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High-Temperature Superconductivity
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The widely held notion that high-temperature superconductivity originates in the cuprate-planes is proven to
be faulty. In the cuprates such as YBa2Cu3O7, we argue that the superconductivity resides in the BaO layers.
This superconductivity iss-wave, notd-wave, in the bulk. The trio of ruthenate compounds, doped Sr2YRuO6,
GdSr2Cu2RuO8, and Gd2−zCezSr2Cu2RuO10 all superconduct in their SrO layers, which is why they have
almost the same∼49 K onset temperatures for superconductivity.

1 Faulty evidence for cuprate-plane
superconductivity

Two of the most-cited papers in contemporary physics claim
to show that the cuprate-planes of YBa2Cu3Ox supercon-
duct [1,2]. However, there are problems with both papers
that have not been well-recognized: (i) the evidence of su-
perconductivity in the cuprate-planes comes from a jump in
charge which was evident in the work of Cavaet al., but not
in the work of Jorgensenet al.; and (ii) the studies of Jor-
gensenet al. claim to confirm the data of Cavaet al., but
actually do not in the most important way: Jorgensen does
not have the Cava jump. In fact, a closer examination of the
data reveals thatonly one datumis responsible for the jump
in charge that is purportedly evidence for cuprate-plane su-
perconductivity, and this datum was not reproduced in the
data of Jorgensenet al. or (to our knowledge) elsewhere.
This startling fact has been missed by many people because
a continuous line was drawn through rather sparse data and
conveyed the impression that the data are much denser than
they are. In other words, the concept of cuprate-plane su-
perconductivity has not been confirmed and rests ononly
one unreproduced datum.(See Fig. 1.)

This is important to realize because the superconduct-
ing layers in most (and perhaps all) high-temperature su-
perconductors are not the cuprate-planes, as was implied by
the now-infamous fictitious jump in cuprate-plane Cu charge
[3].

Perhaps an independent confirmation of the problem
with cuprate-plane superconductivity comes from the scan-
ning tunneling microscopy data on Bi2Sr2CaCu2O8 of the
Illinois group [4,5]. (See Fig. 2). The surface layer of this
compound, when it is cleaved, is the BiO layer. Underneath
that is the SrO layer, and then a CuO2 plane; after that comes
a Ca layer and a second CuO2 plane. Apparently the Illinois
workers have imaged the BiO surface layer, and then a CuO2

layer that is exposed by a step protruding from the side of
the sample, apparently the second CuO2 layer beneath the
surface. An examination of their data reveals that their BiO
layer looks like most others, with a U-shaped feature that
is indicative of a layer nearby a superconducting layer. But
their protruding CuO2 plane does not look at all like a super-
conductor, and instead of a U-shaped feature, seems to have
a band-gap with no density of states in the gap. The Illinois
workers have interpreted their observations as evidence ofd-
wave superconductivity in the cuprate-planes, but this inter-
pretation is based primarily on the facts that (i) they assume
that the cuprate-planes superconduct, and (ii) faced with the
fact that their data do not exhibit the expected U-shape (with
a sharper U than BiO’s expected fors-wave superconductiv-
ity), they postulate that they have evidence ofd-wave super-
conductivity. But the work of Klemm [6] and Li [7] pro-
vides a convincing demonstration that the superconductiv-
ity in Bi2Sr2CaCu2O8 is s-wave in character, and we have
found [8], using the bulk probe of muon spectroscopy, that
the superconductivity of YBa2Cu3O7 is alsos-wave in char-
acter with an uncertainty of less than 4×10−6. It is exceed-
ingly unlikely that, in the bulk, YBa2Cu3O7 could haves-
wave pairing, while Bi2Sr2CaCu2O8 hasd-wave [4] (which
cannot be reconciled with other measurements [9]). Hence
the better explanation of the facts about the CuO2 layers of
the Illinois group is that they feature a band-gap in the CuO2

layers, and those layers do not initiate superconductivity.

2 Charge transfer in cuprates

The layer charges of the three layers of YBa2Cu3Ox,
namely the CuO chain layers, the BaO layers, and the
cuprate-planes (combined with the rare-earth charge) have
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Figure 1. Plot of cuprate-planar Cu(2) charge in units of|e| against
oxygen contentx of YBa2Cu3Ox, showing the actual data of Ref.
[1] and Ref. [2]. Note that in Ref. [1] a smooth line through the
data was displayed. Note that the two data sets differ because of a
difference in calibration (which should be ignored). Forx > 6.4
both data sets almost define straight lines. Only the single datum
nearx=6.4 from Ref. [1] deviates significantly from a straight line,
and the corresponding data of Ref. [2] define a straight line with-
out a jump forx > 6.3. The jump in the Ref. [1] data, which is
non-existent in the data of Ref. [2], is the basis for the argument
that the superconductivity is in the cuprate-planes.

Figure 2. Scanning tunneling microscopy (STM) data of
Bi2Sr2CaCu2O8, showing the signal associated with the BiO layer
and with a CuO2 plane which protrudes from the sample. Neither
layer shows the expected strong peaks of a layer that is exhibiting
s-wave superconductivity.

been extracted from the data (using the bond-valence-sum
method [10]), and have the following features: (1) they are
all virtually linear in x and almost the same as the layer
charges for PrBa2Cu3Ox; (2) the CuO chain layers havede-
creasingcharge as oxygen contentx increases; (3) the BaO
layers and the combined CuO2/Rare-earth/CuO2 layers have

increasing charge with oxygen contentx; and (4) only the
BaO layers have charges that appear to change sign as the
oxygen contentx increases beyondx=6.4, and the super-
conductivity sets in [11]. These facts cause us toassign the
superconductivity of YBa2Cu3O7 to the BaO layers.

The same facts also caused us to believe that
PrBa2Cu3O7 would superconduct [12], which was later
show [13,14].

2.1. YBa2Cu3O7 superconductivity: s-wave

We can ask if our data indicate that the superconductiv-
ity of YBa2Cu3O7 is s-wave ord-wave in character. Until
rather recently, there was a nearly unanimous opinion that
the bulk superconductivity iss-wave [15-18], but more re-
cently the data have been reinterpreted as havingd-wave
character [19] (although there has been no evidence of a
quantitative fit of thed-wave theory to the bulk YBa2Cu3O7

data [8]).
Figure 3 shows fits to the muon penetration depth ex-

tracted fromµ+SR data and extrapolated to H=0. Those
data for H=0.05, 1.0, 3.0, and 6.0 Tesla were all fit with
a single strong-coupling London models-wave curve, after
the flux-flow was accounted for. (In earlier 1989 [20] work,
which described the data with a similar strong-couplings-
wave model, the flux was pinned.) Moreover, the probabil-
ity that thed-wave model fits the data as well a thes-wave
model was found to be of order one in a million [8]. In the
bulk (which is what the muons probe), the superconductivity
is definitelys-wave in character.

Figure 3. Temperature dependence of the zero-field penetration
depth of YBa2Cu3O7, λab(T,H=0), with the fitted the curve shown
is the two-fluid model (which corresponds to strong-coupleds-
wave pairing), after Ref. [8].

2.2. Other cuprates than YBa2Cu3O7

Independent evidence indicating that the supercon-
ducting layers in the cuprate materials are the BaO or
SrO layers, not the cuprate-planes, is afforded by the
HgBa2Can−1CunO2n+2 superlattices as functions ofn, and
by then=1 compound of this class as a function of pressure.
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The layer charges behave the same for the superlattices ver-
susn and for then=1 compound versus pressurep [21-23]:
The charges of the BaO layers increase with increasing num-
ber of layersn and pressurep, while the Hg layer-charges
remain constant, and the charges of the cuprate-planes de-
crease. Since Tc increases with the number of layersn and
with pressurep, the superconductivity must originate in the
BaO layers (whose charges also increase), not in the cuprate-
planes (whose charges decrease) [24].

3 Sr2YRuO6 doped with Cu

Sr2YRuO6 is an interesting compound because, upon dop-
ing with Cu, it begins to superconduct around∼49 K
and becomes fully superconducting at∼23 K [25]. It
also has two superconducting sister compounds that contain
cuprate-planes, which superconduct slightly below about
∼49 K [25]: GdSr2Cu2RuO8 and Gd2−zCezSr2Cu2RuO10

[26]. The near coincidence of the onset temperatures
for superconductivity in the three ruthenate compounds,
which we term the O6’s (as in Cu-doped Sr2YRuO6),
the O8’s (as in GdSr2Cu2RuO8), and the O10’s (as in
Gd2−zCezSr2Cu2RuO10), makes this class of three types of
compounds especially worthwhile to investigate.

Sr YRu    Cu O2         1-u      u   6

Sr   Ru/Cu   Y      O

Figure 4. Crystal structure of Sr2YRu1−uCuuO6.

The simplest of these compounds is Sr2YRuO6 which is
a two-layer compound with each pair of (SrO)2 layers hav-
ing a YRuO4 layer in between. (See Fig. 4). Since this
compound has only two kinds of layers, it is rather straight-
forward to select the superconducting layer: namely the SrO
layer, which is the one without a strong magnetic field, and

the one analogous to BaO. The YRuO4 layer is ferromag-
netic in its a-b plane, with its magnetic moments stacked
antiferromagnetically along thec-axis, and oriented in the
±(1,1) directions of thea-b plane. Muons in this material
stop at one of two nearly identical sites: (i) theµO(1,2) site
which is actually two sites (due to the difference between
Y and Ru) near the center of the YRuO4 layer; and (ii) the
µO(3) site, which is about midway between two oxygen ions
on the edge of a SrO plane. Clearly the YRuO4 layer is
highly magnetic (and hence rather hostile to superconduc-
tivity), while the SrO layer has an average magnetic field of
zero and is the locus of superconductivity.

The muon data for the SrO-plane site (µO(3)) show a
time-dependence that reveals (i) an onset of superconduc-
tivity near∼49 K [25], (ii) the onset of spin-glass behav-
ior at≈29.3 K [25], and (iii) the onset of diamagnetism at
lower temperatures [25]. Complementing the muon data are
resistivity data, which show that the resistance vanishes at
Tc ≈23 K [25], at which temperature the superconductiv-
ity becomes complete. Clearly Sr2YRu1−uCuuO6 is a su-
perconductor, whose superconductivity originates at∼49 K
and becomes complete at∼23 K when the Ru librations turn
off.

Doped Sr2YRuO6 has a sister compound with Gd+3,
Cu-doped Ba2GdRuO6, which doesnot superconduct. We
attribute its non-superconductivity to the pair-breaking by
Gd+3, which has L=0 and J6=0, and breaks Cooper pairs lo-
cated in the adjacent SrO layers. Hence doped Ba2GdRuO6

doesnot superconduct [27], but its sister compound, doped
Sr2YRuO6, does superconductin its SrO layers.For sim-
ilar reasons, Gd2−zCezCuO4 does not superconduct, but
many other (Rare-earth)2−zCezCuO4 compounds do super-
conduct.

4 GdSr2Cu2RuO8 and
Gd2−zCezSr2Cu2RuO10

Sr2YRu1−uCuuO6 has two superconducting sister com-
pounds, GdSr2Cu2RuO8 and Gd2−zCezSr2Cu2RuO10.
They superconduct at nearly the∼49 K onset temperature
for Sr2YRu1−uCuuO6’s superconductivity — raising the
possibility that the superconductivity of all three materials
originates in the same physics [26].

Of course this raises the question of what roles do
the cuprate-planes have in the superconductivity of these
compounds? Obviously the answer is “none” for doped
Sr2YRuO6, which has no cuprate-planes and fewer than 1%
Cu atoms even capable of participating in any cuprate-plane-
like behavior. This, of course, raises the question of whether
the cuprate-planes even superconduct in these other mate-
rials, GdSr2Cu2RuO8 and Gd2−zCezSr2Cu2RuO10. (We
shall see that they do not).

First we examine GdSr2Cu2RuO8, which does super-
conduct. Do its cuprate-planes superconduct? Or do its SrO
layers superconduct? Or both?
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To address these questions, we analyze magnetic reso-
nance data taken [28] on GdSr2Cu2RuO8 at T=120 K (above
Tc ≈49 K) at a frequency of 20 GHz, and with fields
Hrf ⊥Hdc. (Hrf is the radio-frequency field; we also refer
to the direct-current fieldHdc asH). These data can be de-
composed intotwo peaks, one associated with the Gd elec-
tron spin resonance (ESR), and the other associated with a
Cu signal which is either an anti-ferromagnetic resonance
or a weak ferromagnetic resonance (the equipment does not
determine which) [28]. See Fig. 5 [29]. Our point is that,
if the Cu in this compound is magnetic and resonating, the
cuprate-planes almost certainly do not superconduct.

Figure 5. Power dissipation (in arbitrary units) in GdSr2Cu2RuO8

versus applied magnetic fieldµ0H in Tesla forHrf ⊥ Hdc, where
Hdc=H. The (i) heavy line, (ii) the dashed curve, and (iii) the
dashed-dotted curve are (i) the data, (ii) the Gd electron spin res-
onance, and (iii) the Cu weak ferromagnetic resonance or antifer-
romagnetic resonance. The latter two curves add up to the thin
solid line. The data were taken at 20 GHz and at a temperature of
120 K (well above Tc). We attribute the broad low-field signal to
Cu, although it has been assigned to Ru by other authors [29].

There should be no dispute over the well-known Gd ESR
peak, so we shall discuss the identification of the “Cu signal”
primarily. The signal we term the “Cu signal” is certainly
due to Cu and not due to Ru (the only other possible mag-
netic ion that could resonate in GdSr2Cu2RuO8). A similar
Cu signal is observed in GdSr2Cu2NbO8, which has no Ru
(and does not superconduct). In that material, the resonance
mustbe associated with Cu, since the Gd resonance is iden-
tified and there is no other magnetic ion.

The “Cu signal” is Gd2−zCez in GdSr2Cu2RuO10 [28],
and persists up to above 150 K although Ru does not give
a magnetic resonance above∼133 K, which mean that the
“Cu signal” is due to Cu, not Ru.

To strengthen this argument, we have studied nine re-
lated compounds containing Ru, and we see no Ru magnetic
resonance in any of them: these include the superconduc-
tors Gd1.5Ce0.5Sr2Cu2RuO10, Eu1.5Ce0.5Sr2Cu2RuO10,

GdSr2Cu2RuO8, EuSr2Cu2RuO8, and Sr2YRu1−uCuuO6,
and the magnetically-ordered non-superconductors SrRuO3,
Sr3Ru2O7, GdSr2Cu2NbO8, and Ba2GdRu1−uCuuO6 [30].

Gd2−zCezSr2Cu2RuO10 behaves similarly to
GdSr2Cu2RuO8, and also superconducts in its SrO layers,
not in its cuprate-planes [28].

5 Summary

We have challenged the widely held notion that the cuprate-
planes are the carriers of high-temperature superconductiv-
ity, and have instead proposed that the superconducting el-
ements of most superconductors are not the cuprate-planes,
but instead the BaO or SrO layers. (Some materials may
also involve interstitial oxygen [31], which we have not dis-
cussed here.)

We have examined the three materials, doped
Sr2YRuO6, GdSr2Cu2RuO8, and Gd2−zCezSr2Cu2RuO10,
and we have found extremely powerful evidence that all
three superconduct in their SrO layers, and not in their
cuprate-planes.

A complete microscopic theory of high-temperature su-
perconductivity will be presented elsewhere.
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