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HIGH TEMPERATURE SUPERCONDUCTIVITY:
CHALLENGES FOR THE 1990’'S

P. M. Grant

{IBM Research Division
Almaden Research Center
650 Harry Road
San Jose, California 95120-6099

ABSTRACT: We will review events leading to the discovery of high temper-
ature superconductivity almost four years ago this month, discuss progress in
synthesis, applications, and understanding of basic physical properties dating
from that time, and finally address areas which are likely to present major
challenges in the decade of the 1990’s. With respect to the latter, we point to
the necessity for thorough materials characterization as requisite for all at-
tempts to build theoretical models for both the microscopic and macroscopic
mechanisms of high temperature superconductivity.




Introduction

The science of superconductivity began, of course, with its discovery in 1911
by Kamerlingh Onnes,! and ushered in a new era of successive exciting dis-
coveries in low temperature physics which continues to this day. It arose as
a consequence of the steady improvement in gas liquifaction machinery during
the 19th century, stressing the always important recurring interplay between
science and technology as each progresses. Since Onnes’ seminal measure-
ment on mercury, literally hundreds of superconducting materials have been
found. in fact, superconductivity is a rather peivasive phenomena in metallic
compounds -- the number of metals and alloys that superconduct far out-
number those that do not. Whenever a hew non-ferromagnetic metal is dis-
covered, the odds that it will be a superconductor are very high. However,
history also teaches that the transition temperature could be expected to be
low, and, until recently, require liquid helium refrigeration.

For many years, workers in the field speculated and dreamt about the possi-
bility that higher transition temperatures could be eventually achieved. One
of the great triumphs of the Bardeen-Cooper-Schrieffer theory had been the
identification of the electron-phonon interaction as the "bosonic-giue" by
which electrons paired to give the superconducting state. Yet this same
mechanism seemed to constrain the upper limits of accessible transition tem-
peratures to a few percent of the |lattice Debye temperature or else the mate-
rial would suffer the consequence of inevitable structural instabilities arising
from ever stronger electron-phonon coupling. On the other hand, the math-
ematical framework of the BCS theory did not restrict the boson field to
plionons -- in principle, any well-behaved boson would do. Therefore, in the
1960's Bill Little? at Stanford and Vasily Ginzburg?® in the Soviet Union pro-
posed structural modeis whereby the pairing bosons were excitons whose
characteristic energies were 10-20 times that of phonons. A period of intense
activity followed in the 70's searching for appropriate material embodiments,
concentrating mostly on organic and/or low dimensional systems {none have
been found with T¢ > 13 K...yetl). Most importantly, the initiatives of Little and
Ginzburg encouraged the exploration of all sorts of "exotic" compounds in
pursuit of higher transition temperatures, leading eventually to the discovery
of superconductivity at greater than 10 K in lithium titanate by Dave
Johnston4 and Pb-doped barium bismuth oxide by Art Sleight.® This proof that
significant transition temperatures could occur in metal oxides paved the way
for the breakthrough of Georg Bednorz and Alex Mueller.?

It is interesting -- perhaps ironic -- that Berndt Matthias, who uncovered more
superconducting materials than any other researcher of his time, yet remained
a vocal skeptic of the possibility of T¢'s much above 30 K, and Alex Mueller,
eventual co-discoverer of just such a compound, were contemporaries from
the same European institute and worked initially with ferroelectric oxides.
Matthias went on to concentrate on superconductivity in metal alloy systems
(t am told he intended to begin a search for superconductivity in ferroelectrics
and transition metal oxides shortly before his untimely death in 1980), whereas



Mueller proceeded to build his career on research in ferroelectricity. This
background opened his thinking to the possibility that unusually strong
carrier-lattice interactions, like those which might occur in mixed-valent tran-
sition metal oxide Jahn-Teller configurations, could provide a path to higher
transition temperatures. Around 1984, along with Bednorz, he began such a
search, initially in nickelate compounds, which led to the discovery of high
temperature superconductivity in barium-doped La,CuO,_, in early 19886, al-
most four years ago this month. It remains to be seen whether Mueller’s in-
tuition was right or if some other pairing mechanism is responsible for
high-Tc. Nonetheless, the principal lesson of the copper oxide perovskite
discoveries is that unusual superconductivity is most likely to occur in unusual
materials beyond the scope of the conventional current wisdom. It is impor-
tant to understand that high temperature superconductivity could have been
discovered much earlier than 1986. It is actually hard to make La,CuO,_,
without small regions of excess oxygen which give rise to trace
superconductivity...and the compound has been around since the 50's! No-
body, until Bednorz and Mueller, was motivated to look for superconductivity
in this seemingly most unpromising class of materials. ’

Progress in New Materials

Layered copper oxide perovskites remain the paradigm for high temperature
superconductivity. Since early 1988, no new copper oxide materials have
been discovered with T¢ higher than the thallium 2223 125 K compound.? Two
of the major challenges for the decade of the 1990's will be to both reach out
for higher transition temperatures and to search for non-CuO-based high
temperature superconductors, perhaps expanding on the "medium-T."
Bao,GKMBgOa_, compound discovered in 1988 by Bob Cava and his colleagues
at AT&T.

Although no new T¢ records have been recently set in planar copper oxides,
interesting and important variations still continue to be found. In 1989 the first
materials exhibiting n-type behavior in the normal state with Tc = 21-24 K
were synthesized using Nd,CuO,_, as the host structure,® and | will devote
my discussion on new materials exclusively to these. Unlike La,CuQO,_,, where
divalent alkaline earth cations are substituted on the lanthanide site, the
neodymium cations are replaced by tetravalent cerium and charge conserva-
tion implies the production of carriers with negative sign as indeed supported
by the results of Hall and Seebeck effect measurements. Figure 1 compares
the structures of the two compounds and the respective doping sites. The key
difference is the location of the oxygens coordinated to the lanthanide position
within each structure, resulting in the presence of a Cu-O plane apical oxygen
in La,CuO,_, and its absence in Nd,CuO,_,. | believe this is the critical factor
which permits delocalized holes in the former and delocalized electrons in the
latter, and not vice versa, as confirmed by many unsuccessful attempts at
cross-doping. If true, then the host structure choice for n-type
superconductivity is restricted to the Nd,CuO,., T’ class, at least for the
present, inasmuch as all other Cu-O planar perovskite structures have at least
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Fig. 1. Unit-cells of LayCuO4_, and Nd,CuQ4_,.
Note the absence of apical oxygens
in the latter structure.
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one apically coordinated plane and appear p-type, with any accompanying

non-apical planes "dead” with regard to transport; e. g., the middle Cu-O layer

in the 2223 structure. The only structural exception that | know is
Cay.86Sr0.1.Cu0,; however, there s no obvious location for tetravalent cationic

substitution. One of the synthetie challenges for the 90's will be for chemists

to discover other n-type systems with hopefully higher T¢’s, but right now the

outlook seems bleak. .

Regarding the nature of electrical conduction in the Cu-O planes, the present
picture is that hole transport occurs on the network of oxygen ligands in p-
type compounds. On chemical grounds, it would be difficult to argue that
electrons move in the same band -- their more natural level would be derived
from Cu*1 states.' To explain the experimental existence of charge symmetry
in high temperature superconductors, we may have to rethink the location of
hole transport in the p-type materials. The Cu-O bond is clearly a
hybridization of O 2p and Cu 3d states,-and it may be overly simplistic to
identify transport in either case as occurring on a specific ionic level.

There are several important differences in the chemical and physical proper-
ties of the p- and n-type compounds. First of all, the "apparent" carrier con-
centration range over which superconductivity appears is much narrower for
the n-type systems1! SO.15 < x < 0.18 in Nd, _,Ce,Cu0,_,) than for the analo-
gous p-type materials'? (0.10 < x < 0.23 in La,_,Sr,Cu0,_,). | say "apparent”
because it is not clear to what-extent doping fractions can be transiated to
carrier concentrations. In addition, achieving homogeneous doping by diffus-
ing tetravalent cations.in the Nd,CuQ,_, host is quite difficult compared to the
p-type materials. Doping alone does not lead to superconducting samples --
a tricky and mysterious oxygen reduction process must be undergone, and a -
variety of transition temperatures running from 21-29 K can be obtained de-
pending on reduction conditions. The paper given by Maria Lopez-Morales™
at this conference addresses some of these issues. One might expect to be
able to obtain superconductivity by oxygen reduction of undoped Nd,CuQO,_,
in analogy to oxygen-rich La,CuO,_,. However, efforts to find
superconductivity in Nd,CuO,_, this way by ourselves and others we have
heard from have to date have failed -- another mystery. Understanding the
details of oxygen processing in the 2-1-4 compounds presents an interesting
challenge to materials scientists to start the decade of the 90’s.

One very intriguing feature about Nd,CuO,_, is that it is the first structure to
be successiully (i. e., "beneficially”) doped with fluorine or any other anion for
that matter. First accomplished at AT&T,™ our confirming work done at IBM
Almaden5 is summarized in Figs. 2 and 3. We have strong indirect evidence,
derived from testing several chemical synthetic routes, that fluorine substi-
tutes as shown in Fig. 2.-- on an oxygen site attached to Nd. Attempts to
fluorinate the Cu-O plane did not yield superconducting samples. It appears
that a necessary requirement for anion doping is that an ancillary oxygen site,
not coordinated in or to the Cu-O plane, be available for substitution. As In
the cation case, the potential candidate host structures seem limited right now
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to the Nd,CuQO,_, class and another challenge of the 90’'s for chemists would
be to discover other materials amenable to anion doping.

Finally, we note the activated dependence of the normal state resistivity on
temperature of the Nd,CuO,_,_,F, sample as shown in Fig. 3. This behavior
was characteristic of all initial reports on n-type samples, and, in my opinion,
is an indication of the presence of a considerable amount of insulating phase
even in more recently reported data where, although the overall slope of p vs.
T is positive, the temperature dependence is not linear, especially in the re-
gion just above Te.

Recent Experimental Results

The normal state properties of all previously known superconductors has been
well described by Fermi liquid theory; i.e., that the ground and low lying ex-
cited states of a correlated many-body ensemble of electrons can be approx-
imated in a single particle picture embodied by a Fermi surface with a singular
boundary at zero temperature. Whether this is also true for high temperature
superconductors has become a major theoretical issue. Many of the tradi-
tional magneto-oscillatory experiments used to probe Fermi surface structure
are inaccessible to the new materials due to their exceedingly large upper
critical fields. One generally accepted way of detecting the presence of a
Fermi surface in metals is to use angle-resolve photoemission (ARPES) to look
for conduction band dispersion in the vicinity of the Fermi energy and associ-
ated increases in photoemissive yield as the band crosses E.. ARPES studies
on single crystal Bi 2212, recently done by Olson'® and colfeagues at Ames-
Los Alamos-Argonne, indeed reveal such behavior thus providing the strong-
est evidence yet that the high-Tc normal state is Fermi liquid-like. In one
important respect, however, the data depart from classical Fermi liquid models
in that the lifetime broadening of photoemissive yield peak varies as E — E;
rather than the (E — E:)? required by the conventional theory. More ARPES
studies need to be done on other high-T¢ compounds to firmly establish the
nature of the normal state and its relationship to the Fermi liquid model --
another challenge for the 90's.

An additional signature of classical BCS-like superconductors is the presence
of an optical gap in the superconducting state whose energy has a prescribed
temperature dependence in the range 0 <T < T¢. A large literature has de-
veloped on optical experiments in high-T¢ materials, containing controversial
data and interpretations as to whether a gap exists, or can be seen, its tem-
perature dependence, and its magnitude, 2A(T = 0)/kT,, the latter a measure
of the strength of the carrier-boson coupling in the BCS-Eliashberg framework.
Recently, Zack Schilesinger and Reuben Collins,'? and their co-workers at IBM
and Argonne, performed polarized reflectance experiments on untwinned sin-
gle crystals of YBa,Cu;0;_, in which they were able to look exclusively at op-
tical excitations normal to the chain system and thus characteristic only of the
Cu-O planes. They found a distinctive gap-like feature with no residual struc-
ture below Tq. This residual structure, seen by both the IBM group and others



in previous twinned single crystal studies, is ascribed by Schlesinger and
Collins to contributions from chain conductivity projected onto all directions
of polarization in the a-b plane. However, their gap-like structure has an ex-
ceedingly weak, non-BCS-like, temperature dependence of its energy, quite
unlike that found in low-T, compounds. Moreover, the magnitude of the gap
is around 7 — 8 kT, consistent with their earlier results and also with more
recent tunneling data, yet enormously high compared to low-T¢ supercanduc-
tors. The optical data now appears quite definitive and a theory of the pairing
mechanism must accommodate it -- one more future challenge.

Before going on to theoretical matters, | want to mention one experimental
issue that seems to have been deflmtlvely settled in 1989 -- that is the matter
of the pair wave function symmetry. Bill Littie'® and his students at Stanford,
and independently Praveen Chaudhari'® at IBM, have demonsirated the ex-
istence of persistent currents in composite.rings of YBa,Cu;O;_, in series with
a conventional superconductor like Nb or -Pb. Persistent current in such a
structure could not be maintained unless the pair waveé function possessed the
same symmelry for each superconductor in series, and, since that 'symmetry
is known to be s-wave in Nb and Pb, it must be the same in YBa,Cuz0,_,
(more precisely, the highest symmetry aIIOwed by its $pace group) otherwise
the loop current would decay rapidly due to mismatch of pair functions of un-
like symmetry. This conclusion is reinforced by the results of Chaudhari which
were obtained on epltaxml thin fnlms where the contact direction to the Pb
bridge was along the c-axis.

Current Theoretical Issues

There is as yet no generally accepted theory of high-T. | made this remark

at last year’'s Low Temperature Physics conference and it is even more ap-

propriate today. One of the most actively discussed new ideas to emerge last

year is the so-called "marginal® Fermi liquid picture proposed by Varma,

Littlewood and Schmitt-Rink (AT&T), and Abrahams and Ruckenstein

(Rutgers),?% known collectively as the "five friends." Essentially they replace

the energy scaling parameter (the Fermi energy) of conventional Fermi liquid

theory by temperature and cut-off this temperature dependence when it ex-

ceeds the magnitude of the frequency in the frequency dependent suscepti-

bility.. That is, y" ~ w/Er goes over to y" ~ /T, w/T< 1, "~ 1, @/T>1.

This purely empirical model yields agreement with the observed linear de-

pendence of resistivity on temperature, with a frequency dependent Drude

lifetime in the near-iR, with s-wave pairing and strong coupling and with a

number of other experimental findings including the linear dependence of the.
photoemissive peak width with energy separation from the Fermi surface, al--
ready mentioned previously. However, what underlying physics may be behind

the phenomenology remains unclear.

Some of the recent experimental results have brought about a re-thinking of
RVB-related models. At a workshop in Aspen last week, Phil Anderson inter-
preted the ARPES results as evidence for charge-spin separation, one of the
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mainstays of the theory from the beginning. However, it is the feeling of most
theoreticians that the ARPES data presents the most serious experimental
chalienge to the RVB picture to date.

Lately, there has been a interesting renaissance of lattice vibration-type mod-
els. Alex Mueller?! has recently made a detailed analysis of the oxygen
isotope effect in a number of high-T; compounds and by partitioning the small
observed shifts among various oxygen sites, concludes there is evidence that
the anharmonicity of the apical oxygen contributes to the enhancement or
generation of superconductivity. Computer simulations by Morgenstern22 on
the 2D Hubbard model including an anharmonic electron-phonon interaction
show that superconductivity can arise through such a channel. Recent copper
x-ray absorption edge structure®® on YBa,Cu;0,_, indicates an
antiferroelectric-like softening of a double-well apical oxygen potential ac-
companylng the superconducting transition. The very existence of
superconductivity in the n-type compounds, without apical oxygens, demands
that such a mode cannot be the sole underlying pairing mechanism for
high-T¢, but rather provides a "pump" to higher T¢ in those compounds that
possess this site. Two tests of this conjecture would be the finding of a total
absence of an oxygen isotope effect in the n-type compounds and whether
planar Cu-O systems without apical positions but with substantially higher
transition temperatures (T¢ > 60 K) can be eventually synthesized.

Role of Microscopic Inhomogeneities

It has long been recognized that macroscopic inhomogeneity (granularity,
twinning, voids, phase separation, etc.) play a significant role in many of the
physical properties of the perovskite high temperature superconductors. More
attention now needs to be turned to effects of microscopic inhomogeneity.
First of all, on what length scale do we define the term "microscopic?" In the
framework of transport and superconducting properties, this means the carrier
mean free path and pair coherence length, respectively. For high-T¢ materials,
both these parameters are extremely small, of the order 10-20 A, and highly
anisotropic. A perspective on these extremely short distances against the
background of "uniformly” doped La,Sr;,CuQ, is given in Fig. 4, where we
show several unit cells of the La,CuO,_, structure repeated along the a-b
plane with La sites randomly doped with Sr, compared to the extent of the pair
coherence length ellipsoid. It is clear that, by no means, can the material be
considered uniform with respect to the coherence volume, even at the doping
level considered to give the highest T in this compound. For lower levels of
cationic substitution, the distribution on this length scale is even more non-
uniform. The same reasoning can be applied to other systems where cationic
substitution or non-stoichiometry is required to produce the carriers necessary
to sustain metallic behavior and superconductivity. The only exception (per-
haps) is YBa,Cu;O; ., with y = 0. For y # 0, similar scales of inhomogeniety
arise.  The inescapable conclusion is that the length scale defining
"granularity” in high-T¢; compounds is far shorter than that dealt with in tradi-
tional low-T¢ superconductors.
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Fig. 4. La,_,Sr,Cu0, doped to x = 0.2 at randomly
selected La sites, shown as solid dots,
compared to the dimensions of the coherence

“length ellipsoid.
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There are several pervasive experimental behaviors which indicate this to be
the case. One is the universal observation that both the Meissner fraction and
the shielding fraction decrease when one dopes or oxygen reduces a given
high-T¢c compound below its highest attainable transition temperature. In this
situation, the shielding fraction measured by a.c. susceptibility becomes
strongly magnetic field dependent in very small (< 1 gauss) applied fields.
Moreover, only at the "optimum" carrier concentration, i.e., highest T, is a
well-developed specific heat anomaly observed. Finally, as T¢ is lowered
through reduction or decreased doping, the normal state resistivity takes on
an activated aspect as one approaches the critical temperature.

These observations all suggest some sort of non-bulk, percolative behavior
reminiscent of granular superconductors, but at a length dimension far less
than the traditional grain or particle size. The reduced transition temperature
observed in La,_,Sr,CuQ,_,, for example, as x is decreased from 0.2, might
arise from "size effects” due to agglomeration and separation of dopant on the
scale of £,, and {; in analogy to similar behavior found in very small particles
or very thin films of low-T¢ materials. A consideration of Fig. 4 certainly gives
one reason to believe this could happen. {f true, the current picture of the
dependence of superconducting properties on carrier concentration would
have to be thoroughly re-examined. A formidable problem, and chailenge, is
to find materials characterization tools that can probe inhomogeneity and de-
fects on such small dimensions and suitable for a wide variety of elements,
especially oxygen.

Nanometer scale defects could also prove crucial to what were previously
considered "macroscopic" properties, e.g., critical current. Evidence is ac-
cruing that the strongest pinning centers are associated with point defects,
rather than at dislocations or grain boundaries as in previous type il super-
conductors. Some estimates have placed the point defect density, at one ev-
ery fourth cell along the c-direction in high-Jc thin films. It is speculated this
defect may be an oxygen vacancy, but, once again, there exists as yet no
satisfactory tool to detect the presence or absence of this almost invisible el-
ement on the atomic scale.

Applications

A year ago | mentioned in my Winter Meeting talk that no major revenue
producing applications were in store for high-T¢ for the foreseeable future --
this still remains true. No new ideas or technological applications have
emerged where high temperature superconductors would enable a large new
market vastly beyond the capability of the low-T¢ materials. Such an event is
exactly what was hoped for at the beginning of high-T¢ and which will be
needed in the future for widespread application and to sustain basic research
at the current high level. | believe this requirement is far more important than
Incremental increases in T¢ and J¢ and improvements in processibility, vital
as these factors may be. It is not enough to simply target conventional power,
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electromechanical and electronic technologies that low-T; had taken aim at
long ago. For the commercialization of high-T¢ to really take off, someone has
to come up with an application like data processing and mass communication
that required planar semiconductor technology, or the huge airline and travel
industry that was enabled by the jet engine. | am not saying this will not
happen for high-T¢, but where, when and how are the critical questions.

While awaiting this momentous occasion, there has nonetheless been much
progress toward the goals of high critical currents and more flexible materials
processing for both bulk and thin {ilm applications. Bulk wires and tapes now
exist with Jc ~ 800 — 1000A/cm? at fields of 1000 gauss in the laboratory which
will aliow the prototyping of small electric motors and power distribution ca-
bies. These figures are even more impressive with respect to thin films. Highly
oriented films can now be obtained on a variety of substrates by both sput-
tering and laser ablation that have J¢'s in excess of 108 A/cm? at 77 K in fields
as high as 1 Tesla. Such achievements demonstrate that high-T. materials
show promise of penetrating the traditional application areas of low-T¢ super-
conductors, but, as noted above, there is not yet any indication of expanding
greatly thereby the presently existing superconductivity market.

Summary

Research in high temperature superconductivity continues apace, but not with
the rapid growth seen in the iast two years. The January 1st issue of High-T,

Update lists 73 preprints from 15 countries (52 from the USA), fairly typical o
recent months. More work is being reported from Eastern Europe and small
Third World countries (e.g. Sri Lanka) underlying the truly international nature
of the field.

We have tried in this talk to identify some of the challenges that need ad-
dressing in the decade of the 90's -- actualiy, they should be thought of as
opportunities -- which we will now summarize.

- New Materials

- Continue to discover new copper oxide compounds, perhaps with
higher transition temperatures, but most importantly to help under-
stand the mysteries of high temperature superconductivity.

- Explore whether metal oxide systems not based on copper can be
found which are metallic and superconducting at liquid nitrogen tem-
peratures.

- Search to extend the class of n-type materials, especially with higher
transition temperatures in mind, in order to further probe lattice struc-
ture requirements for high temperature superconductivity,

- Understand the necessity for oxygen reduction in the n-type com-
pounds and whether other examples of anion doping can be found.

- Persist in exploring "off the beaten path" materials, such as organics,
as potential candidates for high temperature superconductors.
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- Experiment

- Continue studies relating to the appllcabilny of Fermi liquid models to
high-T¢, especially ARPES and other spectroscopies.

-  Theory

- Distill from a comparison of the properties and electronic structure of
the p- and n-type compounds clues to the nature of high-Te.

- Accommodate the weak temperature dependence of gap and associ-
ated large magnitude compared to Te¢.

- Investigate physics underlying the "marginal” Fermi liquid model.

- Continue to explore the role of the apical oxygen in high-T¢ com-
pounds.

- Determine the true role of magnetic interactions in producing (or sup-
pressing!) the pairing interaction in high temperature
superconductivity, as well as pursue other possible pairing mech-
anisms.

- Characterization

- Understand effects of nanometer scale inhomogeneities on transport
and superconducting properties of doped and reduced materials.

- Develop analytical methods to detect local oxygen stoichiometries on
the atomic level.

- Application

- Find large revenue markets where high-T¢ will be the enabling tech-
nology.

The above list, of course, is very subjective and certainly reflects my own
particular prejudices. No one can predict whether answers to these chal-
lenges will take 10 weeks or 10 years, or indeed whether new, more important
ones will arise shortly. Nonetheless, | think you will find those | did mention
to include the "educated guesses" of most high-T¢ investigators today. Per-
haps the appropriate approach one should take toward present and future
challenges in high temperature superconductivity, especially in applications,
is best expressed by the Mexican proverb,

iMas vale paso que dure que trote que canse!

On that sentiment, | would like to thank the Instituto de Investigaciones en
Materiales, UNAM, for inviting me back again this year, and my friends and
colleagues in Mexico, as well as those at the IBM Almaden Research Center,
for numerous helpful discussions on the topics covered in this talk.
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ABSTRACT: We will review events leading to the discovery of high temper-
ature superconductivity almost four years ago this month, discuss progress in
synthesis, applications, and understanding of baslc physical properties dating
from that time, and finally address areas which are likely to present major
challenges In the decade of the 1990's. With respect to the latter, we point to
the necessity for thorough materials characterization as requisite for all at-
tempts to build theoretical models for both the microscopic and macroscopic
mechanisms of high temperature superconductivity.
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Introduction

The sclence of superconductivity began, of course, with its discovery in 1911
by Kamerlingh Onnes,! and ushered In a new era of successive exciting dls-
coverles In low temperature physics which continues to this day. It arose as
a consequence of the steady improvement in gas liquifaction machinery during
the 19th century, stressing the always Important recurring interplay between
science and technology as each progresses. Since Onnes’ seminal measure-
ment on mercury, literally hundreds of superconducting materials have been
found. In fact, superconductlivity Is a rather pervasive phenomena in metallic
compounds -- the number of metals and alloys that superconduct far out-
number those that do not. Whenever a new non-ferromagnetic metal is dis-
covered, the odds that it will be a superconductor are very high. However,
history also teaches that the transiion temperature could be expected.to be
low, and, until recently, require liquid hellum refrigeration.

For many years, workers in the fleld speculated and dreamt about the possi-
bility that higher transition temperatures could be eventually achieved. One
of the great triumphs of the Bardeen-Cooper-Schrieffer theory had been the
identification of the electron-phonon Interaction as the "bosonic-glue” by
which- electrons paired to give the superconducting state. Yet this same
mechanism seemed to constrain the upper limits of accessible transition tem-
peratures to a few percent of the lattice Debye temperature or else the mate-
rial would suffer the consequence of inevitable structural instabilities arising
from ever stronger electron-phonon coupling. On the other hand, the math-
ematical framework of the BCS theory did not restrict the boson field to
phonons -- in principle, any well-behaved boson would do. Therefore, in the
1960's Bill Little? at Stanford and Vasily Ginzburg® in the Soviet Union pro--
posed structural models whereby the pairing bosons were excltons whose
characteristic energles were 10-20 times that of phonons. A period of Iintense
activity followed In the 70's searching for appropriate material embodiments,
concentrating mostly on organic and/or low dimensional systems (none have
been found with T¢ > 13 K...yet!). Most importantly, the Initiatives of Little and
Ginzburg encouraged the exploration of all sorts of "exotic" compounds in
pursuit of higher transition temperatures, leading eventually to the discovery
of superconductivity at greater than 10 K in lithium titanate by Dave
Johnston? and Pb-doped barium bismuth oxide by Art Stelght.® This proof that
significant transition temperatures could occur In metal oxides paved the way
for the breakthrough of Georg Bednorz and Alex Mueller.®

It is interesting -- perhaps ironic -- that Berndt Matthias, who uncovered more
superconducting materials than-any other researcher of his time, yet remained
a vocal skeptic of the possibility of T¢'s much above 30 K, and Alex Musller,
eventual co-discoverer of just such a compound, were contemporaries from
the same European Institute and worked Initially with ferroelectric oxides.
Matthias went on 1o concentrate on superconductivity in metal alloy systems
(1 am told he intended to begin a search for superconductivity In ferroelectrics
and transition metal oxides shortly before his untimely death in 1980), whereas




Mueller proceeded to build his career on research In ferroelectricity. This
background opened his thinking to the possibility that unusually strong
carrler-lattice Interactions, like those which might occur In mixed-valent tran-
sition metal oxide Jahn-Teller configurations, could provide a path to higher
transition temperatures. Around 1984, along with Bednorz, he began such a
search, Initially In nickelate compounds, which led to the discovery of high
temperature superconductivity in barium-doped La,CuQ,_, in early 1986, al-
most four years ago this month. It remains to be seen whether Mueller's in-
tuition was right or if some other pairing mechanism is responsible for
high-Te. Nonetheless, the principal lesson of the copper oxide perovskite
discoveries is that unusual superconductivity Is most likely to ocour In unusual
materials beyond the scope of the conventional current wisdom. It Is impor-
tant to understand that high temperature superconductivity could have been
discovered much earlier than 1986. It Is actually hard to make La,CuO,._,
without small regions of excess oxygen which glve rise to trace
superconductivity...and the compound has been around since the 50's! No-
body, until Bednorz and Mueller, was motivated to look for superconductivity
in this seemingly most unpromising class of materials.

.3

Progress in New Materials

Layered copper oxide perovskites remain the paradigm for high itemperature
superconductivity. Since early 1988, no new copper oxide materials have
been discovered with T¢ higher than the thallium 2223 125 K compound.? Two
of the major challenges for the decade of the 1980's will be to both reach out
for higher transition temperatures and to search for non-CuO-based high
temperature superconductors, perhaps expanding on the “"medium-T."
Bao,eKMBeiOa_, compound discovered In 1988 by Bob Cava and his colieagues
at AT&T. '

Although no new T¢ records have been recently set in planar coppeér oxides,
Interesting and important variations still continue to be found. n 1989 the first
materials exhibiting n-type behavior in the normal state with T = 21-24 K
were synthesized using Nd,CuO,., as the host structure,® and | will devole
my discussion on new materials exclusively to these. Unlike La,CuQ,_,, where
divalent alkaline earth cations are substituted on the lanthanlde site, the
neodymium cations are replaced by tetravalent cerlum and charge conserva-
tion implies the production of carriers with negative sign as indeed supported
by the results of Hall and Seebeck effect measurements, Figure 1 compares
the structures of the two compounds and the respective doping sites. The key
difference Is the location of the oxygens coordinated to the lanthanide position
within each structure, resulting in the presence of a Cu-O plane aplcal oxygen
in La,Cu0, ., and its absence in Nd,CuO,_,. | belleve this Is the critlcal factor
which permits delocalized holes In the former and delocalized electrons In the
latter, and not vice versa, as conflrmed by many unsuccessful atlempts at
cross-doping. If true, then the host structure choice for n-type
superconductivity is restricted to the Nd,CuO,., T’ class, at least for the
present, inasmuch as all other Cu-O planar perovskite structures have at least



Fig. 1. Unit cells of La;Cu04_y and Nd;CuQj4-,.
Note the absence of apical oxygens
in the latter structure.



one apically coordinated plane and. appear p-type, with any accompanying
non-apical planes "dead” with regard to transport; e. g., the middle Cu-O layer
in the 2223 structure. The only structural exception that | know ls
CapsSr0.1.Cu0,; however, there is no obvious location for tetravalent cationic
substitution. One of the synthetic challenges for the 90’s will be for chemists
to discover other n-type systems with hopefully higher T¢'s, but right now the
outlook seems bleak.

5.

Regarding the nature of electrical conduction in the Cu-O planes, the present
picture Is that hole transport occurs on the network of oxygen ligands in p-
type compounds. On chemical grounds, it would be difficuit to argue that
electrons move In the same band -- their more natural level would be derlved
from Cu*1 states. To explain the experimental existence of charge symmetry
in high temperature superconductors, we may have to rethink the location of
hole transport in the p-type materlals. The Cu-O bond is clearly a
hybridization of O 2p and Cu 3d states, and it may be overly simplistic to
identify transport in either case as occurring on a specliic ionic level.

There are several important differences In the chemical and physical proper-
tles of the p- and n-type compounds. First of all, the "apparent” carrier con-
centration range over which superconductivity appears Is much narrower for
the n-type systems!? S0.15 < x <0.18 In Nd,_,Ce,Cu0Q, _,) than for the analo-
gous p-type materials'? (0.10 < x <0.23 in La,_,Sr,Cu0,_,). | say "apparent"
because it Is not clear to what extent doping fractions can be translated to
carrler concentrations. In addition, achleving homogeneous doping by diffus-
ing tetravalent cations in the Nd,CuO, ., host is quite difficult compared to the
p-type materials. Doping alone does not lead to superconducting samples --
a tricky and mysterlous oxygen reduction process must be undergone, and a
variety of transition temperatures running from 21-29 K can be obtained de-
pending on reduction conditions. The paper given by Maria Lopez-Morales?
at this conference addresses some of these issues. One might expect to be
able to obtain superconductivity by oxygen reduction of undoped Nd,CuO., .,
In analogy to oxygen-rich La,CuO,_,. However, efforts to find
superconductivity in Nd,CuO,., this way by ourselves and others we have
heard from have to date have failed -- another mystery. Understanding the
detalls of oxygen processing In the 2-1-4 compounds presents an interesting
challenge 10 materials scientists to start the decade of the 90's.

One very intriguing feature about Nd,CuO,_, is that it is the first structure to
be successfully (I. e., "beneficially”) doped with fluorine or any other anion for
that matter. First accomplished at AT&T,' our confirming work done at IBM
Almaden'® is summarized In Figs. 2 and 3. We have strong indirect evidence,
derived from testing several chemical synthetic routes, that fluorine substi-
tutes as shown In Fig. 2 -- on an oxygen site attached to Nd. Attempts to
fluorinate the Cu-O plane did not yleld superconducting samples. It appears
that a necessary requirement for anion doping is that an ancillary oxygen site,
not coordinated in or to the Cu-O plans, be avallable for substitution. As in
the cation case, the potential candidate host structures seem limited right now
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to the Nd,CuQ,_, class and another challenge of the 90’s for chemists would
be to discover ot‘wer materials amenable to anion doping.

Finally, we note the activated dependence of the normal state resistivity on
temperature of the Nd,CuO,.,_,F, sample as shown in Flig. 3. This behavior
was characteristic of all initial reports on n-type samples, and, in my opinlon,
is an Indication of the presence of a considerable amount of insulating phase
even in more recently reported data where, although the overall slope of p vs.
T is positive, the temperature dependence Is not linear, especially in the re-
~ glion Just above Te. ‘

Recent Expérimental Results

The normal state properties of all previously known superconductors has been
well described by Ferml liquid theory; i.e., that the ground and low lying ex-
cited states of a correlated many-body ensemble of electrons can be approx-
Imated In a single particle picture embodied by a Ferml surface with a singular
boundary at zero temperature. Whether this is also true for high temperature
superconductors has become a major theoretical issue. Many of the tradi-
tional magneto-oscillatory experiments used to probe Fermi surface structure
are Inaccessible to the new materlals due to their exceedingly large upper
critical flelds. One generally accepted way of detecting the presence of a
Ferml surface in metals is to use angle-resolve photoemission (ARPES) to look
for conduction band dispersion In the vicinity of the Ferml energy and associ-
ated Increases In photoemissive yleld as the band crosses E.. ARPES studies
on single crystal Bi 2212, recently done by Olson'® and co!feagues at Ames-
Los Alamos-Argonne, indeed reveal such behavior thus providing the strong-
est evidence yet that the high-T, normal state is Ferml liquid-like. In one
important respect, however, the data depart from classical Fermi Hiquid models
in that the lifetime broadening of photoemissive yleld peak varies as E — E¢
rather than the (E — E¢)? required by the conventional theory. More ARPES
studies need to be done on other high-T¢ compounds to firmly establish the
nature of the normal state and its relationship to the Fermi liquid model --
another challenge for the 90's.

An additional signature of classical BCS-like superconduciors is the presence
of an optical gap in the superconducting state whose energy has a prescribed
temperature dependence in the range 0 < T < T¢. A large literature has de-
veloped on optical experiments In high-T¢ materials, containing controversial
data and interpretations as to whether a gap exists, or can be seen, its tem-
perature dependence, and its magnitude, 2A(T = 0)/kTe, the latter a measure
of the strength of the carrier-boson coupling In the BCS-Eliashberg framework.
Recenily, Zack Schlesinger and Reuben Collins, V7 and their co-workers at IBM
and Argonne, performed polarized reflectance experiments on untwinned sin-
gle crystals of YBa,Cu,;0; ., In which they were able to look exclusively at op-
tical excitations normal to the chain system and thus characteristic only of the
Cu-O planes. They found a distinctlve gap-like feature with no residual struc-
ture betow T¢c. This residual structure, seen by both the IBM group and others
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In previous twinned single crystal studies, is ascribed by Schiesinger and
Collins to contributions from chain conductivity projected onto all directions
of polarization in the a-b plane. However, their gap-like structure has an ex-
ceedingly weak, non-BCS-like, temperature dependence of its energy, quite
unlike that found in low-T; compounds. Moreover, the magnitude of the gap
Is around 7 — 8 kT, consistent with their earller results and also with more
recent tunneling data, yet enormously high compared to low-T, superconduc-
tors. The optical data now appears quite definitive and a theory of the palring
mechanism must accommodate it -- one more future challenge.

Before going on to theoretical matters, | want to mention one experimental
Issue that seems to have been definitively settled in 1989 -- that is the matter
of the pair wave function symmetry. Bill Little'8 and his students at Stanford,
and Independently Praveen Chaudhari® at IBM, have demonstrated the ex-
Istence of persistent currents in composite rings of YBa,Cu,0; ., In serles with
a conventional superconductor like Nb or Pb., Persistent current in such a
structure could not be maintained unless the palir wave functlon possessed the
same symmetry for each superconductor In series, and, since that symmetry
Is known to be s-wave In Nb and Pb, it must be the same In YBa,Cu,0;,._,
{more precisely, the highest symmetry allowed by its space group), otherwise
the loop current would decay rapldly due to mismatch of pair functions of un-
like symmetry. This conclusion is reinforced by the results of Chaudharf which
were obtained on epitaxial thin films where the contact direction to the Pb
bridge was along the c-axis.

Current Theoretical Issues

There Is as yet no generally accepted theory of high-T.. | made this remark
at last year's Low Temperature Physics conference and it is even more ap-
propriate today. One of the most actively discussed new ldeas to emerge last
year Is the so-called "marginal” Fermi liquid picture proposed by Varma,
Littlewood and Schmitt-Rink (AT&T), and Abrahams and Ruckenstein
(Rutgers),20 known collectively as the “five friends.” Essentlally they replace
the energy scaling parameter (the Ferml energy) of conventional Fermi liquid
theory by temperature and cut-off this temperature dependence when it ex-
ceeds the magnitude of the frequency In the frequency dependent suscepti-
bility. That is, x" ~ w/Er goes over to 3" ~ /T, w/T< 1, x"~1, 0/T>1.
This purely empirical model ylelds agreement with the observed linear de-
pendence of resistivity on temperature, with a frequency dependent Drude
lifetime In the near-IR, with s-wave pairing and strong coupling and with a
number of other experimental findings including the linear dependence of the
photoemissive peak width with energy separation from the Fermi surface, al-
ready mentioned previously. However, what underlying physics may be behind
the phenomenology remains unclear. :

Some of the recent experimental results have brought about a re-thinking of
RVB-related models. At a workshop in Aspen last week, Phil Anderson inter-
preted the ARPES results as evidence for charge-spln separation, one of the



mainstays of the theory from the beginning. However, it is the feeilng of most
theoreticians that the ARPES data presents the most serious experimental
chailenge to the RVB picture to date.
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Lately, there has been a Interesting renaissance of lattice vibration-type mod-
els. Alex Mueller?! has recently made a detailed analysls of the oxygen
isotope elfect in a number of high-T¢ compounds and by partitioning the small
observed shifts among various oxygen sites, concludes there Is evidence that
the anharmonicity of the apical oxygen contributes to the enhancement or
generation of superconductivity. Computer simulations by Morgenstern?? on
the 2D Hubbard model including an anharmonic electron-phonon interaction
show that superconductivity can arise through such a channel. Recent copper
x-ray absorption edge structure?® on YBa,Cu;0,_, Indicates an
antiferroelectric-like softening of a double-well apical oxygen potential ac-
companying the superconducting transition. The very existence of
superconductivity In the n-type compounds, without apical oxygens, demands
that such a mode cannot be the sole underlying pairing mechanism for
high-T¢, but rather provides a "pump" to higher T¢ in those compounds that
possess this site. Two tests of this conjecture would be the f{inding of a total
absence of an oxygen isotope effect in the n-type compounds and whether
planar Cu-O systems without apical positions but with substantially higher
transition temperatures (T¢ > 60 K) can be eventually synthesized.

Role of Microscopic Inhomogeneities

it has long been recognized that macroscopic inhomogeneity (granularity,
twinning, voids, phase separation, etc.) play a significant role In many of the
physical properties of the perovskite high temperature superconductors. More
attention now needs to be turned to effects of microscopic inhomogeneity.
First of all, on what length scale do we define the term "microscopic?” In the
framework of transport and superconducting properties, this means the carrler
mean free path and palr coherence length, respectively. For high-T¢ materials,
both these parameters are extremely small, of the order 10-20 A, and highly
anlsotroplc. A perspective on these extremely short distances against the
background of "uniformly" doped La,sSro,CuO, Is given in Fig. 4, where we
show several unit cells of the La,CuQ,_, structure repeated along the a-b
plane with La sites randomly doped with Sr, compared to the extent of the pair
coherence length ellipsold. It is clear that, by no meang, can the material be
considered uniform with respect to the coherence volume, even at the doping
level considered to give the highest T¢ in this compound. For lower levels of
catlonic substitution, the distribution on this length scale Is even more hon-
uniform. The same reasoning can be applied to other systems where cationic
substitution or non-stoichlometry is required to produce the carriers necessary
1o sustaln metallic behavior and superconductivity. The only exception (per-
haps) Is YBa,CugO;_, with y = 0. For y # 0, similar scales of inhomogeniety
arise. The Inescapable conclusion is that the length scale defining
"granularity® in high-T¢ compounds Is far shorter than that dealt with in tradi-
tional low-T¢ superconductors.
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There are several pervasive experimental behaviors which indicate this to be
the case. Onels the universal observation that both the Meissner fraction and
the shielding fraction decrease when one dopes or oxygen reduces a glven

high-Te compound below its highest attalnable transition temperature. In this .

situation, the shielding fraction measured by a.C. susceptibility becomes
strongly magnetic field dependent in very small (< 1 gauss) applied fields.
Moreover, only at the *optimum” carrler concentration, i.e., highest Tc, is @
well-developed specific heat anomaly observed. Finally, as Tc is lowered
through reduction or decreased doping, the normal state resistivity takes on
an activated aspect as one approaches the critical temperature.

These observations all suggest some sort of non-bulk, percolative behavior
reminiscent of granular superconductors, but at a length dimension far less
than the traditional grain or particie size. The reduced transition temperature
observed In La,-,SrCuOs-y, for example, as x I8 decreased from 0.2, might
arise from "slze effects” due to agglomeration and separation of dopant on the
scale of &g and &c In analogy to similar behavior found in very small particles
or very thin films of jow-T¢ materials, A conslderation of Fig. 4 certainly gives
one reason to belleve this could happen. If true, the current plcture of the
dependence of superconducting properties on carrier concentration would
have to be thoroughly re-examined. A formidable problem, and chalienge, is
to tind materials characterization tools that can probe inhomogeneity and de-
fects on such small dimensions and. sultable for a wide variety of elements,
especlaily oxygen.

Nanometer scale defects could also prove cruclal to what were previously
considered "macroscopic” properties, €.g., critical current. Evidence is ac-
crulng that the strongest pinning centers are assoclated with point defects,
rather than at dislocations or grain poundaries as in previous type 1l super-
conductors. Some estimates have placed the point defect density at one év-
ery fourth cell along the c-direction in high-Je thin flims. 1t1s speculated this
defect may be an oxygen vacancy, but, onceé again, there exists as yet no
satlsfactory tool 10 detect the presence or absence of this almost invisible el-
ement on the atomic scale. . :

Applications

A year ago | mentioned In my Winter Meeting talk that no major revenue
producing applications were in store for high-Te for the foreseeable future --
this still remains true. No new ldeas Or technological applications have
emerged where high temperature superconductors would enable a large new
market vastly beyond the capability of the low-To materials. Such an event is
exactly what was hoped for at the beginning of high-Te and which wili be
needed In the future for widespread application and to sustaln basic research
at the current high jevel. 1 believe this requirement is far more important than
Incremental increases in Tc and Jc and jmprovements In processibility, vital
as these factors may be. It is not enough 10 simply target conventional power,
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electromechanical and electronic technologles that low-T¢ had. taken aim at
long ago. For the commercialization of high-Te to reaily 1ake off, someone has
to come up with an application like data processing and mass communication
that required planar semiconductor technology, of the huge airline and travel
industry that was enabled by the et engine. | am not saying this wilt not

happen for high-Te, but where, when and how are the eritical questions.

While awaiting this momentous occasion, there has nonetheless been much
progress toward the goals of high critical currents and more flexible materials
processing for both bulk and thin fllm applications. Bulk wires and tapes now
exist with Jg ~ 800 ~ 1000A/cn¥? at fields of 1000 gauss In the laboratory which
will allow the prototyping of smalt electrlc motors and power distribution ca-
bles. These figures are even more impressive with respect to thin flims. Highly
oriented films can now be obtained on a variety of substrates by both sput- -
tering and laser ablation that have J¢'s in excess of 106 A/cm?2 at 77 Kin fields
as high as 1 Tesla. Such achievements demonstrate that high-Tc materials
show promise of penetrating the traditional application areas of low-T¢ super-
conductors, but, as noted above, there is not yet any indication of expanding
greatly thereby the presently existing superconductivity market.

Summary

Research in high temperature superconductivity continues apace, but not with
the rapid growth seen in the last two years. The January 1st Issue of High-T

Update lists 73 preprints from 15 countries (52 from the USA), fairly typloal o(i
recent months. More work ls being reported {from Eastern Europe and small
Third World countries (e.g. Sri Lanka) underlying the truly international nature
of the field.

R
We have trled In this talk to identify some of the challenges that: need .ad-
dressing In the decade of the 90's -- actually, they should be thought of.as
opportunities -- which we wilt now summarize. RIS

- New Materials

. Continue to discover new copper oxide compounds, perhaps: with
higher transition temperatures, but most Importantly to help under-
stand the mysteries of high temperature superconductivity. -

. Explore whether metal oxide systems not pbased on copper can be
found which are metallic and superconducting at liquid nitrogen tem-
peratures. S

. Search to extend the class of n-type materlals, especlally with higher
transition temperatures In mind, In order to further probe lattice struc-
ture requirements for high temperature superconductivity,

. Understand the necessity for oxygen reduction in the n-type com-
pounds and whether other examples of anion doping‘can be found.

. Perslst in exploring "off the beaten path" materials, such as organics,
as potential candidates for high temperature superconductors.



- Experiment :

- Continue studies relating to the applicability of Ferml liquid models to
high-Te, especlally ARPES and other spectroscopies. »

- Theory

- Distill from a comparison of the properties and electronic structure of
‘ the p- and n-type compounds clues to the nature of high-Te.

- Accommodate the weak temperature dependence of gap and associ-
ated large magnitude compared to Te.

- Investigate physics underlying the "marginal” Fermi liquid model.

. -- Continue to explore the role of the apical oxygen In high-T¢ com-
. pounds.

- Determine the true role of magnetic interactions In producing (or sup-

‘ pressingl) . the  palring interaction Iin  high  temperature
superconductivity, as well as pursue other possible pairing mech-
anisms.

- Characterization

- Understand effects of nanometer scale inhomogeneities on transport
and. superconducting properties of doped and reduced materials.

- Develop analytical methods 1o detect local oxygen stoichiometries on
the atomic level.

- Application
- .Find large revenue markets where high-T¢ will be the enabling tech-
... nology. ..

The -above list, of course, is very subjective and certainly reflects my own
particular prejudices. No one can predict whether answers to these chal-
lenges will take 10 weeks or 10 years, or indeed whether new, more important
ones will arise shortly. Nonetheless, | think you will find those | did mention
to Include the "educated guesses" of most high-T¢ investigators today. Per-
haps the appropriate approach one should take toward present and future
challenges In high temperature superconductlvity, especially in applications,
Is best expressed by the Mexican proverb,
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jMas vale paso que dure que trote que canse!

On that sentiment, | would like to thank the Instituto de Investigaciones en
Materlales, UNAM, for inviting me back again this year, and my irlends and
colleagues in Mexico, as well as those at the IBM Almaden Research Center,
for numerous helpful discusslions on the topics covered in this talk.
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