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Room Temperature Superconductors
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Superconductivity is a unique state of matter.
Below a critical temperature, T., a superconductor
exhibits no resistance to the flow of electrical current.
Another special attribute of a superconductor is its
giant diamagnetism. Superconductors also show
unique junction properties. The superconducting state
is destroyed if either a critical current (J.) or a critical
magnetic field (H.) is exceeded. The unique properties
of superconductors can be utilized for a wide variety
of applications. Superconducting wire can be used for
power transmission and in generators, transformers,
motors, and magnets. A growing use for superconduc-
tors is for energy storage devices termed SMES for
superconducting magnetic energy storage. Thin films
of superconductors are used in several microwave
applications. Devices based on superconducting films
also give us our most sensitive detection of magnetic
fields and may give rise to a new generation of faster
computers. Superconductors are used to levitate
trains and to produce frictionless bearings. These are
just a few of the many possible applications for
superconductors, but the actual use of these amazing
materials is limited by the fact that they must be
cooled to very low temperatures to become supercon-
ducting. Currently, the highest T, for any supercon-
ductor is about 135 K at 1 atm. If the Holy Grail of
room temperature superconductivity could be achieved,
the impact on our lives could be enormous. However,
a useful room temperature superconductor for most
applications must possess a T.. somewhat above room
temperature and must be capable of sustaining su-
perconductivity in the presence of magnetic fields
while carrying a significant current load.

Recent discoveries with superconductors increase
the likelihood that chemists will play the leading role
in synthesizing new materials which are supercon-
ducting at room temperature. The high-temperature
superconductors are thermodynamically unstable at
room temperature and at temperatures where they
exhibit superconductivity. Their kinetic stability is
generally good under these conditions, just as it is for
many other metastable materials such as diamond
and common glasses. Most of chemistry is actually
based on metastable compounds, a fact that appar-
ently does not occur to many chemists. A chemist’s
interest in synthesizing a particular compound is
usually unrelated to whether or not the compound
might represent a global minimum in a particular
system. Chemists’ lack of concern about the true
thermodynamic stability of compounds is well il-
lustrated by the fact that organic chemistry is not
considered to be based on phase equilibria in systems
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containing carbon, hydrogen, oxygen, and nitrogen.
Chemists have great expertise in the synthesis of
metastable compounds, that is, trapping a system in
some local, rather than global, minimum. However,
it appears that this expertise may be pushed to new
limits to produce the elusive room temperature su-
perconductor. New synthesis strategies will likely be
required. The biggest barrier to achieving this Holy
Grail is, however, that we lack a fundamental under-
standing of the ingredients necessary to produce
superconductivity at room temperature. Lacking such
understanding, we can only assume that some of the
characteristics of the copper oxide based superconduc-
tors provide the clue to obtaining a room temperature
superconductor. We will return to the subject of just
what characteristics we might seek for a compound
to be a room temperature superconductor.

Background

Superconductivity was discovered! by accident in
1911. Mercury developed this property when it was
cooled in liquid helium. The possibility of supercon-
ductivity had not been anticipated, and its existence
was initially greeted with great skepticism. Once the
phenomenon of superconductivity was accepted, it was
sought in many metals (Figure 1). A theoretical un-
derstanding of superconductivity came very slowly. It
was not until 1957 that a satisfactory theory was set
forth.? Although this BCS theory was met with some
initial suspicion, it was soon generally accepted. In
this theory, conduction electrons are attracted to one
another to form singlet pairs (Cooper pairs). A critical
test of useful theory lies in its ability to make
significant predictions. The BCS theory passed this
test admirably. Starting with BCS theory, Josephson?®
predicted unique junction characteristics for super-
conductors. Such junction properties were then dem-
onstrated by Anderson and Rowell at Bell Labs.*
Despite the many successes of BCS theory, it has not
been very useful in the search for high-temperature
superconductors. Once superconductivity was found
in a particular system, BCS theory did, however, offer
some guidance on optimizing T. in that system.

According to BCS theory, T. could be increased by
increasing the density of states at the Fermi level or
by decreasing phonon frequencies. Unfortunately,
increasing T. by either method tends to lead ulti-
mately to an instability. Increasing the density of
states at the Fermi level is a route to localization of
the electrons in these states. Indeed, we frequently
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Figure 1. Superconducting 7T (K) vs historical time.
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Figure 2. Schematic phase diagram showing the occurrence
of superconductivity at the boundary between regions of metallic
and insulating behavior.

find superconductors in systems where small varia-
tions in composition cause a shift from insulating to
conducting properties (Figure 2). Superconductivity
occurs in the metallic region as the metal—insulator
boundary is approached. At first, T, increases, con-
sistent with an increase of electron density at the
Fermi level. Then, superconductivity abruptly disap-
pears with the onset of electron localization. The same
forces causing T to increase ultimately result in the
destruction of superconductivity. The conduction band
splits into a lower filled band and an upper empty
band. This splitting can be driven by electronic factors
(density of states at the Fermi level or correlation
effects) or by a lattice instability (soft phonons).

Increasing T, through softening of phonon modes is
conceptually different from increasing the density of
states at the Fermi level. The ultimate result, how-
ever, tends to be the same because the softened
phonons lead to a displacive phase transition with
concomitant localization of electrons. A path to higher
T. suggested by BCS theory is that we frustrate the
transition to the localized state. This approach ap-
pears to remain valid today despite the fact that a
theory is lacking for the high-temperature supercon-
ductors. Thus, even before the advent of the cuprate
superconductors, some had concluded that metastabil-
ity was a characteristic of high-temperature super-
conductors. A few days before his untimely death,
Bernd Matthias announced® that he would renew
attempts to synthesize all of the compounds he had
failed to prepare as candidate superconductors. He
and others® were convinced that high T, and meta-
stability were intimately connected.

There was also an unfortunate consequence of
predictions from BCS theory. Reasonable assump-
tions led to the conclusion that phonon-mediated BCS
superconductivity would not exist above 30—40 K.
Fortunately, this conclusion did not dissuade everyone
in their search for superconductors with higher T..

Oxide Superconductors

Although some oxides, such as ReOs, are excellent
metals, oxides are better known as insulators than as
conductors. Most researchers did not consider oxides
as fertile territory for the discovery of new supercon-

(5) Remark at the International Conference on Ternary Superconduc-
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ductors. Superconductivity was observed’ at about 1.5
K in NbO in 1933, but this received little attention at
a time when other niobium compounds were known
to be superconducting at temperatures near 10 K.
During the 1960s, several new oxide superconductors
were discovered, but again T.s were low relative to
those of the metals and intermetallic compounds
(Figure 1). Then in the 1970s, oxide superconductors
were found with 7.’s of about 13 K. This was consid-
ered high-temperature superconductivity in those
days! In the 1980s, oxides surpassed metals for the
record high T... Raising T from 4 to 23 K required 60
years. Inless than 10 years, T, was raised from 23 K
in Nb3Ge to 135 K in HgBayCasCus0,.

The cuprate superconductors are all based on CuO
sheets where the oxidation state of copper is close to
2, but it must not be exactly 2. Compounds with the
CuO; sheets are antiferromagnetic insulators if the
oxidation state is 2 or very close to 2. The cuprate
superconductors are all mixed-valent compounds, most
of the type Cu(ILIII) but some of the type Cu(IL,I). The
charge on the CuO; sheets is thus always negative.
This must then be balanced by positive charge be-
tween CuQ; layers, and there are many ways in which
this can be accomplished. By adjusting the copper
mixed valency, nearly all the compounds containing
CuOq sheets have been induced to become supercon-
ducting.

There is no consensus on the theory for supercon-
ductivity in cuprates. Initially, some felt that this
must be an entirely new type of superconductivity.
Instead of the usual Cooper pairs of electrons, the
superconducting electrons might be single electrons
or a triplet pair. Experiments quickly established that
the superconducting electrons in cuprates are singlet
pairs just as had been earlier concluded in BCS theory.
Indeed, the basic tenets of BCS theory still appear to
be valid. While in conventional superconductors the
attractive interaction between electrons is phonon
mediated, it is believed that something other than, or
in addition to, phonons is providing the required
electron—electron attraction in the cuprate supercon-
ductors.

Metastability

Strong evidence for the metastability of cuprate
superconductors came first with YBasCu3Os+,. The
synthesis of this compound proceeds through two
steps. First, the basic structure is established at a
composition where x is much less than 1. This com-
pound is usually prepared under true equilibrium
conditions, but the compound prepared under those
conditions is not superconducting at any temperature
because the value of x is too low. Secondly, x in YBas-
Cu30s.4, is increased through an oxidative intercala-
tion reaction. Mixed valence is thus induced in the
CuOs sheets, and superconductivity occurs up to about
93 K when x is close to 1. All attempts to prepare
YBasCu3O directly failed regardless of temperature
or oxygen pressure. Eventually, calorimetry data on
the Y/Ba/Cu/O system were obtained.? These results

(7) Meissner, W.; Franz, H.; Westerhoff, H. Ann. Phys. 1938, 17, 593.
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J. H.; Slutskii, P. Z.; Nadtochii, Ju. G.; Shaplygin, I. S. Thermochim.
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Figure 8. Some of the approaches to preparing metastable
superconductors.

confirmed that both YBa;CuzO; and YBasCusOs are
metastable.® The case for metastability in cuprates
with higher T, is even more compelling.

There are many ways to synthesize metastable
compounds (Figure 3). The intercalation approach
just mentioned is a method commonly used by solid
state chemists. Intercalation of MoS; leads to many
interesting superconductors.'® One can also use
deintercalation. The first application of this technique
to the oxide superconductors was with the tungsten
bronzes.!! The T. of Rb,WOQO3 was increased by de-
creasing x. Later semiconducting LiNbO; was con-
verted to superconducting Li;;NbO2 by a deinterca-
lation reaction.?

Quenching from high temperature or high pressure
is very commonly employed to produce metastable
materials such as glass and diamond. The approaches
to the metastable materials indicated in Figure 3 can,
in principle, all start from a point of true thermody-
namic equilibrium. Subsequently, the conditions are
changed or the composition is changed under non-
equilibrium conditions. The net result in any of these
cases may be a metastable material.

The intercalation and deintercalation reactions are
just two of many approaches that chemists use to coax
certain elements to form structures which do not
represent global thermodynamic minima. Sometimes,
we use different catalysts to direct the same reactants
to different local minima. Frequently, we use different
reactants to make compounds with the same composi-
tion but with different structures in different local
minima. For the oxide superconductors, the structure
produced can depend on how that composition is
nucleated as a solid. The usual structure of SrCuO,
does not contain CuQOg layers. However, growing
SrCuOs on a SrTiO; substrate can produce a meta-
stable form of SrCuQ; which does have the CuO;
layers apparently required for superconductivity in
cuprates.
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Table 1. Features of High-T, Superconductors

metastability

disorder

electrons nearly localized
(poor metal)

high covalency
antibonding conduction band
(o* better than 7*)

mixed valency which includes d?, d9, or s!
proximity of 6s or 6p bands

layered structures

pseudotetragonal symmetry

noncubic local environment

light elements present

magnetic interactions

Commonalities and Trends

Current theory provides little or no guidance in our
pursuit of room temperature superconductivity. We
must, therefore, establish the common features of the
superconductors with high T.. From those features,
we can seek out trends which might lead to higher
T.. Although it is a relatively simple task to collect
together the common features (Table 1), it is impos-
sible at this time to reach consensus on which features
are relevant to obtaining superconductivity at room
temperature.

We have already discussed the metastability of high-
T. superconductors. An intimately related feature of
these materials is the high concentration of defects
which are generally present in such materials. These
include cation and anion vacancies and interstitials,
antisite disorder, and displacements of atoms from
ideal lattice sites including incommensurate super-
structures. Although the CuO; layers ideally possess
square symmetry, this symmetry seems to always be
broken by either long-range or short-range deviations
of the structure. It, therefore, seems unlikely that a
successful theory will be based on the ideal structures
usually considered.

It is well accepted that a superconductor must be a
poor metal, close to actually becoming a system of
localized electrons. Herein lies the biggest problem
for producing room temperature superconductivity.
Not only is there always something competing with
superconductivity, but it appears that the very forces
that are used to increase T are also driving the system
toward localization. The localized state may be a
charge density wave, i.e., a disproportionated system.
It might also be a magnetically ordered state. In any
case, we would like to frustrate the transition to the
insulating state while enhancing the forces increasing
T.. One approach lies in the partially disordered
lattice common to the high-temperature superconduc-
tors. This disorder can frustrate the long-range forces
required for localization. Another approach is to make
use of lattice symmetry to frustrate the ordered state.
Disproportionation of a cation is easy in the perovskite
structure, for example, 2BaBilVO; — BayBill'BiVOq,
because the cubic lattice symmetry need not be
destroyed. However, disproportionation of Sn'! in SnP
with the rock salt structure!® is inhibited because it
cannot occur without breaking the cubic lattice sym-
metry.

A high degree of covalency is required. This is
simply a statement that there must be adequate

(13) Donohue, P. C. Inorg. Chem. 1970, 9, 143.
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mixing of cation and anion wave functions. A band
must contain a significant portion of both anion and
cation character if electrons are to be delocalized over
the lattice. The metallic conduction in ReOj is not the
result of direct overlap of cation orbitals. Instead, the
conduction band is a Re—0O #* band. In the case of
cuprates, the conduction band is a o* band derived
from Cu 3d.2-,2 and O 2p states. In all of the oxide
superconductors, the conduction band is antibonding
in character. For those with the highest T, (Ba,K)-
BiO; and cuprates, this is a o* band.*

All of the oxide superconductors are mixed-valent
compounds. One issue which arises is whether we
should be considering the energetics of two or three
oxidation states of a given cation.!® The tungsten
bronze superconductors are WYLV compounds. The
cuprate superconductors are either Cull! or CuflHl!
compounds. However, whether compounds with Cu!O,
layers are metallic or not can be related to the
proximity of the Cul'l! state relative to the Cul! state.
Furthermore, the disproportionated state may be
directly related to the electron—electron attraction
required for superconductivity.'® Thus, crucial charge
fluctuations in the CuO; layers may depend on the
momentary coexistence of Cul, Cul!, and Cu'll,

The superconducting cuprates all have structures
with CuOq layers. The long-range dimensionality may
be important. Alternately, this might simply be a
reflection of the need for a local symmetry around
copper which is not cubic or even close to cubic.
Compounds of the type LaCuQOj;-, can be prepared at
high pressure.!” No CuOs layers are present, and the
coordination of copper is not square planar. Super-
conductivity is not observed in LaCuOs;-, perovskites
at any value of x. This could be due to either local
symmetry or lattice symmetry. We do not yet have
enough chemistry of mixed-valent cuprates without
CuQ; sheets to answer this question. We should,
however, remember that superconducting Ag;0sNO3
is cubic with Agll!l on square planar sites.!®

The CuQ. sheets stack to give structures which
always have pseudotetragonal symmetry. However,
true tetragonal symmetry seems always to be absent.
The Cu—O chains in YBazCus0O; destroy the tetrago-
nal symmetry. An incommensurate superstructure
destroys the tetragonal symmetry in BizSroCaCuzOs.
Short-range displacements destroy the tetragonal
symmetry in Tl;Ba;CaCuz0s.%°

It is tempting to conclude that the presence of light
elements is an important ingredient of high-temper-
ature superconductors. Unexpectedly high T.’s have
also been found in borocarbides?® and fullerides.?! This
could be rationalized according to traditional BCS
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theory on the basis of higher vibrational frequencies
for lighter atoms. It is, however, unclear that such a
theory pertains to superconductors with the highest

e
Cuprate superconductors always contain additional
cations. These are required to balance the negative
charge of the CuQ; sheets. They are also needed to
establish a desired structure. In the case of the
alkaline earths and rare earths, these cations would
seem to serve no further role. However, it is the ratios
of these cations to oxygen that determine the degree
of mixed valency in the CuQOs sheets. With the
exception of Pr, these cations do not have levels close
enough to the Fermi level to impact the o* Cu 3d,2,2
— O 2p band. When Bi, Pb, Tl, or Hg is incorporated
between CuQ; layers, a T. enhancement frequently
occurs. There is no consensus on the critical role
played by these cations. They are all capable of mixed
valency. It is possible that charge fluctuations due
to mixed valency are present in both the CuQ; layers
and the layers containing Bi, T1, or Hg. These charge
fluctuations might interact in a way that enhances T..
The systems become more polarizable when Bi, Tl, and
Hg are added, and this could be the crucial factor in
enhancing T.. All of these elements possess a 6s or
6p band close to the Fermi level. This will lead to
some 6s or 6p character in the ¢* Cu 3d,2-,» — O 2p
band. Perhaps this enhances 7. in some way.

Traditionally, magnetic interactions have been con-
sidered to be the enemy of superconductivity. Transi-
tion metal oxides can be metallic at many different d
electron concentrations of a given d shell. However,
superconductivity above 4 K occurs only if a d shell is
nearly empty or nearly filled. It would appear that
the strong magnetic interactions due to several un-
paired d electrons always prohibit superconductivity.
Despite this case for magnetic interactions inhibiting
superconductivity, many believe that the magnetic
interactions in cuprates favor superconductivity.

There is one widely accepted correlation with T. in
the cuprates. There is an optimum ratio of oxidation
states in these mixed-valent materials. The Cul/Cull
or Cu’/Cu! ratio should be close to 5. The exact ratio
of oxidation states which gives the highest T, depends
on the system. Those systems giving the highest T.’s
do so at lower Cul/Cu'" ratios. The Cu—O distances
will, of course, correlate with Cul/Cu! and Cul/Cu!
ratios. Thus, there will be the expected correlation
between Cu—0O distance and 7.. Other correlations
with 7. have been proposed, for example, with Cu—
Cu interplanar distance, Cu—O—Cu angles, and num-
ber of immediately adjacent CuQOg sheets.

Room Temperature Superconductivity

Superconductivity at room temperature will likely
require some form of electron—electron attractive force
to produce singlet pairs. Fortunately for chemists, we
can view this as a real-space phenomenon. In tradi-
tional superconductors, the electron—electron attrac-
tion and pairing was viewed as occurring in momen-
tum space. In real space, these electrons might be
2000 If apart. In the high-temperature superconduc-
tors, the two electrons making up the Cooper pair may
be in neighboring unit cells. Any real-space electron—
electron attractive force is now a legitimate starting
point, although one which would lead to a singlet pair
would seem to be preferred.
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The electron—electron attractive force which I have
preferred is disproportionation.!3-15 The dispropor-
tionation reactions of Bi'¥ to Bi'/Bi" and Cu®* to Cul!!
give electron—electron attraction to form singlet pairs.
Linus Pauling wrote to me as soon as he learned that
I had suggested that the electron—electron attraction
in oxide superconductors might be related to such
disporportionation processes. He had found?? in 1938
that gold in CsAuls was disproportionated into Au!
and Aull, and he suggested that substitutions into this
compound might also give a superconductor. I agree,
but perhaps this superconductivity will require high
pressure. It has been shown?? that, at high pressure,
insulating CssAulAul™Is converts to metallic CsAu'ls,
If appropriate AulM or Aull! compositions can be
produced in this perovskite structure, I would expect
superconductivity, but I would not predict 7.. Unfor-
tunately, the disproportionation process also tends to
give electron localization. The key to room tempera-
ture superconductivity may be in defining a new type
of electron—electron attraction which does not so
readily lead to electron localization.

It may be that we will not be able to define a new
type of electron—electron attractive force for our room
temperature superconductor. Instead, we will have
to become more clever in our attempts to thwart
electron localization. There have been many reports
of possible superconductivity at temperatures higher
than 150 K. If any of these results are actually related
to a superconductor in the sample, the amount of
superconductor was very small. Such samples are
always multiphase with the possible superconducting
phase being less than 1% of the sample. There has
been no way of determining which part of the sample
showed the evidence for superconductivity. Reproduc-
ibility from sample to sample has been poor. The
evidence for superconductivity in a given sample
disappears with time. All of these problems are easy
to understand if such superconductors with very high
T.’s are highly unstable. A microprobe technique that
could indicate the region of the sample showing
evidence of superconductivity would be invaluable.

The rise of T. in cuprates has been largely the result
of empirical approaches and serendipity. For example,
attempts to replace Y for La in (La,Ba);CuO; led to
the formation of YBasCuzO7. Robots have been de-
veloped?* which can produce 30 candidate supercon-
ductors per hour.

Superconductivity has not yet been induced into
cuprate oxyhalides of the type AzCu0:X; or A3Cuz0.Xs
where A = Ca, Sr, or Ba and X = Cl or Br. Mixed
valency of the Cu™™ type has apparently been intro-
duced into the CuO; sheets of these compounds.?
Perhaps the ratio of Cul! to Cu! is not quite right for
superconductivity. The added polarizability of the
halide ions might give rise to an enhancement of 7.
when we eventually produce superconductivity in this
class of cuprates. An interesting cuprate oxyhalide
superconductor can be produced by intercalation of Bis-
SroCaCuy0s with iodine.?® Iodine Méssbaur studies?’

(22) Elliott, N.; Pauling, L. J. Am. Chem. Soc. 1938, 60, 1846.
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indicate that iodine is present as the mixed-valent I3~
species. We thus have a compound with apparent
mixed valency of Cu, Bi, and 1. The T. of BixSre-
CaCuy0s is, however, only slightly altered by iodine
intercalation. It is noteworthy that Is~ can exist in
this compound because BiV, Cu}, and even Cul
normally oxidize I~ to I°.

Many groups?® are using layer-by-layer deposition
techniques to produce new, highly metastable, cuprate
structures. Some of these have given indications of
superconductivity at 180 K and even 250 K. However,
superconductivity at these temperatures remains
unverified.

We may have to move away from cuprates to obtain
room temperature superconductivity. Some groups
are investigating tin chalcogenides and halides. Tin
diselenide becomes superconducting at 8 K when
intercalated with bis(cyclopentadienyl)cobalt.?® Lay-
ered structures such as (CsHyNH3):(CH3NH;3).Snsl,

(27) Kishio, K.; Pooke, D.; Trodahl, H. J.; Subramaniam, C. K.; Kotaka,
Y.; Seto, M.,; Kitao, S.; Maeda, Yu. J. Supercond. 1994, 7, 117.

(28) Locquet, J.-P.; Méchler, E. MRS Bull. 1994, 19, 39.

(29) Formstone, C. A.; FitzGerald, E. T.; O'Hare, D.; Cox, P. A;
Kurmoo, M.; Hodby, J. W.; Lillicrap, D.; Goss-Custard, M. J. Chem. Soc.,
Chem. Commun. 1990, 501,

(30) Mitze, D. B; Feild, C. A.; Harrison, W. T. A.; Guloy, A. M. Nature
1994, 369, 467.
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show a transition from insulating to metallic conduc-
tivity with changing composition, but superconductiv-
ity has not yet been observed.3°

Before the advent of cuprate superconductors,
compounds and alloys of niobium seemed to be the
most promising for high 7.. Thus, there have been
many studies of reduced niobium oxides. To date, the
results have been disappointing. The highest T,
obtained!! for a niobium-based oxide is 5.5 K in
Li,NbOs. Perovskite type niobates such as BaNbO;
are metallic, or nearly metallic, but have not been
found to be superconducting. Many compounds con-
taining the NbgO19 cluster have been prepared. De-
spite their resemblance to the superconductors con-
taining the MogSs cluster, none of the niobium oxide
cluster compounds prepared to date show indications
of superconductivity.

The search for room temperature superconductivity
will continue. Many new interesting materials will
be discovered on the way. Theory may not help us in
this quest, but perhaps the quest for this Holy Grail
will provide the clue to a successful theory.
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