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In recent years, there has been a raging controversy regarding the orbital symmetry of
the superconducting order parameter (OP) in the high temperature superconductors.
Nfany experiments were interpreted in terms of a d z= -Yxwave OP, but many others
were interpreted in terms of a more conventional s-wave OP. We review the problems
of both intrimdc and extrinsic natures with the phase-sensitive experiments on YBCO.
we further show that the photoernieeionexperiments of the purported superconducting
gap in Bi2Sr2CaCu208+6 are entirely consistent with charge- and/or spin-density wave
formation in that material. The presence of such density waves greatly complicates the
analysis of most experiments. Hence, we conclude that the orbital symmetry of the
superconducting O P is still unknown in any of the high temperature superconductors.

1. Introduction

Recently, there have been a large number of experiments purporting to give evidence
with regard to the orbital symmetry of the superconducting order parameter in the

high temperature superconductors. Generally, the material that has been studied

the most is l-Ba2C!u307_J (YBCO), but a few experiments have been performed on

Ti2Ba?Cu04+,j (T12201), Ndl.s5Ce0.15Cu04 (NCCO), and on Bi&CaCu?Os+,j.

(Bi2212).

2. Experiment Classes

These experiments can generally be placed into three classes. The first class of ex-

periments involves transport and thermodynamic measurements. Among these are

the penetration depth, the NMR rel~xation rate, the magnetothermai conductivity,

‘magnetic torque, and the specific heat. AH of these experiments give important

information about the low temperature T density of states. A second class of ex-

periments involves angle resolved photoemission spectroscopy (ARPES). The third

and most interesting class of measurements involves a variety of Josephson tunneling

experiments.

●Supported by the U. S. Department of Energy, Division of Basic Energy Sciences, through Con-
tract No. W-3 I-109-ENG-38.
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and Transport Measurements

The most important experiments in this class are the non-linear Meissner (or

penetration depth) effect, the specific heat, the penetration depth, the magneto-

conductivity. the paramagnetic 31eissner effect (P.ME), nuclear magnetic resonance

(N}f R), and scanning tunneling microscopy (STJ[). These experiments have led to

confusing results, as discussed in the following.

3.1. Paramagnetic .Meissner efiect

The first of these to draw widespread attention was the PLME, which was some-

times observed in a few ceramic samples of Bi2212. 1 In the ordinary Meissner effect,

obeyed by nearly all samples of cuprate superconductors, when the sample is cooled

below T. in a fieId less than the lower critical field JYcl, the field is expelled from

the superconductor. In those samples of Bi2212 exhibiting the P31E, the width

of Tc wss found to be particularly large, indicating that they were particularly in-

homogeneous. Mthough ceramic samples with nearly identical texture of YBCO

and of other cuprates did not show the effect, some inhomogeneous samples of Nb

did show the effect.2 Thus, we strongly suspected that the PME was just a glaring

example of a dirt effect.

To test this hypothesis, we set out to examine another property of the PME

present in some of the Bi2212 samples which exhibited the PIvIE: the anomalous

microwave absorption (AMWA). In most superconductors, the field dependence of

the microwave absorption power is U-shaped, exhibiting a minimum at zero applied

field. In the .$MWA, this field dependence became W-shaped, with a local muimum

at zero field. In searching a number of samples of ,Nb which exhibited the PME, we

found one sample which also exhibited the AMWA.3 The properties of the AMWA

were essentially idenr.ical with those appearing in inhomogeneous Bi2212. 1 Hence,

we conclude that the origin of the P}IE is unlikely to be related to the symmetry

of the order parameter in any material.

3.2. Non-! inear Meissner eflect

The most sensitive thermodynamic measurements of all involve magnetic torque

experiments. For a d-wave superconductor, the extra quasiparticle state density

associated with the order parameter nodes should be manifest in the non-linear

kfeissner effect. More specifically, when the field is directed into the ah-plane and the

resulting in-plane, but transverse, magnetization measured as the sample is rotated

about the c-axis, any nodes of the purported &wave variety present should appear

in the magnetization non-linear in the field strength, leading to a periodicity of 7r/2

as the samples is rotated through 2z. In an early experiment on a rectangularly

shaped samp[e. a substantial ir periodicity and a small m/2 periodicity were found.

However, an untwinned disk-shaped sample of YBCO exhibited a greatIy reducedx-

and no discernible ~/2-periodicity. Hence, this measurement presented no evidence

for any order parameter nodes.4
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It was further argued that magnetothermal conductivity experiments on YBCO

samples with square and/or rectangular geometries was inherently flawed by ex-

ceedingly strong sample shape effects .4 Such effects were quite possibly observed in
magnetothermal rotation experiments on untwinne.d YBCO. In these experiments,

an apparent 7/2 periodicity was observed at high temperature, but this gave way

to a low temperature behavior that was ~-periodic, in a manner remarkably remi-

niscent of the behavior in Nb.5 .Another possible explanation could be that the ac-

tual 7/2 periodicity observed at high temperatures arises from the 7r/2 periodicity

present in the normal state electronic structure, which was observed in the in-plane

angular dependence of the c-a..is normal state magnetoconductivity in TU2201.6

3.3. Specific heat

Perhaps the most fundamental thermodynamic property is the specific heat Cv.

In CV measurements on single ccystals of YBC() grown in BaZr03 crucibles, the

Iinear temperature dependence of cv remains at low T, but that in the presence of a

strong magnetic field, the measured specifc heat appears to scale with TH1/2.7 This

scaling behavior is suggestive of d-wave superconductivity. However, such behavior

was also seen in VsSi.8 which might have been due to spin fluctuations.

3.4. Penetration depth

One important finding is that the penetration depth measured in NCCO appears

to fit the standard BCS theory quantitatively, exhibiting a very flat T-dependence at

low temperatures.g However, different results were obtained on untwinned YBCO.10

In those measurements, it was possible by cutting the sample into sections to mea-

sure A(T) in all three directions on the same untwinned single crystal. Along both

the u and b directions &,b(T) exhibited a linear-in-T low T behavior, suggestive

of line nodes of the order parameter. However, along the c-axis, it fit the s-wave

model involving proximity coupling to normal chains better. Hence, the simulta-

neous measurement of all three penetration depth components was not completely

compatible with either s- or d-wave superconductivity alone.

3.5. Scanning tunneling rnicro.9copy

One of the more controversial measurements have been those obtained from scan-

ning tunneling microscopy (STM}. These rnetkrls nominally measure the density

of states, with changes observed above and below TC normally being associated with

the superconducting ‘gap’ or order parameter. Unfortunately, the results obtained

by STM are often inconsistent. In Hg120 L, the densities of states were in excellent

agreement with s-wave superconductivity. 11 In T12201, the tunneling conductance
appeared d-wave-like, 12 and in YBCO and Bi2212, it varied from s-wave-like to

d-wave like, even at different places on the same sample. *3’14

However. STM measurements also measure the gap associated with a charge-

density wave. as observed in the CDIV system 2H-Ta,$e2. L5Thus, it can be confusing
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to determine the origin of the apparent state in the ‘gap’, if both superconductivity

and CDFV/SDWs are present, which will be discussed in more detail in the next

section.

4. The Pseudogap

Recently. it has been seen by many workers that the underdoped cuprates have

a region in their temperature versus doping concentration phase diagram character-

ized by a ‘pseudogap”. In this doping regime, there is a characteristic temperature

T= (in most experiments) or a characteristic energy fi’g (in NMR experiments) which

distinguish different types of physical behavior. Above T* or for energies above Eg,
the system behaves aS an ordinary quasi-t wo-dimensioanal metal, with properties

exceedingly like those in the normal state of other layered superconductors. 16 In

particular the materials 2H TsS2 and 2H-TaSe2 have normal state transport and

thermodymaic behaior strikingly similar to the cuprates. 16’17 However, those mate-

rials then exhibit a CD W at lower T values, below which the resistivity and mag-

netic susceptibility decreases. 17’1s Such decreases are also observed in the cuprates,

alt bough the details are a bit different, since the curves are more gradual or smeared

in the latter. Nevertheless, such behaviors are highly suggestive of charge- and/or

spin-density waves in the cuprates, especially in the underdoped ones.

4.1. ARPES

An important new probe of changes in the electronic structure with temperature

is ARPES. In the cuprates, ARPES has been used to study the electronic structure

of YBCO, >-CCO, the twc-chain compound YBa2Cu40~, Bi2201. and especially

various dopings of Bi2? 12. Although there have been a few reports of apparent

measurements of a gap on the YBCO chains (which is most likely a CDW, rather

than a superconducting gap), the only material in which the consistent measurement

of a gap in the electronic spectrum has been reported is Bi2212. Lg”20I.TntiI rather

recently, only “optimally doped’ samples were studied. In those samp[es, the ‘gap’, or

shift in the quasiparticle states at the Fermi energy, was found to be very anisotropic,

consistent with that expected for a dz~_V2-wave state.lg’zo

More recently, underdoped samples have been studied. In these materials, it is

much e=ier to separate out the various order parameters, if indeed more than one

is contributing to the observations. We now know that the gap in the spectrum first

opens up on the saddle bands, which are very flat bands with saddle-like dispersion.

centered at the ~ points in the first Brillouin zone. 16 [n Bi2212, these saddle bands

touch the Fermi surface, so the gap formation on the saddle bands affects the shifts

in the quasiparticle peaks on the Fermi surface, especially on those parts nearest to

the ~ points.

The gap formation on these saddle bands is strikingly similar to that observed

recently oft he CDW formation on the sa&dle bands in ‘2H-TaSe2 .21 In that material,

however. the saddle bands only touched the Fermi surface at isolated points. The
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CDJV forming on the saddle bands had a node at the Fermi surface, so that the

interaction of the CDW with the superconducting gap at much lower temperatures

was negligible.ls,~l

4.2. Neutron scattering

From neutron scattering on optimally doped Bi2212 and on underdoped YBCO,

direct evidence of the cDWf/sDW formation below the pseudogap temperature

T“ is now available.2z Above T“, both the SDW and the CDW are found to be

commensurate with the lattice, appearing at ( ir, z) in reciprocal space, which cor-

responds precisely to the wavevector connecting two nearest ~ points. Below T“,

these wavevectors become incommensurate with the lattice, and the superconduc-

tivity then proceeds to occur at a lower temperature TC. However, the CDW/SDW

is inherently dynamic in nature, which makes its direct observation with electron

diffraction ordinarily difficult. There is one example on an extremely underdoped

sample that appeared to exhibit a static CDW, however.23 These dynamic density

waves are indistinguishable by ARPES from a static density wave gap, ince the time

scaks of the measurement are so short.

There is now evidence that T* > TC, even in overdoped materials.24 In any event,

the particular wavevectors involved in these CDW/SDWs form a dynamic gap that

mimics a d=z_Vz-wave superconducting gap. z2 Thus, it is quite possible that many of

the superconducting properties that had been ascribed to d-wave superconductivity

may act ualiy be due to the competing density wave order parameter, which persists

to low temperatures.

4.3. It “s not supe~conducting fluctuations

In any e~-ent, the pseudogap is clearly not due to superconducting fluctuations.

An example of that supposition having been incorrectly made previously occurred

wit h regard to the magnetic susceptibility measurements in 2H-TaS2(pyridine) 11z .?S

Early reports of superconducting fluctuations out to 3S K, or 10TC, proved later to

arise from incomplete destruction of the CDW in 2ff-TaS2 with incomplete inter-

calation with pyridine. 18 The similarities with the cuprates are indeed striking.

5. Josephson Junctions

The most interesting, and perhaps the most controversial experiments purport-
ing to give evidence regardingthe symmetry of the superconducting order param-

eter involve .Josephson junctions. These experiments can give evidence regarding

the phase of the superconducitng order parameter, rather than just its magnitude,

as in other experiments.

5.1. Bicrystal YBCO grain boundaries

The first of these experiments were made by Chaudhari and Lin.?6 These exper-

imenters made thin films of YBCO, with hexagonal or octagonal grains imbedded

. .
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in surrounding films that had principal axes rotated by 45°. The critical current

was measured from inside the grain to a point far away, and the po1ygon sides

were systemar,iclaiy removed by l~er degradation. It was found that the critical

current was directly proportional to the circumference of the polygons. This result

h= never been understood from a d-wave standpoint, and remains one of th’e best

pieces of evidence for an isotropic superconducting order parameter.

5.2. c-Azis junctions

Direct evidence of a substantial s-wave component to the order parameter were

made in a number of experiments by Dynes, Clarke, and collaborators.27’2s’29 These

experiments involved c-axis Josephson junctions between Pb and YBCO, with

about 10-20.\ of interstitial Ag to control the oxygen diffusion. Beautiful Fraun-

hofer diffraction patterns were consistently obtained in a parallel applied field.28

It was found that I=&(0) values of about 1.5 meV were consistently obtained us-

ing untwinned single crystals, but these numbers decrease with increasing YBCO

twinning.zg \Vhile it is impossible to determine if there is any amount of d-wave

superconductivity using Pb, these values demonstrate that the s-wave component

is large, being at least 30V0 of the total.zg However, attempts to make Bi2212/Pb

and NCCO/Pb c-axis Josephson junctions have been unsuccessful.

5.3. Sing!e twin junctions

}fore recently, the same groups have performed a very interesting set of ex-

periments involving a c-axis junction straddling a single twin in the Y13C0.30 By

rotating the field with respect to the twin direction, a strong dip in the ‘Fraun-

hofer diffraction’ pattern was observed, giving strong evidence that the s-wave (the

only observable) component of the order parameter exhibited a phase shift approx-

imating ~ across the twin. While other, more mundane, explanations are indeed

possible. this was taken by those authors to be consistent with the notion that the

d-wave component of the order parameter was larger than the s-wave component,

with the total being consistent with the forms d + s and d – s on opposite sides

of the twin. However, since no d-wave component could be observed directly, and

since no experiments on Josephson junctions straddling single twins in conventional

materials have ever been performed, this assumption has not yet been put to ex-

perimental test. The presence of a CDW/SDW localized on the twin might be a

complicating factor. It would be interesting to perform a similar experiment on a

sample exhibiting a double twin, in which a hairpin-like twin defect is isolated from

other twin dcmains.

5.4. ah-Plane YBCO/Pb junctions

TWO other groups made experiments involving YBCO and Pb Josephson junc-

tions, but both of these were made wirh the junctions in the less controllable

abplane.31s2 By first forming a thick layer (of x 103~) of Au, and then a Pb
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junction either on a single edge or straddling a corner, an apparent phase shift of

r was obtained.3L However, the lC&(0) values obtained in these measurements

were generally very low, being about lpeV. A strong possible explanation of these

experiments is that the sample corners can trap flux, especially flux lying in the

ah-plane. 33 Recent SQUID microscope observations of flux trapped in the a$plane
have been published. and confirm this conjecture. 34 The reason the f!ux likes to lie

in the ah-plane is just that the samples are layered, and it costs much less energy

for the vortices ot have their cores lying between the superconducting layers.3s’36

It’ith flux trapped at the corners, the junction maps onto those of SifS junctions

with a trapped monopole vortex in the center, which gives an apparent phase shift

of r in the center of the ‘Fraunhofer’ diffraction pattern.=

Similarly, in the SQUID-like abplane junctions made at Maryland, the lC%
vaIues obtained with thick Ag junction were comparable to those obtained aiong the

c-a~is in comparable YBCO thin film junctions with Pb .2s In the beautiful first set

of experiments, SQUIDS with relative YBCO/Pb junction angles of O and 90° were

made. and the latter exhibited apparent phase shifts of ir, which were robust upon

inverting the field and current directions, indicating time-reversal invariance.32 In

addition, a SQUID micrsocpe was used to search and eliminate trapped flux. Such

experiments appeared to give strong evidence for an order parameter consistent

with the ti=2_92 symmetry.

However. in a more detailed second set of experiments with a Iarger variety of

junction angie pairs. it was found that the new results were actually consistent with

a p-wave polar state, with angle pairs that differed by 180° being out of phase by

T 32 While it was speculated that the results were actually consistent with the d-
wave scenario. it WM necessary to eliminate a large fraction of the data in order to

come to that conclusion. Apparently, there may be a problem with the Ar milling

process that was used in preparing the junctions.32

5.5. Tricrystal YBCO grain boundaries

One of the most fascinating set of experiments involved a tricrystal of three

grain boundaries of YBCO (or, in one case, T12201) connected at a point .37 In

the absence of an applied field, a SQUID microscope was used to eliminate the

presence of trapped flux emanating out of the plane, although there were a number

of experiments that appeared to show that trapped flux lying in the abplane was

often present. 34 In addition, the SQUID microscopes detected flux at the center of

the tricrystal junction that integrated to one-half the flux quantum, @o/2. Such a

flUX strength would be expected if the tricrystal jucntion contained an odd number

of x phase shifts, as for a d-wave superconductor. Similar results were found in

T12201,= which is also orthorhombic,39

5.6. kfeandering grain boundaries ,

However. direct observation using a transmission electron microscope of the
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grain boundaries used in those tricrystal experiments proved that they meandered
strongly. = Due to the island pattern of thin film growth across a substrate grain

boundary, the meandering formed an intricate pattern of rather flat facets, which

were directiy almost randomly. Recently, it has become possible to improve remark-

ably upon the quality of the YBCO grain bounda~ies, by either in situ annealing,

or even better, by bicrystal seeding.40

6. Intrinsic Josephson Junctions

There are two types of intrinsic Josephson junctions that have been studied.

The first type involve the junctions inside a single crystal. The second type involves

breaking a single crystal, and then forming a break junction between the two pieces.

6.1. Coherent versus incoherent tunneling

Since all cup rate superconductors are layered, the individual superconducting

layers themselves act as c-a,,is microscopic Josephson junctions.3s’36 This can hap-

pen either if the single particle c-~xis propagation is coherent, as expected if the

wavefunctions had an overlap acro~ the junction, or if it were incoherent, being

favored at microscopic -electrical shorts’ or random defects, which could act either

as scattering or as resonant tunneling centers. 36 In the coherent case, the wavevec-
tor parallel to the junction is conserved upon tunneling across the junction. This

is exactly what is expected in the case of metallic c-axis conduction, as is generally

found in overdoped cuprates. Underdoped cuprates, however, are quite generally.

characterized by a c-axis normal state resistivity that increases with decreasing tem-

perature, as expected for a semiconductor or insulator, while the a&plane resistivity

still exhibits a metallic temperature dependence, at le~t nominally.

In the usual Ambegaokar-Baratoff (AB) theory of Josephson tunneling, the prop-

agation is assumed to be incoherent, or that the wavevector parallel to the junction

is completely unconserved.4~ This is expected to be especially relevant for the case

of resonant tunneling. but is expected to occur for all types of non-metallic c-axis

normal state conduction.

For an s-wave superconductor, it do~n’t matter whether the internal c-axis

propagation is coherent or incoherent. The main difference is that coherent Joseph-

son tunneling internal to a layered superconductor is not proportional to the gap

magnitude at low temperature,3e’q2 whereas incoherent tunneling is proportional to

the gap.~1

For a d-wave superconductor, incoherent Josephson tunneling ordinarily does

not exist, since its magnitude averages to zero times zero. Only in the unlikely case

of d-wave interlayer scattering upon incoherent tunneling can a finite amplitude

of Josephson tunneling be obtained with a d-wave superconductor. A?’q3 If, on the

other hand, the tunneling were coherent., then the Josephson tunneling would be

independent of the gap magnitude at low temperatures, just as for the s-wave case.+2

‘?
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6.2. Internal Josephson junction experiments

Since it is not possible to place electrical [cads on each side of an atomically thin

junction, one has to be clever to iook for some feature that can be measured micro-

scopically, which gives information regarding the microscopic individual junctions.

Fortunately, nature allows one to track the internal Josephson effect by varying

the current-voltage (l/V) curve. Depending upon the number of layers that couple

together coherently via the Josephson effect, a characteristic 1/V relationship is

obtained. Each one of these has its own critical current. AS one then varies the

appiied current, the ~oltage suddenly jumps from one I/V curve to another. By

tracking the magnitude of these voltage jumps, a measure of the intrinsic ‘lC&’ of

the group of coherently coupled junctions is obtained, although ‘&‘ in this context

doesn’t have the usuaI meaning. The minimum voItage jump then corresponds to

that pertaining to a single junction within a single unit cell of the crystal.

There have been two groups which have reported such intrinsic, internal Joseph-

son behavior. s~’~s One group measured the effect in Bi and T1 compounds, notably

Bi22 12, both underdoped and overdoped. ‘~ The second group measured the effect
in underdoped YBCO .4S but neither group was abie to observe it in optimally doped

YBCO, probably because it was not anisotropic enough. AS expected, both groups

found behavior that was consistent with ordinary AB Josephson tunneling. The

‘lC&(0)’ values were on the order of 1(I r-nev in the case of BL?212 and 1-2 meV

in the case of YBCO, and the temperature dependence fit the AB behavior.4A’A5

Clearly, these values are too small to have arisen from coherent Josephson tunneling,

but they are also way too large to have arisen from incoherent d-wave supercon:

ductivity, unless ‘Rn’ is anomalously large at low bias voltage, so that these data

actually comprise strong evidence for s-wave superconductivity in the cuprates.

6.3. c-Azis break junctions

There have recently been two types of c-axis break junctions involving Bi2212

that have been reported. In the first case, the Bi2212 sample is deliberately cleaved

between the BiO layers. One of the resulting pieces is then twisted relative to the

other, and then fused back onto the first part at elevated temperature.4s Then,

eIect rical leads were attached onto each of the parts away from the twist. Because

the critical current wx so large at low temperatures, it was necessary to apply a

strong magnetic field to suppress it. Near to TC, however, it was possible to obtain

data in the absence of an applied magnetic field.q; By comparing the critical current

across one of the single crystal pieces with that across the twisted junction, it was

possible to obtain a measure of the effect of the twist angle on the critical current.

If the superconducting order parameter were d=a_V2, one would expect the criti-

cal current across the twist to vanish for a twist ang[e of 4.3°, at least aL temperatures

near to Tc in zero applied field.qs M low temperatures and large applied fields, a

large number of twist junctions were reads, and no systematic variation of the crit-

icai current with twist angle was found .qb At high temperatures near to TC, only a
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limited number of twist j unctions were measured, but again, no measurable depen-
dence of the critical current upon twist angle was found.q7 Thus, these experiments

comprise very strong evidence for s-wave superconductivity.

In the second set of break junction experiment@, a point contact tip was pressed

onto a Bi2212 sample, breaking it in an uncontrollable fashion .49 The broken piece

could be lifted up, examined, and then placed back down on the sample. The con-

ductance curve was measured, and Josephson tunneling across the break junction

was observed. For overdoped samples, lC& (I)) wx usually about 2 meV, but in

two underdoped samples, values of 15 and 25 meV were obtained. The Josephson

tunneling set in beiow T=, which in the underdoped samples was well below T*,

serving as another strong bit of evidence that the ptiudogap regime is not char-

acterized by substantial superconducting fluctuations. In addition, the very large

valuesof le& (0) obtained in heavily underdoped samples are very difficult to recon-
cile with d-wave superconductivity. In underdoped samples, the c-axis conduction

is particularly incoherent, and breaking the sample must make the conduction even

mo~e incoherent. Thus, these experiments also comprise strong evidence for s-wave

superconductivity.

7. Conclusions

.1 variety of experiments purporting to give evidence regarding the symmetry

of the superconducting order parameter in the cuprates have been performed. l-rn-

fortunateIy, these experiments are not all consistent with one another. Some are

best explained by d-wave superconductivity. Some are best explained by s-wave

superconductivity. Some are better explained by a mixture of the two, with a sub-

stantial amount of both. It is not clear that different materials have the same order

parameter. For example, NCC() appears from penetration depth measurements to

be s-wave, but c-axis XCCO/Pb Josephson junctions have so far been unsuccessful.

In addition. it is becoming incre~ingly clear that another type of order parameter

may be relevant to these questions: that of a charge/spin-density wave. Thus, even

after years of trying to resolve these issues, the symmetry of the order parameter

in the high temperature superconductors is still unknown.
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