a half-integral €lux quantum .contained within the 

ring. In any event, such experiments must be reproduced in another laboratory, as the 

results are incompatible with those of c-axis Josephson tunneling [3] and H I i3 magnetic 

torque experiments [ 151. 
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FIGURES 
FIG. 1. Schematic view of the two-layer system, with pairing in the S layers, and hoppings Jl 

and J2 between the S and N layers, as shown. 

FIG. 2. Quasiparticle energy dispersion along the direction 6 = 60' (see inset), for YBCO 

Model (B) with dimensionless parameters t = t' = 25, p1 = p2 = 20, tzr = 2, and t ly  = 25, relative 

to Td, as a function of Ikla/n. Dashed: normal state. Solid A = 1.6 (T << Tc). In inset, dashed 

(solid) curves are normal state Fermi surfaces with J1 = J2 = 0 (51 = J2 = 0.5). 

FIG. 3. Plots of A$(T)/A$(To) versus T/Tc for the dimensionless parameters t = 25, t'. =.20, 

= 25, J1 = 1.5, J2 = 0.5, relative to Td, a d  TO = O.OITc and s-wave p i  = p2 = 15, t2= = 8, 

pairing. Solid curves are for thea,b,c directions. Dashed curve: BCS [43]. 

FIG. 4. Plotsof A$(T)/X$(To) versus TIT, for d ~ +  pairing with the same parameters as in 

' .  Fig. 3. Dashed curve: standard d-wave model 1431. . .  

FIG. 5. Plot of IC&, relative to the Ambegaokar-Baratoff result, as a function of J / T d ,  for 

Model (C) [MI. 

FIG. 6. Density of states N,(o),  relative to  the normal state d u e  N(O), for ,the two-layer . 

. model with the N layer on top, as a functicin of w/T', assuming. J2 = 2Ji = 0.5Td [GI. . : . .  . 

FIG. 7. Schematic view of the charge density of the surface states for the two-layer model with 

the S layer on top, and with &(k) given by EQ. (5). 

FIG. 8. Plots of M(T) of a Nb disk in a perpendicular field [48]. Circles (triangles): data 

taken before .(after) polishing top and bottom.surfaces. Upper: field cooled in 1 Oe. Lower: 

Zero-field-cooled in 0.01 Oe. Inset: ZFC curves for another sample. 
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