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I. Introduction

The discovery of oxide materials which become superconductors
at the liquid nitrogen temperature 1, 2 has resulted in a rapid
development of studies of their physicochemical properties.
These studies showed that the high-temperature superconductiv-
ity (HTSC) is extremely sensitive to the effect of the environment.

An opinion exists that superconductors are thermodynami-
cally unstable systems.3 On the other hand, it was shown in one of
the first reviews on the thermodynamic properties and stability of
yttrium-containing superconducting ceramics 4 that, although the
YBa2Cu3O7 phase is somewhat unstable thermodynamically, it
can exist almost infinitely in this state. As a result of interaction of
oxide ceramics with foreign molecules, superconductivity can
both disappear and appear. Both of these phenomena have been
observed experimentally in a study of the effect of the external
molecules on the properties of HTSC oxides. Systematic analysis
of the effect of foreign molecules on HTSC materials can help to
reveal new ways for reaching high superconducting transition
temperatures.

From the applied viewpoint, an important task is to obtain
HTSC materials with high critical superconductivity parameters,

viz., temperature (Tc), current (Ic) and current density (Jc).
Research on both classical low-temperature superconductors
and HTSC materials has shown that high critical currents can be
obtained if the superconductor structure incorporates an opti-
mum number of defects acting as pinning centres for the
Abrikosov vortices. Systematic studies of processes for the con-
trolled formation of defects in superconducting materials has led
to the conclusion that the intercalation of various chemical
admixtures produces additional pinning centres, and hence
increases the critical current density.

Recently, great interest arose in new electronic sensors which
contain layers of organic molecules or polymeric films deposited
on the surfaces of semiconductors or metals.5 ± 7 Such elements
have a significant advantage over the usual inorganic solid-state
sensors, i.e., enhanced sensitivity and selectivity with respect to
environment.8 ± 10 A novel class of oxide materials, viz., high-tem-
perature superconductors that possess a combination of unique
physical properties at relatively high temperatures, has also
become the subject of intense studies aimed at their application in
similar electronic elements. For instance, it was found that molec-
ular dye layers deposited on a Josephson junction made of super-
conductors increase considerably the sensitivities and selectivities
of light sensors with respect to visible light.11 ± 13 This was the first
documented example of the effect of the properties of an HTSC
material on the electron state of adsorbed organic molecules.

In this review, we have analysed the reported data on the effect
of adsorption and intercalation of molecules on the physicochem-
ical properties of ceramic and film HTSC materials and on the
effect of the superconducting state on the low-temperature
adsorption, catalysis and the electronic state of the molecules
adsorbed on the HTSC material surfaces. Intensive studies are
now being carried out along these lines, hence our review cannot
claim to be comprehensive. In some cases, the interpretation of
certain experimental results can be debatable. Nevertheless, the
possibility of the reciprocal influence of the superconducting state
and the molecular processes on the surface of HTSC materials is
an established fact, which however requires detailed studies.

II. Some specific features of the physicochemical
properties of high-temperature superconductors

All high-temperature superconductors are copper-containing
oxides of complex chemical composition. As a rule, each unit cell
of an HTSC phase incorporates from four to six chemical
elements.14
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The data from small angle neutron scattering indicate that
polycrystalline HTSC materials contain rather branched systems
of pores connected to the surfaces of samples.15 Hence, molecules
from the environment can readily penetrate into the specimen and
react with the superconducting phase. The specific surface of such
specimens measured by the Brunauer ±Emmett ±Teller (BET)
method on the basis of the low-temperature nitrogen adsorption
is from 0.2 to 1.5 m2 g71, which is rather high for compact
ceramic materials. The thermodynamic instabilities of HTSC
materials can manifest themselves in their smaller stabilities in
comparison with those of simpler low-temperature superconduc-
tors, viz., metals and alloys.

Obviously, the effect of foreign molecules on HTSC materials
can be rather complex. In addition, the study of these effects and
particularly their interpretation can be complicated considerably
because the surface chemical composition of an HTSC material
differs significantly from its bulk composition.

In order to classify possible mechanisms of the interaction
between the HTSC materials and the external molecules, it is
worthwhile to consider some characteristic features of the struc-
ture of these materials and the mechanism of the initiation of the
superconducting state.

1. Specific features of the structure of high-temperature
superconducting oxides
Such multi-component oxide systems as La7Ba(Sr)7Cu7O,
Y7Ba7Cu7O, Bi7Sr7Ca7Cu7O with perovskite-like or
defective perovskite-like structures (Fig. 1) represent typical
HTSC materials.16, 17

Virtually all HTSC materials are characterised by the exis-
tence of copper ± oxygen layers and chains. The first and most
important factor enabling superconductivity to appear is the
existence of at least two types of copper coordination in the
structural cell of the material; this results from the ability of the
lattice copper ions to exist in several oxidation states, namely
Cu(I), Cu(II) and Cu(III). Overlapping of the 3d orbitals of copper
with the 2p orbital of oxygen results in the formation of a valence
band and strong delocalisation of the holes.18 In the structure of
CuO2 (the copper ± oxygen layers), the holes migrate along the
oxygen anions, whichmakes the 3d 9L-type electron configuration
much more probable than 3d 10L (where L is the oxygen
vacancy).19 This specific behaviour of copper ions (in particular,
the possibility of existence in several different coordinations) is

closely related to a manifestation of the Jahn ±Teller effect by
these ions.

The second factor responsible for the superconductivity of
oxide systems is the low spatial dimensionality of the electronic
structure, which is nearly two-dimensional. The low effective
dimensionality of the electronic structure of HTSC materials
results from the presence of the copper ± oxygen layers (see
Fig. 1). It is in these layers that the electrons providing the
superconductivity are localised. The low structural dimensionality
of an HTSC material is directly proved by strong anisotropy of
superconductivity: the critical current along the crystallographic
axes a and b is by an order ofmagnitude higher than that along the
c axis.20, 21

The low dimensionality of the electronic structure is not the
only factor which enables the possibility of existence of the
superconducting state. For example, it has been shown 22 that
the superconductivity of La2CuO4 is much more strongly affected
by violation of the stoichiometry of this oxide with respect to
oxygen than by structural changes. The non-stoichiometry effect
becomes more pronounced as the La :Cu atomic ratio decreases.
The excess of copper favours the formation of additional oxygen
vacancies; this facilitates the incorporation of oxygen during
synthesis, resulting in partial oxidation of Cu2+ into Cu3+.
Unlike La27xCuIIO4, the La27xCuII/IIIO4 compound is a
superconductor.

InYBa2Cu3O77x, violation of stoichiometry occurs due to the
filling of the oxygen rows at the O(4) position (see Fig. 1 b).23 ± 25

The superconducting orthorhombic structure of YBa2Cu3O77x

exists at the oxygen index x4 0.6. For x>0.6, the unit cell of this
oxide is characterised by a non-superconducting tetragonal struc-
ture. Figure 2 shows the dependence of the superconducting
transition temperature on the oxygen index x.24 One can see that
the quantity of the excess (or mobile) oxygen affects substantially
the ceramics superconductivity.

The role of oxygen in HTSC materials has been discussed in
several publications (see, e.g., Refs 23, 24, 26 ± 28). In the ortho-
rhombic phase of YBa2Cu3O77x , oxygen can occupy different
crystallographic positions:27 the O(2) and O(3) positions in the
[CuO2] plane and two positions, O(1) and O(4), in the Cu7O
chains (see Fig. 1 b). The oxygen states O27, O7 and O2ÿ

2 , which
exist in dynamic equilibrium and affect the superconducting and
chemical properties of the majority of HTSCmaterials, have been
predicted theoretically and found experimentally.28 The high
oxygen mobility in the material bulk is provided by the oxygen
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Figure 1. Unit cells of typical HTSC oxides.

(a), La27xSrx(Bax)CuO4; (b), YBa2Cu3O77x; (c), Bi2(Ca,Sr)3Cu2Oz (one half of the unit cell is shown).16, 17
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forms which have the smallest charge or even no charge at all,
whereas electron migration is provided by the O27 ions.

2. Structures of polycrystalline specimens
Ceramic polycrystalline HTSC materials are of the greatest
interest. This is due to their accessibility and relative simplicity
of their preparation, which enables the synthesis of single-phase
specimens with high superconducting transition temperatures.
The main obstacles to the wide practical application of polycrys-
talline superconductors include the low critical currents and their
rapid decrease as the field increases. In addition, ceramic HTSC
materials have low corrosion resistance.

A polycrystalline HTSC material (ceramic) is a system of
anisotropic superconducting granules with sizes ranging from 1 to
100 mm; they are linked in a three-dimensional network of weak
Josephson junctions.27, 28 In a general case, a sandwich-like
structure of the SNISN type appears on the boundaries between
the granules (where S is a superconductor; N is a layer with normal
metallic conductivity or a superconductor layer with a lower
critical temperature; I is a dielectric or semiconductor layer). The
thickness of the boundary layer allowing superconductivity cur-
rent to flow between the granules should not exceed the coherence
length along the crystallographic axis c [ec(0 K)=0.2 nm] and in
the ab plane [eab(0 K)=1.64 nm].29

Weak bonds between the granules of ceramic HTSCmaterials
differ in nature. In this review, we shall consider only those typical
features of the structure and properties of inter-granule layers that
can be affected bymolecules foreign to the givenmaterial, namely:
(1) non-stoichiometry of granules with respect to oxygen in the
near-boundary layers; (2) high probability of admixture segrega-
tion at the inter-granule boundaries; (3) possibility of defective
packing; (4) presence of `foreign' or amorphous phases at the
inter-granule boundaries.

The oxygen non-stoichiometry is due to surface rearrange-
ment because of a decrease in the surface energy at the granule
boundaries. The boundary layers with a high fraction of the lattice
sites belonging to both contacting microcrystals are also energeti-
cally favourable.

Studies of admixture-free boundary granule layers of single-
phase ceramic with composition YBa2Cu3O77x (Refs 30 ± 33)
showed that enrichment of granules with copper and their
depletion of oxygen occurs in a boundary layer no thicker than
5 nm. The phase formed at the granule boundaries has a ortho-
rhombic structure.

Within the percolation theory based on the random distribu-
tion of oxygen defects, the critical oxygen deficiency (the oxygen
index x) was determined; above this value, the oxygen-enriched
structures (superconducting granules) are separated with insulat-
ing layers and the inter-granule superconductivity transport
current is absent.34 The value of x for the YBa2Cu3O77x HTSC
ceramic found by the Monte Carlo method for a square lattice
(two-dimensional superconductivity) was 0.26.34

Segregation of admixture atoms and phases at granule boun-
daries seems to be the simplest and most natural reason for the
formation of inter-granular layers possessing metallic conductiv-

ity and/or dielectric properties. In most cases, carbon and/or
carbon-containing compounds constitute one of the main admix-
tures on the granule surfaces. Carbon can originate not only from
the starting compounds used for the material synthesis, e.g.,
barium carbonate, but also from atmospheric carbon diox-
ide.35 ± 37 If excess BaCO3 is present in the starting mixture for
the ceramics synthesis, carbon is segregated on the granule
boundaries and forms a coating 1 ± 4 monolayers thick.38 It is of
note that carbon is not present on intergranule fractures.

In addition to carbon and its compounds, non-superconduct-
ing phases formed from the starting compounds due to incomplete
synthesis were found on granule boundaries.39, 40 For example,
local melting at granule boundaries in copper ± barium± yttrium
HTSCmaterials at synthesis temperatures above 930 8C results in
the formation of regions enriched with barium (the BaCuO2

phase), yttrium (the BaY2CuO5 phase) or copper (the liquid
phase).41

The formation of defective packing in the crystal structure at
inter-granule boundaries and the formation of a twinning struc-
ture in the ceramicmicrocrystals are accompanied by relaxation of
elastic stresses that appear upon structural phase transitions in the
temperature range from 873 to 973 K. For example, the absolute
majority of the granule boundaries of the YBa2Cu3O77x ceramics
contain inter-layers consisting of blocks of atomic planes CuO27
BaO7(CuO2)7BaOx ca. 1.5 nm thick; this is explained by the
breaking of the layered structure inYBa2Cu3O77x. This process is
similar to the formation of the YBa2Cu4O77x phase with a critical
temperature of 80 K.42 ± 44 Since the coherence length along the
axis c is 0.7 nm, the presence of such inter-layers on the bounda-
ries of the majority of granules should have a strong adverse effect
on the ability of the ceramics to conduct electric current.

The presence of the twinning structure inside themicrocrystal-
line granules favours the formation of domains shaped as long (up
to 1 nm) narrow `bands' parallel to the (110) or (110) axes. The
width of these domains varies from 5 to 300 nm and depends on
the technique for the ceramic's synthesis and on the granule size.45

These structures also deteriorate the current-carrying ability of
HTSC materials.

3. Properties and structures of real high-temperature
superconducting oxide surfaces
The interaction of the external molecules with an HTSC material
starts at its surface. It has been noted above that, generally, the
chemical composition, state, and structure at the surface and in
the bulk of a superconductor differ considerably. However, the
properties of the surface layer of an HTSCmaterial affect directly
the electronic properties and superconductivity parameters of the
bulk phase.46

The surfaces of the specimens are highly non-uniform. They
contain macroscopic defects, such as growth steps, cracks, pores,
dislocation exits, etc. Due to the interaction of coordination-
and/or valence-unsaturated surface atoms with the external
molecules, various chemical components are invariably present
at the surface.

The adsorption of molecules and atoms often changes the
properties of the surface itself, particularly the electron state of the
surface atoms. The study of the YBa2Cu3O77x ceramic by photo-
emission spectroscopy revealed a difference in the state of the
`pure' and `contaminated' surfaces.47 Typical contaminations
appear due to the chemisorption of the H2O, CO, and CO2

molecules. The content of surface carbonates on `contaminated'
specimens is 10 at.%±15 at.%, while that on a `pure' specimen is
1 at.%. The surface also contains barium hydroxide, copper
oxides, various yttrium compounds and the so-called `green'
phase, i.e., Y2BaCuO5. The surface copper exists in the Cu+ and
Cu2+ states;48 the near-surface layer does not possess super-
conductivity.49 It is therefore obvious that controlled surface
cleaning is an important problem in studies on the effect of the
surface states on the material superconductivity.
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Figure 2. Dependence of Tc of the YBa2Cu3O77x ceramic on the oxygen

index x.24
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It is well known that chemical etching of polycrystalline films
ofYBa2Cu3O77xwith solutions of halogens and hydrogen halides
in alcohols improves the stoichiometric composition of the surface
and decreases considerably its contamination with carbonates and
hydroxides.50 For example, it was shown 51 that the electric
characteristics of the tunnel contact between the YBa2Cu3O77x

film and metallic niobium are improved considerably after chem-
ical etching of the film. In this case, an inter-layer of the SNS type
is formed in which the surface resistance is almost 30 times smaller
and the critical current is 40 times greater than those in contact via
a non-cleaned surface. An inter-layer between the superconduc-
tors can be fabricated by chemical etching. Probably, this type of
treatment of superconducting ceramics not only decreases consid-
erably the surface contamination but also brings about certain
chemical modification of the surface layer of the YBa2Cu3O77x

system due to reactions of halogens and hydrogen halides with
metal oxides on the surface. In fact, treatment of an YBa2-
Cu3O77x film surface with a 1%±2% solution of Br2 or HBr in
ethanol results in the following surface compounds: YBr3, BaBr2
and CuBr.52 Scanning electron microscopy did not reveal any
significant changes in the surface morphology after chemical
etching. It is important that surface treatment of this type
increases its resistance against atmospheric gases.

Interesting results were obtained by bombardment of HTSC
film surfaces with argon and oxygen ions. Bombardment with
argon ions with an energy of 500 eV results in strong damage of
the surface layer.23, 53 Oxygen atoms are preferentially removed
from the surface and hence copper is reduced (while electro-
neutrality is maintained). This damage affects directly the oxygen
vacancies and causes disordering of the near-surface layer atoms.
As a result, the superconductivity characteristics of the films
become much worse. However, the original properties of the
films are completely restored after annealing in pure oxygen.

Quite a different picture is observed if the surface of an HTSC
material is bombarded with oxygen ions.54 In this case the surface
etching rate is higher than that in the case of argon bombardment.
After a brief bombardment, the dependence of the superconduct-
ing transition temperature for the YBa2Cu3O77x film on the
etching time passes through a maximum with DT=2 K and
then tends to the original value.

Hence, cleansing of the surface of an HTSC material by
bombardment with oxygen ions is preferable to cleansing with
argon ions. The mechanism of the effect of high-energy oxygen
ions on the superconductivity transition temperature is not quite
clear yet. However, it can be assumed that during bombardment
with O7 ions, the surface layer, which is originally depleted of
oxygen, is forcedly saturated with it, which favours the formation
of the superconducting phase.

Although scribing (mechanical surface cleaning) of the
YBa2Cu3O77x ceramic decreases the contamination with foreign
molecules, it damages the surface considerably.55 Studies of the
surface by characteristic electron energy loss reflection spectro-
scopy showed that the near-surface layer contains an excess of
barium and oxygen atoms, while the surface concentration of the
copper ± oxygen planes is insignificant. This is explained by the
fact that scribingmostly results in microcrystal breaking along the
inter-granule boundaries or at the Ba7O planes. In addition,
preferential diffusion of the Ba7O complexes over the surface
occurs.

One should pay attention to the nature and structure of the
adsorption-active sites capable of adsorbing foreign molecules on
the surfaces of HTSC materials. As shown in earlier studies,56 the
structures of real surfaces of oxide semiconductors and dielectrics
are rather complex. The nature of the adsorption-active sites is
determined by the state of oxygen in the near-surface region:
deficiency or excess of oxygen give rise to electron-donating or
electron-withdrawing active sites, respectively.

Studies of the YBa2Cu3O77x ceramic surface revealed active
sites consisting of Cu+ cations and an oxygen vacancy (&, hole),
which is an electron acceptor.57 At room temperature, an active

site of the [Cu+, &] type is stabilised by the elastic strain field of
dislocations or by boundaries of twinning structures.58 At 400 K,
diffusion of the interstitial O7 ions begins to the sinks on the
surface (holes or dislocation exits). Trapping of the O7 ion by the
oxygen vacancy results in electrically neutral oxygen and a free
electron. A fraction of the O7 ions reaching the Cu2+ surface ions
can transfer a hole to them; this probably results in Cu3+.
Subsequent evolution of the active site at 580 K involves migra-
tion of neutral oxygen from the bulk; it `catalyses' the decay of the
[2Cu3+, 2O27] site accompanied by the emission of the O27 and
Cu2+ ions to the surface.59 The disappearance of the O2ÿ

2

bipolarons (local hole pairs) after the first heating in vacuo at
623 Kmakes the transition of this ceramic to the superconducting
state at T>77.4 K impossible.

The evolution of the state of oxygen on the YBa2Cu3O77x

surface at low temperatures was studied 59 by recording the trans-
formation of the O(1s) X-ray photoemission spectrum upon
temperature decrease from 300 to 110 K. At 110 K, the O7 ions
in the near-surface region are dimerised to give the O2ÿ

2 dimer, but
the oxidation state of the copper ions remains unchanged.
Simultaneously, the surface electric conductivity increases.

III. The effects of adsorption and intercalation of
simple compounds on the properties of high-
temperature superconductors

Intercalation of simple molecules into HTSC ceramics is accom-
panied by various physicochemical transformations: replacement
of nodal atoms in the crystal lattice, intrusion of foreignmolecules
into the interstitial space, diffusion of molecules along the ceramic
granule boundaries and formation of strong chemical bonds at the
surface.

Unfortunately, the available experimental data do not allow
yet an unambiguous conclusion regarding the nature of the
interaction between small molecules and the superconductor
material to be made.

For example, it is believed that the low-temperature adsorp-
tion of molecules on oxides is generally of physical character,
hence it is non-specific and its dependence on the availability of
adsorption sites and the electron state of the surface is insignif-
icant. Physical adsorption can result in only small changes in the
surface charge and the vibration modes of the surface atoms.
However, in reality the adsorption of certain molecules on HTSC
materials at T<300 K affects their superconductivity; this can-
not be explained by simple physical adsorption. As a rule, the
changes in the superconductivity characteristics observed in these
cases are related to intercalation or inclusion phenomena of
molecules into the structure. The possibility of intercalation and
chemical interaction of simple gases with HTSC materials at high
temperatures (>473 K) has been established reliably and does
not raise doubts (see below).

1. The effect of oxygen
Oxygen plays a particularly important role in the formation of the
structure of perovskite-like complex oxide materials and in their
transition to the superconducting state. In addition, the oxygen
molecule is a paramagnetic species, its adsorption on a super-
conductor surface can affect directly the superconducting proper-
ties. The techniques for obtaining HTSC materials and the role of
oxygen in the formation of superconducting phases have beenwell
covered in the literature. The reaction pathways of oxygen with
HTSC materials during the synthesis and high-temperature treat-
ment are so diverse that, despite a great number of publications,
this phenomenon still remains insufficiently studied because the
problem of non-stoichiometry with respect to oxygen and the
related phenomena for the RBa3Cu3Oz+O2 systems (where R is
a rare-earth element) are excessively complex.60 We shall only
discuss the main aspects of such interactions.
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One of the first Russian reviews devoted to the role of oxygen
in HTSC materials was published in 1989.61. In the final stage of
the synthesis, the oxide YBa2Cu3O77x is saturated with oxygen.
When compact ceramics are being obtained, this process is rather
complicated, particularly in the synthesis of highly oxidised speci-
mens (x? 0). It was shown in a study of the oxidation kinetics of
ceramic specimens of various densities at 773 K that slow oxygen
absorption by compact ceramics results from transition of the
reaction from the diffusion mode to the kinetic mode due to
accumulation of considerable elastic strain in the material.62

Thermodynamic estimates showed that the elastic strain energy
upon oxygen absorption by compact ceramics can affect the
oxidation kinetics only in the case where the base planes contain
oxygen ions of two types, namely, those strongly and weakly
bound to the lattice.

The diffusion of oxygen into the YBa2Cu3O77x ceramic was
described 63 within a one-dimensional diffusion model. The equa-
tions obtained provide a good description of the experimental
results on the oxygen exchange kinetics. The transformation of the
specimens during oxygen diffusion in the temperature range of
423 ± 973 K and at oxygen pressures of 1.4 ± 10.7 atm involves
three stages. A solid solution of oxygen in the tetragonal phase
YBa2Cu3O6 is formed in the first stage.64 In this case, the diffusion
factor is described by anArrhenius dependencewith the activation
energy of 0.14 eV, while the pre-exponential factor depends on the
oxygen pressure. In the second stage, oxygen starts to diffuse
along unordered CuO chains in the tetragonal phase. The diffu-
sion factor is also described by an Arrhenius dependence, but the
activation energy is 0.6 eV and the pre-exponential factor no
longer depends on the oxygen pressure. In the third (final) stage
where the tetragonal phase is transformed to the orthorhombic
one the diffusion factor becomes smaller than that in the tetrag-
onal phase and gradually decreases to zero as the transition to the
ideal orthorhombic phase of YBa2Cu3O77x occurs.

Subsequent systematic studies of oxygen desorption from the
YBa2Cu3O77x ceramic at high temperatures showed 65, 66 that this
process probably occurs according to a different mechanism. The
main features of this process will be described in more detail
below; for now, let us note that the adsorption of molecular
oxygen on the surface of an HTSC material occurs according to
the dissociation mechanism, whereas desorption occurs according
to the association mechanism. The oxygen atoms occupy the
vacant positions, i.e., O(1) or O(5), in the near-surface layer of
the crystal lattice. The exchange and transport of oxygen during
the adsorption±desorption processes on the YBa2Cu3O77x

ceramic probably involves oxygen vacancies according to the
relay-race mechanism.

The kinetics of oxygen evolution from the YBa2Cu3O6.927x

ceramic with x<0.54 was studied in the temperature range of
600 ± 950 K using the thermo-programmed desorption method.65

At T<Tm (where Tm is the temperature corresponding to the
desorption peakmaximum), the desorption rate is described fairly
well by a second-order kinetic equation which is formally con-
sistent with associative desorption. Oxygen-deficient specimens
with x<0.25 are characterised by a noticeable increase in the
activation energy accompanied by an increase in the pre-exponen-
tial factor; this implies the presence of a compensation effect.

Many authors (see, e.g., Refs 26, 67 ± 69) consider the surface
potential barrier as themain obstacle to the release of oxygen from
HTSCmaterials. It was shown convincingly that the nature of this
barrier is determined by the surface energy parameters.69 For
example, the oxygen desorption rate increased, whereas the
desorption activation energy decreased by 0.2�0.03 eV after
vapour phase deposition of several monolayers of silver on the
surface of a sample of YBa2Cu3O77x ceramic. Changes in the
surface properties should not affect the oxygen desorption rate if
oxygen diffusion in the granules is the limiting step of this process.
UV photoelectron spectroscopy data suggest that the electron
work function for the yttrium ceramic's surface decreases by
0.3 eV upon vapour deposition of silver. It is thought that this

decreases the surface energy barrier.69 The results of this experi-
ment also indicate that the barrier is in fact energy-related rather
than resulting from the formation of a particular surface structure.
The temperature where oxygen starts to enter the ceramic was
observed to decrease upon `mild' treatment of the ceramic with
molecular hydrogen.70, 71 This is also evidence of the importance
of surface barriers. The temperature of oxygen penetration into
HTSC ceramics also decreased upon thermal vacuum treatment 72

and after plasma treatment.73

Several parameters characterising the surface potential barrier
for the release of oxygen atomswere determined.74 It was found by
isotope exchange between the gas phase and the surface of a
YBa2Cu3O77x single crystal under the conditions of isochronous
and isothermal annealing of the specimens that the activation
energy for oxygen desorption is 1.08 eV. In the authors' opinion,
this indicates that the sorption mechanism of the formation of the
surface barrier upon isotope exchange is somewhat preferable.
However, an unambiguous conclusion on the surface barrier
nature could not be made within the scope of this study. The use
of polycrystalline specimens instead of single crystals does not
affect the main results.

Degradation of HTSC materials at room temperature in the
presence of water vapour is accompanied by the loss of oxygen
from the HTSC phase. The water layer adsorbed on the super-
conductor surface probably favours the acceleration of oxygen
exchange between the HTSC material and the gaseous environ-
ment.75, 76 It was confirmed 75 that oxygen is desorbed at room
temperature from the YBa2Cu3O77x ceramic covered with an
adsorbed water layer. In this case, the basic orthorhombic phase
OI is coated with a modified orthorhombic OII phase with
Tc=60 K. The proportion of the OII phase increases with an
increase in the degree of hydration of the material and decreases
upon annealing the specimen at 913 K.

The low-temperature oxygen exchange between the
YBa2Cu3O77x ceramic and the gas phase is limited by the surface
potential barrier. Probably, the adsorbed layer of water molecules
lowers this barrier significantly. On the other hand, it was shown
theoretically 77 that the diffusion of On7 oxygen ions inside the
crystal lattice `channels' [1/2, b, 0], which can be regarded as the
oxygen sublattice, occurs without activation and does not limit the
redox processes. The hypothesis on the high mobility of oxygen in
the YBa2Cu3O77x lattice at low temperatures was confirmed.76 It
should be noted that the high mobility can also involve a different
mechanism. Based on thermogravimetric and X-ray diffraction
analyses and electric conductivity measurements, a scheme for
YBa2Cu3O77x reduction at room temperature was suggested.
According to this scheme, the oxygen diffusion is considered as
an activationless process. Depending on the water vapour pres-
sure, the stage limiting the oxygen exchange rate also changes. The
oxygen exchange between YBa2Cu3O77x and the gas phase at
pH2O5 760 Pa is limited due to the presence of a chemisorbed
water surface barrier. In the pressure range 250< pH2O<760 Pa,
the rate of YBa2Cu3O77x reduction is limited by the step of On7

anion diffusion through the layer of physically adsorbed H2O
molecules, while at 80< pH2O<250 Pa, the movement of the
On7 anions is hindered by the twinning boundaries. At the lowest
humidities (pH2O<80 Pa), all the above factors no longer oper-
ate, and the reduction rate exceeds 0.15 mass% min71. However,
a layer of the tetragonal phase is formed after some time on the
YBa2Cu3O77x surface; this layer does not conduct oxygen ions at
low temperatures.

A study 66 of the oxygen isotope exchange between 18O from
the gas phase and 16O from the YBa2Cu3O6.92 ceramic in the
temperature range of 293 ± 923 K aimed at the elucidation of the
nature of labile oxygen, which plays an important role in hetero-
geneous oxidation. The maximum oxygen isotope substitution at
923 K was 3.8�0.3 a.u. per formula unit of the cuprate. It was
assumed that the chain [O(4)] and bridging [O(1)] oxygen atoms in
the cuprate crystal lattice are replaced almost completely. Hence,
it is in these positions that labile oxygen, which probably partic-
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ipates in catalytic oxidation on the surface of these ceramics at
T>800 K, is localised.

The inequality of the oxygen atom positions in the CuO2 and
ab planes results from the orthorhombic structure of the
YBa2Cu3O77x crystal. According to the experimental data 78 ± 81

and theoretical calculations,82 the activation energies E
O�3�
a and

E
O�2�
a for oxygen exchange between the O(3) and O(2) positions

(see Fig. 1 b) are equal to 1.02 eV and 1.18 eV, respectively. The
transition from the O(3) to the O(2) position occurs with an
activation energy of

E
O�3�
a =E07DE,

and the transition from the O(2) to the O(3) position occurs with
an activation energy of

E
O�2�
a =E0+DE.

The difference between these energies, 2DE=0.16 eV, is
explained by the unequal O(3) and O(2) oxygen positions in the
orthorhombic lattice, where the oxygen ± copper bond along the a
axis is longer than that along the b axis. To the first approxima-
tion, the ratio of the occupancies of these positions with oxygen is
described by the Boltzmann equation

N
O�3�
0

N
O�2�
0

� exp
�
ÿ 2DE

kT

�
,

while the oxygen index is described by the expression

x=N
O�3�
0 �N

O�2�
0 71 .

The features of oxygen ordering in YBa2Cu3O77x (x& 0.1)
were studied by transmittance electron spectroscopy and electron
microdiffraction.83 Near the superconducting transition point,
oxygen ordering occurs in the YBa2Cu3O77x crystal; this is
accompanied by an increase in the orthorhombic parameter

R � jaÿ bj
a� b

.

These results suggest that oxygen atoms can diffuse in the crystal
even at liquid nitrogen temperature.

Based on elastic relaxation measurements in the
YBa2Cu3O77x ceramic in the temperature range of
283 ± 1073 K, the activation energy of oxygen exchange between
the O(4) and O(5) positions (see Fig. 1 b)

Ea=1.07 eV

and the pre-exponential factor in the Arrhenius equation for the
self-diffusion factor

D0=1.861074 cm2 s71

were found for various oxygen partial pressures.78 The activation
energy decreases with an increase in the oxygen content in the
ceramics. More detailed data on Ea and D0 can be found else-
where.60

The phase stability of copper cuprates is directly related to the
diffusion of labile oxygen. A novel technique based on direct
coulometric titration was developed for the study of the redox
kinetics of YBa2Cu3O77x and for the measurement of the oxygen
diffusion factor under various conditions.84 It was found exper-
imentally that the oxygen diffusion factor in the specimens
decreased monotonically with a decrease in x from 0.8 to 0.1. In
the authors' opinion, this phenomenon can be explained by the
vacancy-related oxygen diffusion mechanism. The temperature
dependences of the measured diffusion factors obey the Arrhenius
equation; these are in good agreement with previous results (see,
e.g., the review 26). In continuation of these studies,85 the phase
stability limits of the compounds RBa2Cu3O77x (R=Y, Nd)
were determined over a broad range of oxygen partial pressures.
For R=Nd, the stability limit lies at higher temperatures than for
R=Y. This is explained by a decrease in the energy of repulsion
between the oxygen ions due to the larger distance between them

because of the larger ionic radius ofNd3+. The dependences of the
diffusion parameters (D0 , Ea) on the oxygen non-stoichiometry
index (x) and on the oxygen partial pressure were found. The
diffusion of oxygen in the orthorhombic phase occurs faster than
in the tetragonal phase. Practical recommendations were given for
reducing the probability of microcrack formation, improving the
contacts between the crystallites and shortening the low-temper-
ature annealing when the HTSC ceramics are oxidised in the final
stage of synthesis.

Studies on oxidation of the YBa2Cu3O77x ceramic under
polythermal conditions showed that the temperature dependence
of oxidation obeys the Arrhenius function, while the activation
energy of this process changes monotonically as x increases.86 In
the ranges 0.2<x<0.3 and 0.6< x<0.7, the Ea(x) dependence
displays characteristic breaks. The authors suggest that this is
closely related to a change in the mechanism of oxygen ion
ordering in the CuOz planes. In the first case, a change in the
oxidation mechanism results from the fact that 1/9 of the oxygen
vacancies residing in the planar planes are occupied and their
subsequent chaotic occupation is no longer possible. The second
break most probably corresponds to the transformation of the
tetragonal phase to the orthorhombic phase.

The diffusion of oxygen in Y17yPryBa2Cu3O77x was
studied 87 by measuring the electric conductivity of a sample in
the temperature range of 300 ± 1000 K. The desorption of oxygen
from Y17yPryBa2Cu3O77x was much slower than that from the
pure YBa2Cu3O77x phase and decreased with an increase in y.
The number of charge carriers in the ceramics studied was
controlled by the oxygen content and did not depend on the Pr
concentration.

The specific features of the thermal destruction of HTSC
materials were analysed.88 Analytical expressions for the depend-
ence of the extent of oxygen non-stoichiometry on temperature
and pressure were suggested on the basis of pseudo-chemical
reaction models with consideration of the formation of point
defects on copper ions and oxygen vacancies. It was found that the
thermal destruction kinetics of high-temperature superconductors
are described by chain nucleation equations.

A study of the processes of oxygen evolution from the
YBa2Cu3O77x ceramic upon thermal desorption in vacuo
(1075 Pa) revealed three characteristic temperature regions of
oxygen evolution with maxima at 517, 673 and 932 K.89 The first
region corresponds to the loss of the chemisorbed, weakly bound
oxygen; the second region, to the transformation of the ceramic
from the orthorhombic phase to the tetragonal phase involving
cleavage of the O7Cu(III) bonds; the third region, to the decom-
position of this phase to give yttrium and barium cuprates as well
as copper oxides with cleavage of the O7Cu(II) bonds. Thermog-
ravimetric analysis of the YBa2Cu3O77x ceramic in vacuo at
temperatures up to 1273 K revealed two temperature regions
(673 ± 873 and 1173 ± 1233 K) where mass loss occurred due to the
loss of oxygen.90 The first region corresponds to the reversible
oxygen loss related to a change in the copper oxidation state,
Cu2+?Cu+, whereas the second region corresponds to the
irreversible oxygen loss accompanied by the destruction of the
perovskite structure of the ceramics and formation of barium and
yttrium cuprates.

Annealing of the YBa2Cu3O77x ceramic in vacuo at 1073 Pa
and 1073 K results in the destruction of the orthorhombic
structure.91 On average, up to two oxygen atoms are removed
from each unit cell, and the ceramic acquires a composition
described by the formula YBa2Cu3O6. Oxygen is completely
removed from the O(4) positions (one atom per cell) and partially
from other positions (see Fig. 1 b). The oxidation state of one-
third of all copper ions becomes equal to unity. Annealing of the
sample in air at 773 K results in the intercalation of oxygen into
the material crystal structure; the overall number of oxygen atoms
per unit cell reaches six.

The isothermal oxidation of the YBa2Cu3O77x ceramic com-
prises two stages, viz., a diffusion-controlled stage and a `slow' one
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where the oxide is in equilibrium with the gas phase. The stepwise
increase in the parameter x over time during the `slow' stage was
studied.92, 93 This stepwise change in x is due to the structural
transformation of the tetragonal phase to the orthorhombic one;
as a result, mechanical stress is generated in the crystal, which is
followed by its relaxation. This effect is described fairly well within
the framework of a model which takes not only the T and pO2

parameters but also the elastic intercrystallite interaction energy
into account. The kinetics of oxidation of the YBa2Cu3O77x

ceramic in the temperature range of 748 ± 873 K was explained 94

using a concept according to which the oxygen diffusion in the
tetragonal cuprate phase occurs at the O(4) and O(5) vacancies
and is thermally activated, while in the orthorhombic phase it
occurs along specific structure `channels' and does not require
thermal activation. The oxygen migration in the orthorhombic
phase is controlled by the interaction of the oxidant with the
domain boundaries.

A study of the thermal stability of the orthorhombic phase of
YBa2Cu3O77x in vacuo and in oxygen showed that transforma-
tion of the orthorhombic phase to the tetragonal phase in vacuo
(1073 Pa) occurs at 973 K.95 An increase in the oxygen pressure to
1 Pa increases the transformation temperature to 1073 K, while in
pure oxygen, at a pressure of 105 Pa, this value is as high as
1173 K. A phase diagram that characterises the dependence of the
temperature of transformation of the orthorhombic phase to the
tetragonal phase on the oxygen pressure has been published.96

Diffusion processes in thin superconducting films differ from
those in bulk ceramic materials and single crystals. The diffusion
of oxygen in thin epitaxial films ofGdBa2Cu3O77xwas studied by
measuring the electric resistance under isobaric and isothermal
conditions in the temperature range of 650 ± 1050 K.97 Fast oxy-
gen diffusion occurs preferentially at defects located along the c
axis and with low activation energies. Chemical diffusion at
vacancies occurs in the ab plane. The diffusion factor D in films
thicker than 10 nm is* 10713 cm2 s71. The thermal activation of
diffusion is well described by an Arrhenius-type dependence and
does not depend on the film thickness. At oxygen pressures
around 102 Pa, the activation energy is 1.5 eV. However, if the
film is thinner than 10 nm, the oxygen diffusion along the c axis is
hindered due to the effect of the intermediate layer at the super-
conducting film ± support interface.

It is important to establish the mechanism of the oxygen effect
on the superconductivity parameters because it is necessary to
solve the problem of the nature of the superconducting state.

Methods for the determination of the DH �298, S
�
298, and C �p298

values and for the evaluation of the upper temperature threshold
of superconducting transition of Y7Ba7Cu7O HTSC systems
were developed with the use of thermodynamic simulation.98 The
oxygen content decreases abruptly in the temperature range of
200 ± 500 K in complete agreement with the temperature depend-
ences of Cu3+ concentration in the solutions studied. The Cu3+

concentration (at.%) as a function of the x index is described by
linear equations for all solutions in the range of 100 ± 900 K. For
example, the equation for YBa2Cu3Oz is

[Cu3+]=7433.866 + 66.71538z , (1)

where z5 6.5.
Direct comparison of the resulting Cu3+ concentrations with

the z values for real superconductors is incorrect, since the
structures of a superconductor and a model solution should be
different, in accordance with the calculation conditions. However,
the authors give certain recommendations regarding the applic-
ability of the results obtained to the study of real superconductors.
An equation was suggested for the superconducting
Y7Ba7Cu7O system relating the Cu3+ concentration to the
superconducting transition temperature (in K):

Tc=45.32265 + 1.4333[Cu3+] . (2)

The inaccuracy ofTc calculation using Eqn (2) is considerable,
since the phases obtained are usually thermodynamically unstable

under the conditions of synthesis. The correlation Eqns (1) and (2)
can apparently be useful for rough estimates of Tc if the z index is
known.

The application of the Langmuir ±Maclin model made it
possible to determinemore accurately the oxygen diffusion factors
in YBa2Cu3O77x powdered superconducting ceramics at various
temperatures.99 The overestimated values for powders with par-
ticle sizes of 100 mm were explained by the existence of `easy
pathways' for diffusion such as cracks, grain boundaries, etc., the
role of which is particularly great for particles larger than separate
superconductor crystallites.

A study of the physicochemical nature of oxygen dissolution
and ordering of oxygen vacancies determining the superconduct-
ing properties of the YBa2Cu3O77x ceramic 100 showed that an
oxygen solution in the ceramic is somewhat comparable with an
ideal gas (i.e., obeys the Fermi ±Dirac distribution), which is an
important disagreement with the widespread concept of the
`regular' character of solid solution. The authors believe that the
ordering of oxygen vacancies in theYBa2Cu3O77x ceramic, which
provides high-temperature superconductivity, results from struc-
ture transformations according to a mechanism related to the
Jahn ±Teller effect rather than from the interaction (repulsion)
between the dissolved oxygen atoms.

The evolution of oxygen from the YBa2Cu3O77x,
La27yBayCuOx, Bi4Ca3Sr3Cu4Ox, Bi27yPbyCa2Ba2Cu3Ox and
Tl2Ca2Ba2Cu3Ox ceramics in vacuo (1074 Pa) with heating of the
specimens to 1173 K was studied.101 At 773 ± 923 K, oxygen
evolution from the yttrium and thallium ceramics was observed.
Oxygen was not evolved from the bismuth and lanthanum
ceramics in the temperature range studied. According to the
published data,89 the evolution of oxygen from the
Bi2Sr2CaCu2Ox system in vacuo occurs only in the temperature
range of 1223 ± 1323 K.

Thermogravimetric analysis showed 102 that the
Bi2Sr2Ca2Cu4Ox ceramic contains over-stoichiometric oxygen: a
specimen prepared in an oxygen atmosphere has the composition
Bi2Sr2Ca2Cu4O11.38. The existence of the excess oxygen is
explained by the presence of copper ions in a high oxidation
state (Cu3+). This observation was also confirmed in other
studies.103 ± 105

A considerable increase in the superconductor transition
temperature of the Bi2Sr2CaCu2O8+x ceramic was observed
after it was annealed in oxygen.106 Raman spectroscopy studies
showed that oxygen is included in the Bi7O layers and the
increase in Tc is due to the oxygen exchange between the Bi7O
and Cu7O layers (see Fig. 1 c).

The authors of the present review studied the effect of low-
temperature (77.4 ± 100 K) adsorption of O2, Ar and N2 on the
superconductivity of a GdBa2Cu3O77x thin film.107 All experi-
ments were conducted in situ in an adsorption reactor placed in the
probe of a magnetic susceptibility measuring device. The temper-
ature dependence of the real and imaginary parts of magnetic
susceptibility, w 0(T) and w 00(T), were recorded after the next gas
portion was injected into the reactor at 77 K. All of the gases
mentioned above affected the shape of the w 0(T) curve in the
vicinity of Tc and `shifted' the maximum of the w 00(T) curve
towards the low-temperature region. The half-width of the w 00(T)
peak decreased with an increase in the quantity of injected argon
and nitrogen and increased upon injection of oxygen; this meant
an increase and decrease in the critical currents in the super-
conducting film with an increase in the degree of its coverage with
the gasmolecules. The effects of the gases were reversible: removal
of the adsorbed molecules by evacuation or by purging with
helium at room temperature resulted in complete restoration of
the original shapes of the w 0(T) and w 00(T) curves.

Comparison of experimental w 00(T) curves 107 with results of
theoretical calculations for the hysteresis losses in thin super-
conductors 108, 109 afforded critical current densities extrapolated
to 0 K, Jc(0), and their dependence on the degree of surface
coverage with adsorbed gas molecules (Fig. 3). The adsorption of
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argon and nitrogen is accompanied by a small increase in Jc(0),
whereas the adsorption of oxygen decreases this parameter. On
the other hand, the superconducting transition temperature did
not vary with an increase in the degree of surface coverage; only
`blurring' of this transition in the vicinity of Tc increased.

The decrease in the critical current density in the case of low-
temperature oxygen adsorption is due to the effect of the para-
magnetic O2 molecule on the transport characteristics of the
intergranular layers. In fact, the magnetic field strength at a
distance from the adsorption site of an oxygen molecule equal to
the diameter of this molecule is* 10 T. This field strength is quite
sufficient for a total perturbation of superconductivity of the
intergranular layers. The rather small decrease in the critical
current density observed probably results from the fact that the
distances of the adsorption sites of the oxygen molecules from the
superconducting phase exceeds substantially the molecule size,
e.g., due to the presence of a `buffer' non-superconducting oxide
layer on the film surface.

The `blurring' of the superconducting transition due to the
low-temperature adsorption of oxygen, argon or nitrogen can be
caused by many reasons. A most likely reason involves inclusion
of themolecules of these gases directly into the crystal lattice of the
material. This hypothesis was suggested long ago (see below) and
was partially confirmed experimentally for argon adsorption.110 It
is likely that the inclusion of simple molecules into polycrystalline
HTSC oxides at low temperatures is facilitated by the presence of
numerous defects and oxygen vacancies in the crystal lattices of
these materials. For instance, the high surface defectiveness is
indicated by experimental results of a study of electron photo-
emission from the YBa2Cu3O77x surface 111 which showed that if
the ceramic is crushed, the lattice oxygen leaves the surface
instantly even at the liquid nitrogen temperature.

Similar changes in the superconductivity characteristics were
recorded for the low-temperature adsorption of oxygen on the
YBa2Cu3O77x ceramic.112 At 77.4 K, this adsorption results in a
strong decrease in the transport critical current. The amplitude of
the changes was much greater than that in the case of a super-
conducting film; this is probably due to the presence of a large
number of weak bonds between the granules.

2. The effect of hydrogen
The specifics of the interaction of hydrogen with metal oxide
superconductors primarily result from the presence of the O27

and O7 ions and possibly O0 in the anion sublattice; hydrogen
readily forms chemical bonds with these species to give OH7 ions
or water molecules.113 Hydrogen that has penetrated into the
crystal lattice of an HTSC material reacts with the metal ions to
change their effective oxidation state. All of these changes affect,
directly or indirectly, the hole concentration in the CuO2 plane,
and hence, the superconducting transition temperature.

The neutron diffraction method was used to study hydrogen
adsorption on the YBa2Cu3O77x ceramic in the temperature
range from 333 to 593 K.114 At low temperatures, hydrogen is
preferentially adsorbed on the granule boundaries, but above
493 K, it undergoes chemical reactions with the superconductor
material. Hydrogen adsorption at elevated temperatures results in
partial amorphisation of YBa2Cu3O77x accompanied by the
evolution of a considerable amount of metallic copper. According
to the reported data,115 treatment of the YBa2Cu3O77x ceramic
with hydrogen at 393 ± 473 K results in a strong decrease in the
low-field magnetic susceptibility and suppression of magnetic
hysteresis at high fields. The superconducting transition temper-
ature is not changed in this case. The suppression of the magnetic
properties of the HTSC material is explained by the formation of
metal hydrides in the inter-granular layers; the invariance of Tc is
explained by the stable superconductivity of single crystals of the
ceramic superconductor.

The EuBa2Cu3O77x ceramic was treated with hydrogen at
pressures of 1.3 ± 10.0 kPa and temperatures of 393 ±
483 K.116, 117 This did not change the superconducting transition
temperature. However, the formation of hydride and hydroxide
phases [e.g., CuH2, Ba(OH)2 and others] on the granule surfaces
resulted in a decrease in the fraction of the superconducting phase,
modification of the Josephson contacts, an increase in their
electric conductivity and a decrease in the percolation conductiv-
ity.

It was found for the first time that the dependence of the
critical current Ic on the quantity of hydrogen absorbed by the
YBa2Cu3O77x ceramic is non-monotonic and passes through a
maximum at low concentrations of the latter.118 The position of
the maximum depends on the specimen density and correlates
with the minimum position on the electric resistance curve. Based
on these data, the conclusion was made that the enhanced
conductivity of the inter-granular layers at low concentrations of
absorbed hydrogen is due to the reduction of oxides with hydro-
gen, which favours the formation of metallic copper and compac-
tion of the layers between the granules, and due to additional ionic
conductivity resulting from the presence of theH+andOH7 ions.

The superconductivity parameters of the YBa2Cu3O77x

ceramic depend strongly on the oxygen concentration in the
material lattice. It is well known that the oxygen-deficient
YBa2Cu3O6 ceramic is a semiconductor and displays antiferro-
magnetic properties, while the superoxidised YBa2Cu3O7 ceramic
has metallic properties. The effect of hydrogen inclusion into the
YBa2Cu3O77x ceramic with various oxygen contents at a temper-
ature of 441 K in the pressure range from 1 to 3 atm was studied
by the muon spin rotation method.119 It was shown that hydrogen
intercalation results in magnetic ordering of the copper atoms; the
amount of hydrogen required for this depends on the oxygen
index: the more oxygen the ceramic contains the more hydrogen is
required. Thus, hydrogen intercalation results in a formal
decrease in the oxygen index. This requires one hydrogen atom
per two oxygen atoms. It was concluded that hydrogen in
YBa2Cu3O77x plays the role of an electron donor which decreases
the number of holes.

The intercalation of hydrogen into the YBa2Cu3O77x and
Bi2Ca2SrCu2O8+x ceramics at 473 ± 503 K and at a pressure of
0.9 atm was studied.120 The concentration of holes in the super-
conductors decreased in a ratio of one hole per one hydrogen atom
upon hydrogen intercalation. In addition, the superconducting
transition temperature depended strongly on the position occu-
pied by hydrogen in the lattice. It was thus concluded that Tc is
primarily determined by the mobility of holes in the CuO2 planes.
This was confirmed by an X-ray diffraction study of the
EuBa2Cu3O77x ceramic.121 It was shown that the penetration of
hydrogen into thematerial crystal structure along theCuO2 planes
begins at relatively low temperatures, 393 ± 423 K, and at pres-
sures of 5 ± 10 kPa. A strong decrease in the thermal expansion
factor was observed, which is believed to result from changes in
the electronic structure of the material and the metal ± dielectric
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Figure 3. Dependence of Jc extrapolated to 0 K on the degree of cover-

age of the GdBa2Cu3O77x film surface with N2 (1), Ar (2) and O2 (3)

molecules.107
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transition due to a decrease in the concentration of the oxygen
vacancies.

A more detailed analysis of the hydrogen effect on the
structure of yttrium and bismuth ceramics was made.122 The
inclusion of hydrogen results in structural changes in the
YBa2Cu3O77x lattice depending on the oxygen index.123 ± 125

Subsequent saturation of the ceramic with hydrogen results in
the formation of amorphous hydride phases where hydrogen
occupies interstitial positions. A solid solution of hydrogen in
the ceramic, similar to metal ± hydrogen solid solutions, can be
formed.

According toNMRdata,126 the diffusion of hydrogen into the
YBa2Cu3O77x ceramic occurs on the oxygen vacancies in the
Cu7O chains and along the a or b axes on the interstices in the Y
planes. The activation energies of these processes are 0.29 and
0.25 eV, respectively. The diffusion of hydrogen ceases following
exposure of the ceramic to hydrogen at room temperature for
three to four months, and the hydrogen atoms form strong O7H
bonds. It was found by 1H NMR spectroscopy that hydrogen
diffusion also occurs in hydrogenated YBa2Cu3O77x ceramic at
T<200 K.127 At temperatures from 130 to 92 K, the hydrogen
atoms are mostly localised at the O(4) and O(5) lattice points. The
inelastic neutron scattering and diffraction methods afforded the
vibration spectra of hydrogen atoms in YBa2Cu3O77x ceramic
treated with hydrogen at 373 K.128 Only several percent of the
absorbed hydrogen participated in the formation of a solid
solution; the H atoms occupy the octahedral positions formed by
four Y atoms and two Cu atoms at the Cu(2) positions (Fig. 4).
The rest of the hydrogen atoms are involved in an amorphous
non-superconducting phase.

The NMR and X-ray diffraction methods were used to study
the absorption of hydrogen and deuterium with the YBa2Cu3O7

and YBa2Cu3O6 ceramics at 473 K.129 The incorporation of the
hydrogen isotopes into YBa2Cu3O7 results in partial removal of
the chain oxygen from the O(1) positions and formation of O7H

bonds. No new bonds are formed in the YBa2Cu3O6 ceramic, and
no changes in the lattice parameters with increase in the hydrogen
content are observed.

Pre-treatment of an yttrium HTSC ceramic in vacuo followed
by treatment with hydrogen at 400 ± 600 K and 2.6 kPa caused a
considerable decrease (by 150 K) in the temperature at which
oxygen enters the tetragonal YBa2Cu3O77x phase.130 The speci-
men became a superconductor (Tc=80 K) after such low-tem-
perature intercalation of oxygen; the `width' of transition into the
superconducting state was 15 K. If treatment of the specimenwith
oxygen is carried out at the same temperatures immediately after
evacuation, it does not become a superconductor. It was shown 131

that the decrease in the temperature at which oxygen enters the
ceramics is caused by the transformation of the tetragonal phase
of YBa2Cu3O77x into the orthorhombic phase upon hydrogen
treatment. The lattice parameter b decreases in this case since the
hydrogen atoms occupy the oxygen vacancies along the direction
b in the plane formed by CuO chains. Nevertheless, superconduc-
tivity is absent down to 4.2 K on cooling of the ceramics treated
only with hydrogen. This is explained 131 by the small orthorhom-
bic parameter R which is 1073 for the hydrogenated ceramics,
whereas it is above 361073 for the superconducting yttrium
ceramics.

Similar changes in the physicochemical properties were
observed upon treatment of superconducting bismuth oxides.
The fraction of the superconducting phase and the superconduct-
ing transition temperature were found to decrease upon reduction
of a Bi2Sr2CaCu2Oz single crystal with hydrogen (a 10 : 90 H2 :N2

mixture) at 673 K.132 Analysis of the X-ray absorption spectra led
to the conclusion that reduction with hydrogen decreases the
formal oxidation state of copper and the number of holes in the
CuO2 planes; this is the reason for the decrease in Tc.

In a study of the effect of hydrogen treatment on the structure
of the bismuth-containing HTSC ceramic, the specimens were
kept for several hours in a stream of hydrogen at 573 K.133

Measurements of the electric conductivity of the specimens
showed that the ceramic loses superconductivity completely and
becomes a semiconductor. Hydrogenation of the ceramic results
in a decrease in the unit cell volume, as shown byX-ray diffraction
analysis. It should be noted that, on the contrary, hydrogenation
of the yttrium HTSC ceramic increases the unit cell volume.

Thus, the type of effect of hydrogen on the properties of an
HTSC material depends strongly on the treatment mode and
temperature. At relatively low temperatures (up to 473 K), hydro-
gen mostly reacts with the granule surfaces and forms amorphous
hydride phases involving metal atoms of the ceramic. In some
cases, insignificant intercalation of hydrogen into the crystal
structure of the material is observed. This phenomenon is accom-
panied by degradation of the magnetic properties of the super-
conductor and a decrease in the transport current density. As a
rule, the superconducting transition temperature changes only
slightly.

As the temperature of hydrogen treatment is increased, the
superconductivity of HTSC materials decreases abruptly, until it
is lost completely. This results from the incorporation of hydrogen
into the crystal structure of the material which changes the Tc and
the formal oxidation state of copper and decreases the concen-
tration of holes in the CuO2 planes.

High reactivity of hydrogen in the 400 ± 470 K range found in
a series of studies 134 ± 136 gives reasons to assume that the protonic
conductivity of hydrogen-containing barium± yttrium cuprates is
rather high. However, the originally high metallic conductivity of
cuprates of the LnBa2Cu3O7 family (where Ln indicates yttriumor
another rare-earth element) `masks' strongly weaker ionic con-
ductivity. Studies of hydrogenated cuprates of the general formula
HyYBa2Cu3O77x showed 137 that their specific resistivities
increase by almost six orders if the hydrogen index y increases
from 0 to 2 and decrease by three orders upon oxidation of the
ceramics with y=2 if the x index changes from 0.1 to 0.8.
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Figure 4. Possible locations of hydrogen atoms in the crystal lattice of

YBa2Cu3O77x.138
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Almost all aspects of the physicochemical interaction of
hydrogen with superconducting cuprates were covered in one of
the latest reviews on the effect of hydrogen onHTSCmaterials.138

Figure 4 shows the crystal structure of the orthorhombic phase of
YBa2Cu3O77x with indication of the positions where the hydro-
gen atoms are localised according to numerous studies. One can
see that the intercalation of hydrogen atoms occurs along three
main directions, i.e., into the copper ± oxygen bridges, chains and
oxygen vacancies. However, the conductive CuO2 layers remain
unaffected. Hence, the observed changes in the electrophysical
properties of HTSC materials are due to the electron density
redistribution between the CuO2 layers and the copper ± oxygen
chains O7Cu(1)7O7Cu(1)7O. As a rule, hydrogen intercala-
tion into HTSC materials suppresses the superconductivity, while
the superconducting transition temperature decreases (with rare
exceptions). Figure 5 shows the dependence of the temperature
of the onset of superconducting transition Tc,on of an
HyYBa2Cu3O77x thin film on the hydrogen content. If the
hydrogen concentration increases, Tc,on decreases monotonically,
while the transition width increases from 0.8 to 6.2 K. It should be
noted that at the hydrogen content of * 0.3 atoms per cell, a
sharp bend of the curve is observed; this correlates with the bend
on the dependence of Tc on the oxygen content (see Fig. 2). This
probably indicates that the hydrogen atoms (donors) react readily
with weakly bound oxygen ions (electron acceptors), thus chang-
ing the concentration of the current carriers in theHTSCmaterial.

3. The effect of halogens
Numerous studies on the effect of the crystal structure and
oxidation states of the chemical elements constituting an HTSC
material on superconductivity showed that the holes serve as
charge carriers in the superconducting state; these holes are
genetically related to the p states of the oxygen ions, and their
concentration is an important characteristic of a superconduc-
tor.139, 140 It thus follows that the anionic sublattice plays an
essential role in superconductivity. One of the ways for changing
the anionic sublattice defectivity involves doping with other
anions, e.g., halides.

The disappearance of electrical resistance at 155 K on
YBa2Cu3O77x specimens synthesised with the use of BaF2 as
one of the starting reagents was detected for the first time in 1987
(Ref. 141). Since that publication, numerous studies on the
replacement of the anionic sublattice by halogens have appeared.
The presence of fluorine can both improve superconductiv-
ity 142 ± 149 and impair it.150, 151 For example, treatment of the
YBa2Cu3O6.7 ceramic with Tc=65 K with NF3 at 613 K and
with CCl4 at 523 ± 573 K increased Tc to 90 K in both cases.152

Presumably, the halogen atoms are incorporated in the O(4)
position along the CuO chains, i.e., in a sense, halogenation is
similar to saturation of oxygen-deficient ceramics with oxygen. If

treatment is continued, the halogen anions occupy the O(5)
positions but Tc is not increased any more. The effect of `soft'
fluorination on the degradation of powders of the YBa2Cu3O7-x

composition in a humid atmosphere was studied.153 The fluorina-
tion of powders was carried out in 49% hydrofluoric acid vapour
at room temperature in a closed vessel. The physical properties
and superconductivity of the powders were almost unchanged, but
their stability in humid atmosphere increased considerably. This
phenomenon is rationalised as being due to the higher stability of
the resulting fluorides, BaF2 andCuF2, to water and prevention of
further interaction of water with the superconductor granules.
The presence of barium fluoride in synthesised thallium-contain-
ing ceramic cuprates with composition TlBa2Ca2Cu3Ox doped
with zirconium, hafnium, ruthenium and tin oxides improved
their critical parameters noticeably.154 However, there is no
satisfactory explanation of the effect of barium fluoride on the
properties of thallium-containing cuprates.

In a continuation of this work, the composition and properties
of thallium-containingHTSC ceramics obtained in the presence of
metal fluorides were studied.155 The specimens modified in this
way are characterised by higher content of the superconducting
phase, smaller granule sizes and more pronounced transition in
the superconducting state in comparison with the specimens
obtained under the same conditions but without addition of
fluorides.

Enrichment of the (Tl0.5Pb0.5)Sr1.6Ba0.4Ca2Cu3Oz ceramic
with fluorine carried out by the addition of CuF2 during the
synthesis improves considerably its superconductivity.156 The
superconducting transition temperatures increase from 120 to
125 K, and the critical current density increases by 300%.
According to X-ray diffraction data, the fluorine atoms replace
the oxygen atoms in the CuO2 plane. Changes in the morphology
of the specimens due to the increase in the ceramic granule sizes
are observed. The increase inTc is explained 156 by optimisation of
the concentration of charge carriers in the CuO2 plane by the
fluorine atoms, whereas in ceramics devoid of fluorine, the
concentration of these carriers is apparently far from optimum
because of the high oxygen content.

NMR and EPR spectroscopic methods were used to study the
intercalation of halogens into the crystal lattice of
YBa2Cu3O77x.157 The halogenation was carried out by exposing
the specimens in a stream of gaseous NF3 or CCl4 diluted with N2

at 573 and 523 K, respectively. The intercalated chlorine atoms
are inserted in the chains between two copper atoms, while the
fluorine atoms occupy the oxygen vacancies, as follows from the
higher fluorine concentration in the materials with smaller oxygen
indices.

The mechanism of the formation of halogen-containing
HTSC phases based on YBa2Cu3O77x was studied.158 The
intercalation of halogens (Cl2, Br2, I2) into the YBa2Cu3O77x

lattice was carried out in the temperature range of 423 ± 523 K.An
X-ray anomalous dispersion andMoÈ ssbauer spectroscopic studies
of the specimens obtained showed that the interaction of halogens
with the tetragonal phase ofYBa2Cu3O77x occurs as intercalation
of halogens into the anionic vacant positions of the Cu(1) layer
(see Fig. 1 b). Charge transfer from the CuO2 plane to halogens
results in the formation of holes, which favours the manifestation
of superconductivity (60<Tc<93 K) acquired by the resulting
intercalation compounds. The chloride anion, unlike other halide
anions, changes the ceramic's microstructure owing to its large
size; this results in the formation of stresses and dislocations and
manifests itself as a decrease in the critical current. A study of the
surface layers of the YBa2Cu3O77x tetragonal phase after its
bombardment with chloride ions showed that implantation of
chloride anions results in the formation of a orthorhombic phase
layer near the surface; its thickness approximately equals the
anion penetration depth.159 This layer has the properties of a
superconductor with a critical temperature of ca. 70 K.

In a study of chlorine-containing phases of the type
YBa2Cu3O77xCly synthesised with the use of PCl5 as a chlorinat-
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Figure 5. Dependence of the temperature of the onset of superconduct-

ing transition (Tc,on) of thin HyYBa2Cu3O77x film on the hydrogen

content (y) in unit cell;138 (1) from electric resistance measurements; (2)

from magnetic susceptibility measurements.
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ing agent, it was assumed 160 that at low temperatures the halogens
are localised in chains around the copper atoms Cu(1) and the
O(5) vacant positions are occupied first. An increase in the
halogenation depth results in replacement of the O(4) chain
oxygen atoms. Further halogenation under more drastic condi-
tions results in replacement of the O(1) atoms, and the resulting
phase has the limiting composition YBa2Cu3O4Cl4. The conclu-
sion was made 160 that the decisive role in maintaining the super-
conductivity of halogen-containing phases belongs to the nature
of the bridging atoms located at the O(1) position, which link the
CuO2 layers to the Cu(1) chain atoms: the electron-withdrawing
properties of these bridging atoms induce superconductivity.

The change in the superconducting transition temperature due
to the intercalation of HgBr2 into polycrystalline
Bi2Sr1.57yLayCa1.5Cu2Ox specimens with 0.04 y4 0.4 was
studied.161 The specimens were obtained by keeping a tube
containing certain weighed samples of HgBr2 and the original
superconducting ceramic at 508 K for 4 h in vacuo. An X-ray
diffraction study showed that HgBr2 is intercalated between the
Bi7O planes. Figure 6 shows the dependence of Tc on y for the
original and treated specimens. One can see that after treatmentTc

decreases for the specimens with y<0.2 and increases for the
specimens with y>0.2. It is believed that the intercalation of
HgBr2 changes the charge on the copper ions located in the
conducting planes. The correlation relationships between the
change in the copper charge (Dn) and Tc are reported;161 it follows
from this relationship that Dn depends linearly on the concen-
tration of the added compound and correlates with the concen-
tration of the charge-carrying holes.

Upon treatment of non-superconducting ceramic specimens
of YBa2Cu3O77x (tetragonal phase) with bromine vapour at
503 K and iodine vapour at 673 K without contact with air, they
acquired superconductivity; the Tc values were 80 ± 85 and 55 K,
respectively.162

The chemical interaction of iodine with the lattice copper ions
can be a possible reason for the appearance of superconductivity
in iodinated specimens. A similar assumption was made in a
Raman spectroscopic study of the tetragonal YBa2Cu3O6.1

ceramic treated in a iodine atmosphere. Iodine reacts with copper
to `extract' it from the lattice.163 Oxygen is redistributed over the
lattice, occupies the vacant sites in the chain and thus provides the
possibility for superconductivity to occur. The same conclusion
was also made in yet another study.164 X-Ray diffraction analysis
performed after annealing of the non-superconducting phase
YBa2Cu3O6 in iodine vapour at 553 ± 653 K showed that the
superconducting orthorhombic phase had appeared and reflexes
of foreign phases were detected, which possibly corresponded to
copper, barium and yttrium iodides. Treatment of theYBa2Cu3O7

orthorhombic phase under similar conditions was not accompa-
nied by either structural parameter changes or formation of

foreign phases. Annealing a powder mixture of the YBa2Cu3O6

and YBa2Cu3O7 phases in vacuo at 493 K (which is much lower
than the temperature of oxygen liberation, 623 K) was accompa-
nied by the intergranular oxygen transfer from the YBa2Cu3O7

phase to the YBa2Cu3O6 phase and resulted in a phase with
composition YBa2Cu3O6.65. This suggests the high diffusion
mobility of oxygen at low temperature in the lattices of the
ceramics studied.

Thus, the basic mechanism of the effect of iodine on the
superconducting properties of yttrium ceramics apparently
involves oxygen transfer into the tetragonal phase; this oxygen
can be liberated from the neighbouring phases under the effect of
halogen atoms. Treatment of the tetragonal phase with iodine
vapour at 543 K resulted in a continuous series of
YBa2Cu37yOxIz solid solutions which possessed superconductiv-
ity.165 The reaction of iodine with the crystal lattice of
YBa2Cu3O77x single crystals depends essentially on the initial
oxygen content.166 At themaximumoxygen content (the specimen
with Tc=92 K), no reaction of the crystals with iodine was
observed. However, the stoichiometric cationic compositions of
the crystals of orthorhombic (Tc=55 ± 60 K) and tetragonal
phases changed and an amorphous layer of varying thickness
was formed on the surface; this was followed by complete
destruction of the specimens. The penetration of iodine into the
matrix was determined by the presence of oxygen vacancies in the
principal planes. Ordering of the iodine atoms included in the
crystal lattice was not observed.

Two-phase specimens were formed upon bromination: the
original tetragonal phase coexisted with a orthorhombic phase in
the ratio* 1 : 1. The iodinated specimens consisted completely of
a orthorhombic phase. The parameters of the orthorhombic
phases in the iodinated and brominated specimens are similar.
Thus, the halogen atoms occupy presumably the vacancies of the
O(4) type along the b axis (see Fig. 1 b).162 It was assumed on the
basis of EPR spectra that halogenation results in the transfer of
negative charge to the CuO chains and formation of holes at the
CuO2 planes.

A study of iodine intercalation at 23 K into the
Bi2Sr2Ca17yYyCu2O8 ceramic by X-ray diffraction analysis
showed that iodine is incorporated in the BiO7OBi double layers
in such a way that the distance between them increases.167 The
superconducting transition temperature decreases by 10 K
because the concentration of the hole carriers exceeds the opti-
mum level.

The effect of iodine and oxygen intercalation on the physical
properties and superconductivity of Bi2Sr2CaCu2O8+x single
crystals was studied.168 The starting single crystals and elementary
iodine were sealed in an evacuated glass tube, heated to 453 K and
kept for 330 h at the same temperature. The oxidation of single
crystals with oxygen was carried out at 10 atm and 823 K for
140 h, or at 600 atm and 673 K for 320 h. The resistance and
magnetic measurements of the thus treated samples showed that
the dimensionality of the superconducting system changes from
two to three, Tc decreases, and the activation energy of magnetic
flux creep changes. According to the model suggested for the
explanation of these phenomena, the HTSC material acquires a
multilayered structure with alternation of the superconducting
and normal layers due to the intercalation of iodine and oxygen.
The `proximity' effect results in the redistribution of the charge
carriers between the layers and hence in changes in the physical
properties and superconductivity parameters. The structural
ordering of atoms in superconducting Bi2Sr2CaCu2IyOx single
crystals containing intercalated iodine was studied by low-energy
electron diffraction, Auger and photoelectron spectroscopy on
chipped surfaces, as well as by transmission electron spectro-
scopy.169 It was shown that iodination results in a superstructure
with ordered aggregates of iodine molecular complexes in the
empty channels formed upon distortion of the original lattice by
structural modulation.
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Figure 6. Dependence of the superconducting transition temperature of

the Bi2Sr1.57yLayCa1.5Cu2Ox ceramic on y;161 (1) starting specimen; (2)

sample after treatment with HgBr2.
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In yet another study,170 the intercalation of iodine in bismuth-
based ceramics was carried out in a sealed tube, which was heated
to 458 K over a period of 6 h and kept for 240 h at this temper-
ature. According to the nuclear quadrupole resonance data, the
iodinated Bi2Sr2CaCu2Ox specimens contain no chemical bonds
of the Bi7I and Cu7I types, i.e., iodine in them is in atomic or
molecular form and is truly intercalated. The superconducting
transition temperature of the iodinated ceramic was 73 K.

Thus, halogenation of the yttrium-containing oxygen-defi-
cient ceramic consisting of a YBa2Cu3O6+x tetragonal phase
results in orthorhombic phases with YBa2Cu3O6+xHaly compo-
sition. The new phases have superconducting properties with
approximately the sameTc as the usual superconducting ceramics,
YBa2Cu3O77x. The iodinated ceramic is an exception, its Tc is no
higher than the liquid nitrogen temperature. The formation of
superconducting phases upon ceramics' halogenation is explained
by inclusion of halogens at the oxygen O(1) positions; the
halogens `withdraw' the electronic charge from the CuO2 planes
onto themselves, which in turn increases the concentration of
holes.

4. Degradation of high-temperature superconducting
materials exposed to CO2 and H2O
Exposure of HTSC materials to atmospheric carbon dioxide and
water results in their degradation accompanied by the loss of
superconductivity and degradation of the superconducting
phases. Therefore, the problem of storage and stabilisation of
HTSC materials is of major importance. One of the first reviews
on the chemical degradation of superconductors is found in
Ref. 171.

The reaction of CO2 with the YBa2Cu3O77x ceramic starts at
room temperature.172 The decrease in the critical intergranular
current correlates with the intensity of the CO�2 peak in the mass
spectra of the gases evolved from the ceramic; this suggests that
carbonates are localised at the granule boundaries. When syn-
thesis is carried out in the air at high temperatures, YBa2Cu3O77x

absorbs CO2. The maximum absorption is observed at 1173 K,
and the amount of absorbed CO2 with respect to carbon reaches
0.05%of the ceramicmass.173 A study of the decomposition of the
YBa2Cu3O77x ceramic in a 5% CO2+95% O2 mixture at
1088 K showed that the nuclei of the Y2Cu2O5 and BaCO3 phases
are initially formed very fast, and then a `green' phase of
Y2BaCuO5 and CuO appears. The formation of BaCO3 at the
boundaries between the granules upon treatment of
YBa2Cu3O77x with pure CO2 at 1123 K for 2 h was reported.174

The powdered YBa2Cu3O77x ceramic reacts with CO2 at
1273 K both in the absence and in the presence of moisture to
give decomposition products such as BaCO3, Y2Cu2O5, CuO,
Cu2O and Y2O3.175 In the 90% CO2+10% O2 mixture, the
decomposition products differ somewhat: they do not contain
Cu2O and Y2O3.

A detailed study of the kinetics of the reaction between
powdered YBa2Cu3O77x and pure CO2 in the temperature range
of 823 ± 1163 K was carried out.176 The reaction of the ceramic
with CO2 can be described by the equation:

2YBa2Cu3O77x + 3CO2=Y2BaCuO5 + 3BaCO3 + 3CuO+

+ Cu2O+ (17x) O2 ,

where Y2BaCuO5 is an intermediate. In the temperature range of
823 ± 1088 K this reaction limits the overall rate of the process and
has an order of 1.5 with respect to the ceramic; its activation
energy is 95 kJ mol71. Subsequent `carbonisation' of the ceramic
occurs according to the equation:

Y2BaCuO5 + CuO+ CO2=Y2Cu2O5 +BaCO3 .

The presence of an alkaline-earth element in the HTSC
ceramics provides a material with basic properties and hence
makes it capable of absorbing CO2 when in contact with air.

Calcination of the YBa2Cu3O77x ceramic during synthesis at
1223 K in air containingmore than 1% carbon dioxide results in a
non-superconducting tetragonal phase.177 It is formed due to
hindered oxygen exchange because of the formation of carbonate
films on the material surface. The carbonates and decomposition
products are mainly formed at the granule boundaries; this
decreases considerably the critical intergranular current of the
superconductor.

In the initial stage of the reaction of YBa2Cu3O77xwith water
vapour and carbon dioxide, the kinetics of water sorption is
consistent with a process occurring at the internal grain bounda-
ries and it is well described by a first order equation.178 The
diffusion of water vapour to the internal layers of the ceramic is
the rate-determining step for CO2 transfer. If the ceramic is pre-
treated with water vapour, the CO2 transfer occurs extremely
quickly and is characterised by an effective diffusion factor
exceeding 1076 cm2 s71. This is assumed to be due to water
vapour condensation in the material pores.

Prolonged annealing of a Bi1.6Pb0.4Sr1.7Ca2.3Cu3.0O10+x pow-
der at 1123 K decreased slightly the carbon content in the speci-
men from 0.02 mass% after 24 h to 0.01 mass% after 192 h.179

The powdered HTSC ceramic quickly absorbs carbon dioxide if
stored in air: the content of carbon in the ceramic increases by a
factor of two in 15 h, reaches 0.1 mass% in 240 h and then
remains almost unchanged. An increase in the carbon content in
bulk specimens from 0.019 mass% to 0.13 mass% is accompa-
nied by a decrease in the critical current density from 280 to
150 A cm72.

The YBa2Cu3O77x ceramic readily reacts with water vapour
even at room temperature to form the `green' phase Y2BaCuO5

according to the equation:180, 181

2YBa2Cu3O77x + 3H2=5CuO+ 3Ba(OH)2 + Y2BaCuO5 +

+ (0.57x) O2 .

If this occurs in the presence of CO2, the resulting barium
hydroxide immediately reacts with carbon dioxide:182

CO2 + Ba(OH)2=BaCO3 + H2O .

Thus, in this case water acts as a catalyst of carbonate
formation.

Owing to the high basicity of barium oxide, YBa2Cu3O77x

can react with CO2 in humid atmospheres even at very small CO2

partial pressures.183 The products of hydration ageing of the
YBa2Cu3O77x ceramic were studied.184 The morphology of the
new formations was studied using a scanning electronmicroscope.
The original grain surface was rather smooth, but small protru-
sions and cracks appeared there after exposure to water vapour
for one hour. If exposure was increased to 2.5 h, the ceramic's
grains became covered with thin needles. An even longer exposure
promoted the integration of the new formations which gradually
covered the entire grain surfaces. X-Ray diffraction analysis
showed that the new formations consist of barium hydroxide,
a-Ba(OH)2, and the Y2BaCuO5 `green' phase.

Similar studies carried out using electromagnetic radiation
absorption in the range of 1 ± 3 MHz made it possible to follow
the character of intergranularmedium changes in specimens of the
YBa2Cu3O77x ceramic exposed tomoisture.185 The changes in the
chemical composition (degradation) of certain granules can occur
at a depth of 0.3 ± 1.0 mm from the surface depending on the
specimen density. The formation of such a layer interferes with
subsequent changes. Noticeable degradation of specimens with a
density above 5.4 g cm73 is observed in water after 10 h whereas
in ordinary atmosphere it takes 5 months. Subsequent exposure to
water little affects the superconductivity characteristics of the
specimens.

The surface state and microstructure affect the reaction of the
YBa2Cu3O77x ceramic with water.186 Generally, the average pore
size in the YBa2Cu3O77x ceramic is * 1 mm at an average grain
size of 3 ± 20 mm.187 Analysis of data on small angle neutron
scattering at the liquid nitrogen temperature led to the conclusion
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that the majority of pores in the yttrium ceramic are open.188

Thus, water can react not only with the outer but also with the
inner surface by penetrating through the open pores. Water
diffusion is an activation process. The activation energy is
* 0.033 eV, this order of magnitude corresponding to the energy
of a thermal quantum. Surface polishing of pellets of a sample
accelerates the degradation three- to five-fold; apparently, this is
caused by an increase in the number of open pores connected to
the surface as a result of polishing. Hydration of textured speci-
mens is strongly hindered, probably due to the small number of
boundaries because of strong binding between the oriented grains,
the concentration of oxygen vacancies in the intergranular spaces
is rather small, and penetration of hydroxy groups inside the pellet
is hindered. The penetration depth of water molecules into a
textured specimen after ageing in water for 10 h at room temper-
ature is 5 times smaller than the depth of its penetration into an
isotropic ceramic.

Isothermal oxidation of hydrated YBa2Cu3O77x ceramic is
accompanied by a stepwise increase in the sample mass, which
indicates the presence of two oxidation steps, `slow' and `fast'.189

The oxidation rate decreases proportionally to the water concen-
tration in the material. The OH7 ions play a role of stoppers for
defects of different dimensionality (oxygen ions, twinning struc-
ture boundaries) in their movement through the YBa2Cu3O77x

lattice. Presumably, during the `slow' oxidation stage of the
yttrium ceramic, the boundaries of the twinning structure between
the crystallites of this compound are in the state of accelerated
movement due to thermal activation and `stripping' of these
boundaries from localised proton-containing ions in the near-
surface zone. Subsequent movement of these boundaries occurs in
the matrix free of impurities.

The YBa2Cu4O8 ceramic and YBa2Cu3O77x specimens with
an admixture of silver are muchmore stable against moisture than
non-doped YBa2Cu3O77x ceramic.190, 191 This is explained by a
more compact arrangement of granules consolidated by metallic
silver particles in doped ceramics; this evidently interferes with fast
diffusion of the water molecules in the material bulk. The effect of
silver on the stability of powders with composition YBa2Cu3O77x

in a humid atmosphere was studied.192 The composition of the
surface was studied using an electron probe X-ray microanalyser
and X-ray photoelectron spectroscopy. If the water content in the
powder is above 1.6 mass%, silver (5 mass%± 15 mass%) has a
stabilising effect. In order to increase the critical current, it is
recommended to add 15 mass% of silver to the moist powder
(1.6 mass% H2O). On the surfaces of ceramics containing this
amount of silver, the latter is present in the form of separate
inclusions. At the Ag content of 5 mass%± 15 mass%, super-
conductivities of the ceramics remain practically the same as those
for the original YBa2Cu3O77x specimen.

If the EuBa2Cu3O77x ceramic is treated with water, the
evolution of oxygen is preceded by dissolution of an insignificant
amount of Ba2+ ions (* 7% of the total amount of barium in the
ceramic).193 The europium ceramic is much more stable than the
YBa2Cu3O77x ceramic, which undergoes 50%decomposition in a
humid atmosphere at room temperature. Noticeable decomposi-
tion of EuBa2Cu3O77x (i.e. evolution of gaseous O2 and passage
of Ba2+ cations into solution) starts 2 h after the contact with
water at 333 K and occurs according to the equation:

2EuBa2Cu3O77x + 3H2=5CuO+ 3Ba(OH)2 + Eu2BaCuO5 +

+ (0.57x)O2 .

The decomposition of the ceramic at 353 K starts almost
immediately. Complete reduction of Cu3+ to Cu2+ occurs only at
373 K. The decomposition of the YBa2Cu3O77x ceramic in
distilled water and in solutions of sodium sulfate and barium
chloride was studied.194 It was shown that the presence of barium
ions interferes with the hydrolytic decomposition of
YBa2Cu3O77x; after treatment with 1072 M aqueous solution of
BaCl2, the ceramic retains superconductivity even after boiling.

Hydrolysis of the ceramic is accompanied by leaching of barium
cations, and addition of sulfate ions to water which binds barium
ions causes complete decomposition of the superconductor. This
is explained by equilibrium displacement upon changes in the
reaction product concentration in accordance with the thermo-
dynamic laws.

An interesting feature of the behaviour of water present in the
YBa2Cu3O77x ceramic was noted.195 It was found that the super-
conducting phase cannot release water at temperatures of oxida-
tive annealing (673 ± 873 K). It is believed that this results from
geometrical factors related to lattice distortion as a result of
oxidative annealing, which hinders the exit of proton-containing
ions from the O(5) positions.

It was found by thermal desorption methods that water on the
surface of the YBa2Cu3O77x ceramic can be physically adsorbed
and structurally bound (in the latter case, the bond energy equals
145 kJ mol71).196, 197 The water molecules can occupy two types
of positions, viz., the position in the yttrium plane between the
CuO2 planes and the position between two Cu(1) copper atoms
(see Fig. 4).

EPR studies showed 198 that inclusion of water molecules into
the YBa2Cu3O77x lattice results in the appearance of the Cu2+

paramagnetic centres at the Cu(2) positions in the CuO2 layers.
The EPR signal intensity depends on the water content in the
ceramic. It is assumed that these paramagnetic centres are formed
due to non-uniform deformation along the CuO2 plane rather
than due to decomposition of the material.

A radiothermoluminescence study of the moisture-induced
degradation of the RBa2Cu3O77x type HTSC materials (R=Y,
Sm, Eu, Ho) showed that barium hydroxide is the compound
responsible for radiothermoluminescence.199 The radiation inten-
sity is much lower if the specimen contains a minor amount of the
original compounds which did not react under the conditions of
solid-phase synthesis of the HTSC material.

The possibility of protection of materials based on
YBa2Cu3O77x from degradation in water vapour by applying
coatings of paraffin, poly(vinylbutyral) and oxidised triglycerides
of unsaturated fatty acids was studied.200 The last named was
found to be the most effective.

5. The effect of Ar, He and N2 adsorption
Noble gases, viz., Ar andHe, as well as N2, do not react chemically
with the material, and hence, the major factors of their effect on
superconductivity can involve inclusion into the crystal structure
of the material or surface `charging' due to adsorption.

The effect of argon on the electric conductivity of the
YBa2Cu3O77x ceramic was studied.110 The specimens were kept
for several days in vacuo (1073 Pa) at room temperature, then
purged for three days with pure argon at the same temperature.
After that, theywere analysed by the resistancemethod at currents
of 50, 500 and 5000 mA. An abnormal dependence of the electric
conductivity on temperature was found when the latter was
increased from 200 to 300 K: the resistance of a sample abruptly
almost doubled at a current of 50 mA; the increase was only
several percent at 500 mA, whereas no abnormal increase in
resistance at all was observed at 5000 mA. Apparently, this
dependence of the electric resistance on current in this temperature
range cannot be due to any manifestation of superconductivity.
An increase in the current flowing through a superconducting
specimen should result in the violation of the superconducting
state and in the increase in resistance, rather than in the opposite
effect observed in the experiment.

An Auger scanning microscopic study of specimens treated
with argon revealed the presence of argon atoms in the near-
surface layer (* 100 �A). The observed phenomenon is
explained 110 by the oxygen disordering in the lattice on the
superconductor surface and the formation of a tetragonal non-
superconducting phase, which is responsible for the resistance
increase, in the gaps between the granules. However, the resistance
of the specimens treated with argon decreased with a decrease in
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temperature. Apparently, this is due to the fact that below room
temperature, oxygen and oxygen vacancies can become ordered,
and the semi-conducting tetragonal phase can be transformed to
the orthorhombic phase, which displays metallic properties.201

An increase in Tc and Jc due to intercalation of simple gases
into HTSC ceramics was observed repeatedly.110, 202 ± 204 How-
ever, no reliable information on this phenomenon is available so
far. Apparently, this can be associated with a very strong depend-
ence of superconductivity of a material on its structure; because of
this, small and hardly controlled changes in the crystal lattice
parameters due to intercalation can change essentially the proper-
ties affecting superconductivity.

A substantial increase in Tc was observed upon low-temper-
ature (* 78 K) treatment of theYBa2Cu3O77x superconductor in
N2, Ar, O2 and He streams.203 In particular, Tc increased from 90
to 141 K upon treatment with nitrogen. Treatment with hydrogen
did not affect Tc. The change in the superconducting transition
temperature correlates with the duration of treatment. The change
in the parameters of YBa2Cu3O77x superconductivity was
assumed to be due to the inclusion of the gas molecules in the
superconductor lattice. This changes the energetic state of the
lattice and hence increases the energy of interaction between the
carriers of superconductivity current, i.e., the Cooper pairs. If the
temperature increases, the gas starts to desorb; the Cooper pairs
become unstable, and the superconductor passes in the normal
(non-superconducting) state. However, it is unclear from this
explanation why gases as different in nature as nitrogen, argon,
oxygen and heliumbehave similarly. It is known, for example, that
helium is not adsorbed at all on solid surfaces at the liquid
nitrogen temperature.205

In at attempt to reproduce the effects described above,
Granados et al.206 failed to observe an increase in Tc during low-
temperature treatment of the YBa2Cu3O77x ceramic with helium.
Therefore, the results considered above are attributed to exper-
imental errors. A reason for the Tc increase could involve the
rather fast heating of the specimen, which at certain helium
pressures usually results in overestimation of Tc in resistance
measurements.

Low-temperature treatment (77.4 K) of the YBa2Cu3O77x

ceramic with nitrogen at normal pressure and with hydrogen at
pressures up to 300 atm resulted in changes in Tc which increased
or decreased depending on the duration of treatment.204 Similar
results were obtained upon treatment of YBa2Cu3O77x with
benzonitrile. After keeping the specimen in liquid benzonitrile
for 11 h at room temperature, the Tc increased by 2 K. The Tc

value was determined by measuring the electric resistance and
magnetic susceptibility of a superconductor heated from 77.4 to
100 K. After several measurements, the original Tc value was
almost restored. The similar effect of foreign molecules with
completely different chemical properties on the superconductivity
of the oxide YBa2Cu3O77x led to the conclusion 204 that foreign
molecules penetrate into the ceramics due to diffusion along the
granule boundaries and microcracks, thus creating mechanical
stress.207 ± 209 The adsorbed phase propagating along the surface
of a granule or a microcrack `bursts open' the granules at the
contact site, and the resulting mechanical stress can be quite
strong. In the zones adjacent to the crack mouths, the ceramic
material appears to be under huge pressure, which is believed to
result in a local change in the superconducting transition temper-
ature.

IV. The effects of adsorption and intercalation of
organic molecules on the properties of
high-temperature superconductors

The effects of organic compounds on the properties of super-
conductors are considerably more diverse than those of simple
molecules. They can affect HTSC materials due to a number of
their specific properties (ability to form complexes with metal

ions, to create regular layered structures that have electric
conductivity, to be mechanically implanted in the superconductor
material, to form charge transfer complexes), and also due to the
possible presence of stable paramagnetic centres in their mole-
cules.

1. Adsorption of organic compounds
The effects of adsorption of organic compounds on superconduc-
tivity was first studied on films of low-temperature metal super-
conductors.210 ± 214 The adsorption of 3,4,7,8-tetramethyl-1,10-
phenanthroline (TMP) on a thin vanadium film increased the
superconducting transition temperature by 0.09 K.210 The
assumption was made that this effect is caused by the electronic
properties of the adsorbedmolecule, namely, the electronegativity
parameter

c � I� A

2
,

where I is the ionisation potential and A is the electron affinity.
Subsequent studies covered a much wider range of organic

molecules of various nature with a very wide range interval of
electronegativities (Table 1).211 ± 214 Thin vanadium and indium
films (* 10 nm thick) with Tc=2.4 and 4.1 K, respectively, were
used as superconductors. The films were obtained by vapour
deposition of the pure (99.999%) metals in a high vacuum
(1076 Pa) onto a single-crystal quartz substrate. The molecules
of organic compounds, mainly those with planar structures, were
deposited on the films by evaporation in vacuo or by chemical
methods. The superconducting transition temperatures and the
critical currents before and after the adsorption were determined
by the contact resistance method. For a vanadium film, good
correlation was observed between the electronegativity and the
sign of the Tc change upon adsorption of 14 different organic
compounds. Adsorption of electron-donating molecules (anthra-
cene, tetracene, perylene, etc.) with low electronegativity
(c& 3.9 eV) caused an increase in Tc. Conversely, electron-
acceptor molecules, for example, tetracyanoquinodimethane
with c5 5.5 eV , decreased the Tc. Similar regularities were also
noted for an indium film.

However, there are exceptions. For example, the supercon-
ducting transition temperature increased upon deposition of

Table 1. Changes in Tc upon adsorption of organic compounds on low-
temperature metallic superconductor films and certain physicochemical
parameters of these compounds.214

Adsorbed compound Tc /K DTc /K I /eV A /eV c /eV

Thin vanadium film

Anthracene 2.33 +0.10 7.23 0.42 3.83

Tetracene 2.76 +0.075 6.88 1.0 3.94

Perylene 2.92 +0.08 7.15 0.85 4.0

Phenothiazine 2.20 +0.09 7.28 7 7
TMP 2.45 +0.09 8.65 7 7
2-Aminoanthraquinone 2.62 +0.06 <9.34 <0.5 <4.9

1,4,5,8-Tetrachloro- 2.23 +0.025 >9.34 0.66 >5.0

anthraquinone

Pyromellitic 2.25 70.11 7 0.85 7
dianhydride

TCQDM 2.25 70.10 7 1.7 >5.5

Tripyridyl-s-triazine 3.6 +0.05 7 7 7
Titanium dicyclopenta- 2.42 70.05 7 7 7
dienyl dichloride

Thin indium film

TMP 4.1 0.00 8.65 7 7
TCQDM 4.09 70.23 7 1.7 >5.5

Note. TMP is 3,4,7,8-tetramethyl-1,10-phenanthroline; TCQDM is tetra-

cyanoquinodimethane.
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electron-accepting tripyridyl-s-triazine molecules on a vanadium
film. The electron-donating TMP molecules affected vanadium
and indium films differently: the adsorption of TMP on the
vanadium film increased Tc, whereas that on the indium film did
not change Tc.214 This was explained by the formation of a `metal
atom±organic molecule' complex. In the case of vanadium, which
is a transition metal, a bond is formed between an unoccupied d
orbital and a molecular p orbital of the organic molecule; this
favours the transfer of an electron to the superconductor film and
hence changes its superconductivity. Unlike vanadium, indium
does not have a similar d orbital, therefore TMP adsorption does
not affect its properties.

In yet another work,214 the effects of the adsorption of organic
compounds on the critical current of superconducting films was
also studied. The adsorption of electron donors, viz., tetracene
and perylene, on a vanadium film resulted in an increase in the
critical current. Although a rather good correlation exists between
the electronegativity of organic molecules, c, and the critical
parameters of superconductivity of the vanadium film, Ic and Tc,
the detailedmechanism of this phenomenon remains unclear. This
can be due to charging of the superconducting film surface upon
adsorption of organic compounds. For example, is was shown 215

that the superconducting transition temperature of an indium film
depends on the surface charge sign. A strong acceptor, TCQDM,
`withdraws' electrons from the superconductor bulk, the concen-
tration of the charge carriers decreases, and Tc decreases by
0.23 K.A decrease inTc was also observed in an external electrical
field where the film surface was charged positively.

With the advent of oxide-basedHTSCmaterials, research into
the effect of adsorption of organic compounds on the critical
parameters of superconductivity has gained new impetus. An
organic dye, octaethylporphyrin, was applied onto a plate 3 mm
long and 50 mm wide made of a 100 nm thick YBa2Cu3O77x film
on a MgO (100) single crystal substrate.216 After cooling the
specimen below Tc, the superconductor was irradiated, and the
dependence of the current on the wavelength of incident light was
measured. The system response to the light and the wavelength
selectivity were much more significant at temperatures below Tc.
The strongest response estimated as the current passing through
the plate was observed at a wavelength of 600 nm corresponding
to the maximum absorption of the dye.

The effect of a deposited conducting polymer, polypyrrole, on
superconductivity of an YBa2Cu3O77x film was studied.217 The
electric conductivity of the film at temperatures higher than Tc, as
well as the Tc itself, depend on the electric properties of the
polymer. The dielectric polymer little affects the electric properties
of the film. The polymer in the conducting or oxidised forms
decreases Tc of the superconducting film by 15 K. Chemical or
electrochemical reduction of the polymer results in restoration of
the original Tc value. In order to explain these phenomena, the
authors put forward two assumptions: (1) the polymer in the
oxidised state does not affect the concentration of weakly bound
oxygen in the YBa2Cu3O77x film, and hence the change in Tc is
not related to oxygen; (2) the observed change in Tc is caused by
the `proximity' effect, i.e. partial penetration of the Cooper pairs
into the conducting polymer layer.

In continuation of these experiments, temperature depend-
ences of the contact resistance at the boundaries between the
YBa2Cu3O77x, GdBa2Cu3O77x and Bi1.7Pb0.3Sr1.6Ca2.4Cu3O10

HTSC ceramics, on the one hand, and the oxidised form of a
deposited conducting polymer, poly(3-hexylthiophene), on the
other hand, were studied.218 The electric resistance of this contact
decreases around Tc. It was assumed that ceramics in the super-
conducting state can induce a kind of superconductivity in the
polymer, in other words, this phenomenon can be directly related
to the `proximity' effect.

Exposure of an YBa2Cu3O77x powder to organic donor-
acceptor electron-transport (DAET) systems (for example,
DMF±CCl4, 2,2

0-bipyridyl ±monoethanolamine, DMSO±CCl4,
etc.) was accompanied by partial etching of the ceramic without

considerable change in its phase composition.219, 220 Etching
removes the labile near-surface oxygen and exposes the more
perfect structured layers; the contact between the granules and
their ability to sinter are improved. The concentration of oxygen
in the material bulk does not change. Thus, etching of HTSC
ceramics powder with DAET-systems under mild conditions
results in modification of the surface layers of the species and is
accompanied by stabilisation of the superconducting state and
improvement of the superconductor quality.

Room-temperature treatment of an YBa2Cu3O77x powder
with an excess of 1-hydroxy-2,2,6,6-tetramethylpiperidine
(HTMP), which is readily oxidised into a stable nitroxyl radical
even on treatment with atmospheric oxygen, is accompanied by
extraction of weakly bound oxygen from the specimen bulk.221 An
EPR study of the radical accumulation kinetics made it possible to
determine the amount of the oxygen extracted and to estimate the
activation energy of this process. The determined activation
energy, * 16 kJ mol71, is comparable with Ea for the diffusion
of highly reactive oxygen in YBa2Cu3O77x. It is much smaller
than the values that characterise the evolution of weakly bound
oxygen to the gas phase upon thermal desorption (at x<0.006,
Ea=120 kJ mol71). Apparently, this difference can be explained
by the fact that HTMP adsorbed on the ceramic lowers the
activation barrier for oxygen exit from the surface layer of the
specimen. As the weakly bound oxygen is extracted, the super-
conductivity is impaired and disappears completely if more than
0.03 a.u. of oxygen is lost. Since a rather small change in the
oxygen content cannot cause such a strong degradation of the
superconductor, the actual major role is probably played by the
magnetic moment of stable nitroxyl radicals formed during
HTMP oxidation (see below). In another study,222 the
YBa2Cu3O77x ceramic was converted into a metastable state by
mild removal of oxygen from the O(4) position (see Fig. 1 b) at
523 K using a different organic reducing agent, namely, azoben-
zene. The type of the kinetic dependence for oxygen removal from
the Cu(1) layers allows one to assume that it involves the diffusion
mechanism. The dynamics of the change in the crystal lattice
parameters a, b and c depending on the oxygen concentration was
followed. Subsequent treatment of the ceramic with iodine
resulted in restoration of the lattice parameters to the original
values (i.e. to those before the reaction with azobenzene).

Treatment of YBa2Cu3O77x and Bi2Sr2CaCu2O8+x with
methanol 223 containing * 20 mass% of HTMP and 10% KOH
as an HTMP oxidation catalyst 224 was also accompanied by
extraction of weakly bound oxygen from the ceramics. The
superconductivity parameters of the ceramics after this treatment
strongly depended on their initial properties and on the methods
of preparation. The superconductivity parameters of
YBa2Cu3O77x specimens obtained by cryochemical technology
(A) and by self-propagating high-temperature synthesis (B)
changed essentially upon contact with HTMP and KOH in
methanol at 313 K for 120 min. The superconducting transition
temperature of the specimen A decreased strongly (to 60 K). This
was explained 223 by removal of reactive oxygen from the O(4) and
O(5) positions of the YBa2Cu3O77x crystal lattice. The specimen
B displayed no trend to form a phase with Tc=60 K, and the
change in its superconducting transition temperature was smaller.
This phenomenon is due to the specifics of structural trans-
formations on the ceramic's surface, which hinder oxygen diffu-
sion from the specimen bulk.225, 226 These transformations were
not observed in the oxygen extraction from the Bi2Sr2CaCu3O8+x

ceramic, and the superconductivity was suppressed completely.
However, brief treatment with HTMP (15 min) increased the
superconducting transition temperature by 13 K. It should be
noted that a similar phenomenon was observed upon removal of a
small amount of oxygen (x& 0.03) from the Bi2Sr2CaCu2O8+x

ceramic.227 ± 230 This is probably due to the extraction of the highly
reactive oxygen intercalated between the BiO7OBi layers and the
essential increase in the unit cell parameter c. Prolonged treatment
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did not change Tc , but the fraction of the superconducting phase
decreased to complete loss of superconductivity.

The much weaker effect of treatment with methanol contain-
ing 10% KOH on the specimen A than on the specimen B was
explained by the higher oxidising and catalytic activity of the
YBa2Cu3O77x ceramic obtained by self-propagating high-tem-
perature synthesis.231 The extraction of oxygen from
Bi2Sr2CaCu2O8+x was accompanied by an insignificant decrease
in the fraction of the superconducting phase and, as in the
previous case, an increase in the superconducting transition
temperature by 11 K. The difference between the effect of the
10% KOH solution in methanol and the effect of the HTMP
solution in methanol is due to the fact that methanol cannot react
with the weakly bound oxygen responsible for the material
superconductivity.

In one of the first studies on the chemical modification of
HTSCmaterial surfaces,232 various ferrocene derivatives contain-
ing aminoalkyl, aminoaryl, thiol, phosphino, amide and hydroxy-
methyl functional groups were adsorbed at room temperature
onto the surfaces of the YBa2Cu3O77x ceramic and thin film from
a solution in acetonitrile. The solution concentration of the
reagents was 1073 mol litre71. It was shown by cyclic voltamme-
try that only molecules containing aminoalkyl, aminoaryl and
thiol groups are adsorbed. This implies that preferential adsorp-
tion occurs on the YBa2Cu3O77x surface. Ferrocenes containing
such substituents as amide, phosphino and hydroxymethyl groups
are virtually not adsorbed on HTSC materials. The pronounced
ability of YBa2Cu3O77x to adsorb amino groups is explained by
the presence of the Cu(II) and Cu(III) ions on its surface. The
adsorption of ferrocene derivatives with thiol groups is explained
by the high oxidising ability of the superconducting material, on
the one hand, and by the reducing properties of thiol groups, on
the other hand. Treatment of thin YBa2Cu3O77x film with
solutions of various ferrocene derivatives in acetonitrile for 3 h
at room temperature did not affect its superconductivity. An
increase in the treatment time to 48 h decreased Tc by 2 K. It was
noted that covering of the YBa2Cu3O77x surface with a mono-
layer of molecules of substituted ferrocenes makes the HTSC
material resistant against moisture.

Cyclic voltammetry was used to study the effect of small
amounts of water on the adsorption of 11-mercaptoundecanoyl-
ferrocene (MUF) on the surface of the Tl1.4Ba2CaCu2Oz

ceramic.233 The presence of 5% water in a 0.1 M solution of
MUF in acetonitrile decreased considerably the degree of cover-
age of the ceramic's surface with MUF molecules. If ethanol was
used as the solvent, adsorption virtually did not occur. However,
adsorption of MUF from dehydrated solvents gave a dense and
stable monomolecular layer of chemisorbed MUF. It is believed
that water affects adsorption due to a BaCO3 layer formed as a
result of corrosion, which does not adsorb MUF.

Direct proof of the chemical interaction between the amino
groups and the YBa2Cu3O77x surface was obtained in studies
using Raman spectroscopy.234 It was shown that 4-aminopyridine
molecules are chemisorbed on the superconductor surface to form
a dense monomolecular layer of vertically arrangedmolecules; the
amino group is coordinated with the surface copper atoms of the
superconductor (Fig. 7).

A small review of the early studies on the adsorption of
organic molecules on HTSC materials 235 presented data on the
chemisorption of ferrocenes containing various ligands, on the
Raman spectra of monomolecular layers on HTSC material
surface and on the kinetics of adsorbent ± adsorbate exchange.
Special attention was given to the practical use of HTSCmaterials
modified with adsorbed organic molecules. For example, mono-
layer adsorption of hydrophobic molecules on HTSC materials
can be used to prevent their corrosion in a humid atmosphere. In
addition, this treatment increases considerably the adhesion
between the polymer and the HTSC material. Superconductors
coated with a monolayer of organic molecules can serve as the
basis for obtaining synthetic tunnelling contacts used in super-

conducting quantum interferometer probes. They can also be
useful for solving a number of fundamental problems of the
physics of HTSC materials.

Adsorption of naphthalene on the YBa2Cu3O77x ceramic was
accompanied by an increase in Tc and the transport critical
current.236 The treatment was carried out by immersion of
samples in chloroform solutions of naphthalene of different
concentrations. According to gravimetric data, this treatment
results in covering of the surface of the samples with a shell of
naphthalene molecules from one to several hundred monolayers
thick. The transport critical current wasmeasuredwith a vibrating
magnetometer using a ring cut from the ceramic under study; the
superconducting transition temperature was determined by
recording the real part of magnetic susceptibility. Adsorption of
naphthalene from 0.2 M solution in chloroform did not affect the
critical superconductivity parameters of the specimen.An increase
in the naphthalene concentration to 1 mol litre71 increased theTc

by 1.5 K. Further increase in the naphthalene concentration did
not change Tc considerably. For example, the Tc increase due to
treatment of the specimen with a saturated solution
(3.5 mol litre71) was 1.62 K. If naphthalene is washed off from
the specimen with pure chloroform, the original superconducting
transition temperature was restored almost completely (Fig. 8).

It has to be noted that the absolute value of the signal
amplitude w 0 did not depend on the treatment of the specimen.
Hence, naphthalene adsorption does not change the fraction of
the superconducting phase in the specimen. The transport critical
current after naphthalene adsorption from a saturated solution
increased by 20%. Additional experiments on measurements of
the total current decay in a superconducting ring were carried out
in order to analyse this interesting phenomenon. It was found that
treatment of a specimen with naphthalene does not affect the
decay rate and hence does not affect the pinning energy of the
Josephson vortices.

The mechanism of the effect of adsorbed naphthalene on
superconductivity has not been determined so far. Probably, a
bond between an unoccupied d orbital of the Cu(III) ion in the
superconductor and the molecular p orbital of naphthalene is

YBa2Cu3O77x
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Figure 7. Coordination of adsorbed 4-aminopyridine molecules on the

surface of the YBa2Cu3O77x HTSC ceramic.234
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Figure 8. Temperature dependence of the real part (w 0) of magnetic

susceptibility of the YBa2Cu3O77x ceramic;236 (1) original specimen;

(2) after treatment with saturated solution of naphthalene in chloroform;

(3) after washing the treated specimen with pure chloroform.
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formed, which favours electron transfer to the superconductor
and hence changes its properties.

The change in the superconducting transition temperature
caused by the naphthalene adsorption cannot be explained by
donor-acceptor interactions, since interactions of electron donors
with superconductors having hole-type conductivity most prob-
ably decrease the concentration of the charge carriers and hence
decrease rather than increaseTc. The increase inTc observed in the
experiment is probably determined by the effective charging of the
superconductor granule surfaces upon adsorption of naphthalene
molecules.237

As shown above, the effect of adsorption of organic molecules
on the properties ofHTSCmaterials primarily results fromdonor-
acceptor interactions or redox reactions involving copper and
oxygen ions. On the other hand, the high sensitivity of the critical
parameters of superconductivity to external magnetic field pro-
vides a reason to assume that the superconductor properties are
strongly affected by paramagnetic species, i.e., radicals possessing
magnetic moments.

The effect of adsorption of a stable nitroxyl radical, 2,2,6,6-
tetramethylpiperidin-N-oxyl (TEMPO), on the transport proper-
ties of the YBa2Cu3O77x superconducting ceramic was
studied.238, 239 Adsorption was carried out at room temperature
by immersing the ceramics in a 0.2 ± 2.0 M chloroform solution of
TEMPO. The specimenwas kept in the solution for 12 h and dried
in air. The critical current was measured as a function of temper-
ature using a vibrating magnetometer. In reference experiments,
the specimens kept in pure chloroform for 30 days did not show
any effect of chloroform on the ceramic's properties. The super-
conducting transition temperature was measured by recording the
magnetic susceptibility on an alternating current magnetometer.
Figure 9 shows the dependences of the transport current Ic on
temperature at various radical concentrations in the starting
solution. It is evident that radical adsorption affects rather
strongly the critical current in the temperature range from 77.4
to 86 K. At a content of adsorbed radicals in the ceramic equal to
1.761072 mass%, the critical current was higher than that in the
original non-treated specimen over the entire temperature range
studied. Further increase in the content of radicals decreased Ic
(see Fig. 9). The superconducting transition temperature of the
ceramic before and after adsorption of radicals remained the
same.

The mechanism of the effect of adsorbed molecules with their
own magnetic moments on superconductivity is probably rather
complicated. The results of additional experiments carried out
specially to reveal the characteristic features of this effect were
analysed within the framework of the intergranular conductivity

model.240 The general temperature dependence of the critical
current for various contacts between the granules has the form

Ic�T� � Ic�0�
�
1ÿ T

Tc

�n

, (3)

where Ic(0) is the critical current obtained by extrapolation to 0 K;
n is an index reflecting the nature of contacts between the granules,
which can vary from 1 to 2. Figure 10 presents the calculated
dependences of the critical current Ic(0) and the index n on the
concentration of radicals.238, 239 It is evident that n is equal to 2 in
the absence of radicals and n<2 at their low concentrations. This
means that upon adsorption of a radical, an SNS contact is
transformed to an SNINS contact, or, in other words, the
intergranular bond is improved and approaches a character close
to the classical Josephson transition.240 On the other hand, the
absolute value of the critical current also decreases, apparently
due to the effect of the radical magnetic field on the intergranular
bond. If the radical concentration is increased further, n even-
tually becomes equal to two. The change in the intergranular
conductivity correlates with the change in the critical current Ic(0).
The increase in the latter at high radical concentrations is
probably due to a specific behaviour of the highly concentrated
magnetic media. For example, it is known that at a concentration
of paramagnetic species above a certain value a significant change
in the spin orientation is observed and the total magnetic moment
of the medium decreases. Hence, in our case the increase in the
concentration of stable radicals should weaken the effect of the
magnetic moments on the conductivity of the intergranular layer,
which is confirmed experimentally.

A study of the transport properties of the YBa2Cu3O77x

HTSC ceramic upon magnetic field trapping by granules of the
specimen showed that an increase in the critical current between
the granules is actually observed at certain parameters of the
magnetic field `uptaken' by the granules.242 Moreover, treatment
of a superconducting ceramic ring with stable radicals does not
change the decay rate of the current induced in the ring. Hence,
additional pinning centres are not formed, and probably the
increase in the transport critical current in the YBa2Cu3O77x

ceramic after adsorption of stable radicals mostly occurs due to
`uptake' of magnetic field of a radical in the specimen granules. It
was shown experimentally 241 that interaction of the Josephson
and Abrikosov vortices can increase the critical current essen-
tially. An effect on the intergranular bonding and the donor-
acceptor properties of the stable radical, which probably mani-
fests itself as a change in the index n in Eqn (3), cannot be ruled out
either. However, the major role still belongs to the `uptake' of the
radical magnetic field into the specimen granules.

The critical parameters of superconductivity of the
YBa2Cu3O77x ceramic containing adsorbed radicals depend on
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Figure 9. Temperature dependence of the critical current in the
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in the YBa2Cu3O77x ceramic.238, 239
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the temperature to which a specimen has been cooled prior to the
measurements.243 The type of the temperature dependence of
magnetic susceptibility indicates an increase in the critical param-
eters of superconductivity upon cooling of the specimen. The
explanation for this is that at lower temperatures, greater mag-
netic flux from the radical molecules is `uptaken' by the granules,
resulting in an increase in the critical parameters.

The effect of the adsorption of a stable diphenylpicrylhydrazyl
radical (DPPH) on the superconductivity of the
Bi1.8Pb0.5Sr1.9Ca2.5Cu3.2Oz ceramic was studied.244 Before an
experiment, the surface of the specimen to be studied was freed
from adsorbed water, CO2 and organic contaminants by calcina-
tion in an oven at 473 K in vacuo for one hour. Then the cleaned
specimen was transferred into a glass tube containing DPPH
powder and sealed. The adsorption of DPPH was carried out by
heating the tube to 473 K for 20 min. After that, the tube was
broken, and the specimen was transferred into a cell for measure-
ment of magnetic properties. For reference purposes, the
procedure described above was also carried out in the absence of
DPPH. The superconductivity parameters of the specimen under
study were measured with an alternating current magnetometer.
Figure 11 presents the temperature dependence of the magnetic
susceptibility of the Bi1.8Pb0.5Sr1.9Ca2.5Cu3.2Oz ceramic. It is
evident that upon adsorption of the radical, the curve shifts
towards the low-temperature region; this indicates that the
current-carrying ability of the specimen decreases. Thermal treat-
ment of the ceramic also deteriorates superconductivity, but in
this case the change is much less. The experimental values of
magnetic susceptibility were compared with the real part of the
magnetic susceptibility calculated within the framework of the
simple Kim model.245 Good agreement between the experimental
results and the calculations were achieved with the assumption
that the intergranular layer is affected by a static magnetic field of
0.13 mT (see Fig. 11, curve 2).

Given the magnetic induction B, one can estimate the distance
d between an adsorbed radical molecule and an intergranular
contact:

d �
�
2m
B

�1=3

, (4)

where m= gbS is the magnetic moment of the radical, g=2 is the
g-factor of a free electron, b is the Bohr magneton, S=1/2 is the
spin quantum number. Substituting the above value of
B=0.13 mT in the formula (4), we obtain d=5.6 nm. This
distance is in good agreement with the thickness of the non-
superconducting layer, which is generally located on the super-
conductor surface and is estimated as 3 ± 5 nm.246 Such consis-
tency supports the suggested model of the effect of the magnetic

field of adsorbed radicals on the intergranular current in super-
conducting ceramics.

The EPR spectrum of the DPPH radical adsorbed on the
surface of the Bi1.8Pb0.5Sr1.9Ca2.5Cu3.2Oz ceramic in supercon-
ducting state at 77.4 K consists of two lines (Fig. 12). As the
specimen is heated, the high-field line of the doublet starts to shift
downfield and, since the position of the low field line remains
unchanged, splitting decreases. At 125 K, i.e., at a temperature
aboveTc, the high-field line coalesces with the low-field one, and a
singlet corresponding to the line in the EPR spectrum of the
DPPH radical remains. It follows that the low-field line of the
doublet, the position of which is not changed, corresponds to the
adsorbed radical located at a great distance from the super-
conducting phase. For this reason, this phase does not affect the
low-field line. The shift of the high-field line with the increase in
temperature can be caused by the following reasons. First, the
magnetic flux trapped by granules of a superconducting specimen
(the Abrikosov vortices) located in an external magnetic field with
B0& 0.33 mT changes the magnetic field parameters in the
vicinity of the adsorbed radical. Second, the magnetic moment
of the adsorbed radical has a `mirror' image in the diamagnetic
surface of the superconducting specimen, and probably the line
position in the EPR spectrum of the radical is actually determined
by the magnetic field of this `mirror' dipole.

2. Intercalation of organic molecules into the crystal
structure of high-temperature superconducting materials
A characteristic feature of HTSC materials is their layered
structure which plays an important role in the transition to the
superconducting state. As noted above and as has been shown by
Bulaevskii,247 intercalation of atoms and molecules into the
structure of layered solids changes essentially their chemical and
physical properties. For example, intercalation of pyridine mole-
cules into the TaS2 superconductor was accompanied by a
significant increase in the superconducting transition temperature
(from 0.5 to 4.5 K).248 Hence, one can expect that intercalation of
organic molecules in an HTSC material would affect strongly the
critical parameters of superconductivity. It was even suggested
that intercalation of organic molecules in layered inorganic
materials can result in superconductors with high critical
temperatures.249

Bismuth oxide- and thallium oxide-containing superconduc-
tors can be suitable objects for studying the effect of intercalation
on superconductivity. In fact, the magnetic properties of the
Bi1.7Pb0.3Sr2Ca2Cu3Oz ceramic withTc=105 Kunderwent inter-
esting changes on treatment with benzene.250 A powder with a
particle size of * 50 mm obtained by grinding bulk ceramic
specimens was placed in benzene and kept at room temperature
for a period from 10 min to 2.5 h. Then benzene was evaporated
at 308 K, and the powderwas placed inmolten paraffin in order to
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Figure 11. Temperature dependence of magnetic susceptibility of the

Bi1.8Pb0.5Sr1.9Ca2.5Cu3.2Oz ceramic;244 (1) original specimen; (2) after
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1 h. Solid lines Ð experiment, dashed lines Ð calculated real part of

magnetic susceptibility within the simple Kim model.

3

2

1

65

332.0 332.6 B /mT

Figure 12. EPR spectra of the DPPH radical adsorbed on the surface of

the Bi1.8Pb0.5Sr1.9Ca2.5Cu3.2Oz superconducting ceramic recorded at the

temperatures: 77.4 (1), 89 (2) and 125 K (3).244

296 L L Makarshin, D V Andreev, V N Parmon



prevent electrical contact between the granules. As a rule, the
specimens obtained by this method manifested weak paramagnet-
ism with an absolute susceptibility of 1077 or ferromagnetism
with a magnetisation of 1079 A m2 g71.

Specimens of the ceramic that had been kept in benzene for
20 ± 30 min had unusual electrophysical properties. First, rather
high diamagnetic response was recorded at room temperature and
hysteresis phenomena were observed in low magnetic fields. For
example, the magnetisation in a field of 10 mT at 300 K was
861076 A m2 g71. Second, a stepwise change in the external
magnetic field was accompanied by magnetisation relaxation.
Third, if the temperature of the specimen was cycled in the range
from 77.4 to 300 K, the initial magnetisation decreased gradually.
For example, the maximum magnetisation of a specimen was
261075 A m2 g71 after the first cooling, whereas it was as low as
861076 and 461076 A m2 g71, respectively, after the second
and third cooling. Fourth, the EPR spectrum of the specimen at
300 K contained a low-field microwave absorption signal.
Repeated cyclic changing of the specimen temperature decreased
this signal. X-Ray diffraction analysis revealed additional reflec-
tions, apparently due to a new phase that was formed in the
specimen. Such unusual physical properties of the
Bi1.7Pb0.3Sr2Ca2Cu3Oz ceramic containing intercalated benzene
can be a manifestation of superconductivity. Therefore, the
authors of this study 250 believed that they could detect a small
fraction of a superconducting phase in a specimen at room
temperature. Unfortunately, the phenomena described above
were only observed on some specimens. They could not be
reproduced in other specimens, and the fraction of the super-
conducting phase could not be increased by varying the treatment
conditions.

Later, a detailed study of the intercalation of planar aromatic
molecules into superconducting ceramics was undertaken.251

Intercalation of benzene and phthalocyanine complexes of copper
and nickel into bismuth-containing ceramics, Bi2Sr2CaCu2Oz and
Bi2Sr2Ca2Cu3Oz, and into a thallium-containing ceramic,
Tl2Ca2BaCu2Oz, were carried out in sealed tubes at 273 ± 423 K.
As in yet another study,250 the ceramics studied displayed unusual
physical properties at room temperature: the specimens retained
magnetisation for some time after the external magnetic field was
turned off; a low-field microwave absorption signal was observed;
the magnetisation curves had unusual shapes; negative magnet-
isation was recorded in low magnetic fields (1 ± 2 mT). X-Ray
diffraction and Raman spectroscopic data showed that these
organic compounds were located between the Tl7O or Bi7O
double layers (see Fig. 1 c).

Intercalation of zinc and nickel phthalocyanine complexes
also affected the properties of bismuth- and thallium-containing
HTSC ceramics. In Ref. 252, as in previous studies,250, 251 unusual
physical properties of these ceramics at room temperature were
reported. For example, at 300 K the magnetisation of a metal
phthalocyanine intercalated in the ceramics was found to be
anomalously high, two orders of magnitude higher than the
magnetisation of a free metal phthalocyanine complex. In the
superconducting state (at 90 K), themagnetisation of the ceramics
with the intercalated complex was one order of magnitude smaller
and was equal to 1072 A m2 g71. The temperature dependence
plots of the magnetisation of (NiPc)0.1Bi2Sr2CaCu2Oz and
(NiPc)0.09Tl2Ca2BaCu2Oz specimens (Pc=C32H16N8) obtained
on cooling in magnetic fields and without a field showed notice-
able differences starting from 250 K. Such unusual magnetic
properties can indicate that the specimens display superconduc-
tivity at rather high temperatures. Certain assumptions on the
nature of the observed phenomena were made.250 ± 252 It was
assumed that molecules of aromatic compounds characterised by
strong electron delocalisation formnew compositematerials when
introduced into the structure of a layered superconductor. These
materials manifest unusual physical properties which resemble in
certain respects the properties of superconductors; this is primar-
ily due to the possible formation of quasi-species Ð `anyons' with

half-integer statistics. It was shown theoretically 253 that similar
quasi-species present in two-dimensional electronic systems can
generate a superconducting state, the transition to which occurs
by a mechanism different from the generally accepted one and
which is characterised by a higher Tc.

In addition, the superconductivity of intercalated composites
can be explained using the exciton mechanism.254 In fact, inter-
calation of organic molecules into layered crystal systems results
in `sandwiches' that consist of alternating thin metal layers and
dielectric intermediate layers. An electron ± hole pair (exciton) can
be formed in such systems. High magnetisation of intercalated
bismuth- and thallium-containingHTSC oxides can also be due to
the joint orbital contribution of p-electrons of aromatic mole-
cules, which can form two-dimensional conducting layers due to
the structural features of the material. According to X-ray
diffraction data,252 intercalation changes the material structure
substantially. Not only do the distances between the structural
Tl7O and Bi7O layers change, but also those between the atoms
along the a and b axes (see Fig. 1 c). These transformations affect
the electronic condition of the copper ion and result in transition
from the usual phase with antiferromagnetic ordering of the
copper spin states to the ferromagnetic phase. The effect of the
amount of the metal phthalocyanine intercalated in the ceramics
on this process was observed for the (NiPc)yBi2Sr2CaCu2Oz

system.252

V. The effect of superconductivity on the electronic
state of the adsorbed molecules and on adsorption
processes

The effect of the substrate superconductivity on the fluorescence
lifetime of an adsorbed dye, 1,4-bis(5-phenyloxazol-2-yl)benzene
(POPOP), was studied.255 Adsorption of the dye on a
YBa2Cu3O77x ceramic substrate was carried out by treating the
specimen with a 1073 M POPOP solution for 100 s in toluene
followed by drying in air. As a result of this treatment, the width of
the superconducting transition temperature of the substrate,
DT=1 K, expanded to DT=8 K towards low temperatures.
The fluorescence lifetime t at each particular temperature was
calculated using an exponential kinetic curve of the decay of the
dye fluorescence excited by light with a wavelength of
l=330 nm. Figure 13 presents the temperature dependences of
the relative specific resistance of the substrate (r/r298, where
r298=261073 O cm is the substrate specific resistance at
298 K) and the lifetime of fluorescence of adsorbed POPOP (t).
If temperature is decreased, an abrupt increase in t is observed in
the region of transition into the superconducting state. In control
experiments, where the fluorescence lifetime of POPOPmolecules
adsorbed on a non-superconducting substrate with similar com-
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Figure 13. Temperature dependences of the relative specific resistance of

the YBa2Cu3O77x support and the fluorescence lifetime of POPOP

adsorbed on this support.255
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position was measured, no such dependence of t on temperature
was observed.

Thus, the abrupt increase in the lifetime of the electronically
excited singlet state of POPOP upon temperature decrease is due
to the specific features of the superconducting state of the
substrate. Probably, the following aspects are most important.
First, the transition of the ceramic in the superconducting state is
accompanied by small structural changes of its crystal lat-
tice,256, 257 which can affect the geometry of the adsorbedmolecule
and thus change the lifetime of the excited electronic state. Second,
the transition into the superconducting state changes the dielectric
constant of the surface layer of the HTSC material;258 this results
in a change in the electric field strength near the surface and hence
can affect the probability of nonradiative transitions of the excited
molecules of the adsorbate. Third, the transition of the substrate
in the superconducting state can weaken the interaction of the
electronically excited adsorbate molecule with the conductivity
electrons of the substrate, which also affects the luminescence
lifetimes.

The effect of the substrate superconductivity on the electronic
state of the adsorbed molecule was observed:258 the fluorescence
quantum yield of an organic dye, erythrosine, adsorbed on a
superconductor surface changed in a stepwise manner at the
superconducting transition temperature of the substrate. A bulk
ceramic specimen of YBa2Cu3O77x (Tc=87 K), an epitaxial
polycrystalline film of YBa2Cu3O77x (Tc=50 K) and a low-
temperature superconductor film of NdN (Tc=13.5 K) were
used as the superconductors. The fluorescence quantum yield of
erythrosine applied on the low-temperature superconductor NdN
underwent a small (5%) stepwise change at Tc, while the quantum
yield above and below this point virtually did not depend on
temperature. A different behaviour was observed where the dye
was adsorbed on HTSC substrates. The fluorescence quantum
yield of erythrosine adsorbed on a YBa2Cu3O77x polycrystalline
film increased by 100% as the latter has passed in the super-
conducting state. The quantum yield of erythrosine adsorbed on
the bulk YBa2Cu3O77x ceramic changed substantially around the
temperatures of 50 and 90 K, which correspond to two super-
conducting subsystems, viz., the intergranular layers and granules,
respectively. The conclusion was made 258 that the fluorescence
quantum yield of the dye changes upon transition of the adsorbate
in the superconducting state owing to the change in the dielectric
constant of the material.

An original way for the separation of diamagnetic and para-
magnetic molecules on a porous membrane made of a super-
conducting material, YBa2Cu3O77x, was reported.259 In the
superconducting state, the porous ceramic is `transparent' for
nitrogen molecules but does not pass the paramagnetic molecules
of oxygen. TheO2 :N2 concentration ratio decreased by a factor of
six after a gas mixture (air) has passed through such a membrane.
There was no gas separation effect with a non-superconducting
membrane at the same temperatures, which is explained by high
(comparable with the energy of thermal movement of molecules)
energy of interaction between the magnetic moment of a triplet
oxygen molecule and its mirror image in the superconducting
surface of the membrane material. As a result, the effective cross-
section of interaction of the oxygen molecule with the super-
conductor increases and a paramagnetic oxygen molecule pene-
trates the membrane with greater difficulty than a diamagnetic
nitrogen molecule.

The features of interaction ofHTSCmaterials with charged or
magnetoactive species provide the possibility of using these
materials for practical purposes. For example, the focusing of
electron and ion beams passing through a superconducting tube
made of HTSC ceramics was identified and studied.260 ± 262 A
theoretical estimate 260 of the focusing effect of a superconducting
surface on the beamof free electrons or ions showed that at certain
velocities of the beam the focusing force can be comparable to, or
even exceed, the force of Coulomb repulsion of the charged species
in the beam. The vast experimental and theoretical material that

has been accumulated shows the possibility of using HTSC
materials for these purposes.261 For example, the passage of an
electron beam through a superconducting tube from bismuth-
containing ceramics with Tc=105 K was studied experimen-
tally:262 an electron beam with an energy of 340 keV, an intensity
of 0.8 kA and a diameter of 8 mm was directed into a super-
conducting tube. The electron beam leaving the tube was focused
to a diameter of 1.1 mm.

The authors of the present review have thoroughly studied the
interaction of a superconductor withmagnetoactive species.263, 264

Specific features of the low-temperature adsorption and desorp-
tion of oxygen and argon on a 0.25 ± 0.50 mm fraction of powder
of the YBa2Cu3O77x superconducting ceramic were studied. The
adsorption isotherms of argon and oxygen in the temperature
range from 77.4 to 98 K were obtained.

The desorption curves coincided completely with the adsorp-
tion curves. Hence, the adsorption of argon and oxygen on the
oxide YBa2Cu3O77x is reversible and can be regarded as physical
adsorption. The experimental isotherms of the argon and oxygen
adsorption in the entire temperature range studied correspond to
the `second type' 265 and are well described by the BET polymo-
lecular adsorption theory.266 The temperature dependence of the
superconducting adsorbent specific surface calculated using the
BET equation for oxygen adsorption differs essentially from the
similar dependence obtained for argon adsorption (Fig. 14).
According to the BET theory, the geometrical dimensions of the
surface do not depend on temperature and are determined by the
nature of the material. This assumption is totally consistent with
the low-temperature adsorption of argon. The specific surface of
the specimen measured with respect to argon was found to be
1.05 m2 g71.

A different situation is observed for the adsorption of para-
magnetic oxygen molecules. At 77.4 K where the adsorbent is in
the superconducting state, the amount of oxygen adsorbed in a
monolayer is more than twice as small as that in the case of argon.
As temperature increases, the amount of adsorbed oxygen
increases, and when the adsorbent is no longer in the super-
conducting state, oxygen is adsorbed exactly in the same way as
diamagnetic argon (see Fig. 14). Adsorption of oxygen on a non-
superconducting adsorbent prepared by heating the original
superconducting adsorbent in air to 873 K followed by quenching
to room temperature was studied for reference purposes. In this
case, the specific surface does not depend on temperature, and its
small decrease in comparison with the specific surface of the
original superconducting adsorbent is apparently due to partial
sintering of small granules during thermal treatment of the
ceramic at 873 K.

The anomaly observed in the low-temperature adsorption of
molecular oxygen on HTSC ceramics is undoubtedly due to the
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Figure 14. Temperature dependences of the specific surface measured by
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paramagnetism of O2 molecules and the superconducting state of
the adsorbent. It is believed 259 that perfect diamagnetism of the
adsorbent in the superconducting state favours its additional
interaction with the paramagnetic oxygen molecule. However,
estimates show that the energy of repulsion between the magnetic
moment of oxygen and its mirror image in the superconducting
adsorbent can be comparable with the energy of thermal move-
ment only at distances equal to the molecular diameter. This does
not consider the London penetration depth of magnetic field into
the superconductor and the thickness of the possible non-super-
conducting phase layer on the adsorbent surface. A more reason-
able assumption is that the repulsive force arises due to the
interaction between the magnetic moment and the magnetic flux
`uptaken' by the granules of the superconducting adsorbent.267

As the temperature is increased, the adsorbent diamagnetism
decreases and the amount of adsorbed oxygen increases synchro-
nously, tending to a limit which corresponds to complete surface
coverage. Measurements of the `pure' heat of adsorption

Qa= qst7qL ,

(where qst is the isosteric heat of adsorption and qL is the heat of
condensation of the adsorbate on a planar surface) also indicate a
significant difference between the adsorption of molecular oxygen
on superconducting and non-superconducting adsorbents. As the
surface of a non-superconducting adsorbent is covered with oxy-
gen, Qa decreases monotonically (Fig. 15). This agrees with the
common concept of adsorption on non-porous solids with the
`classical' non-uniform surface. Conversely, Qa increases in the
case of oxygen adsorption on superconducting adsorbents. This
can be a consequence of the formation of new adsorption sites as
the surface is covered with oxygen molecules due to violation of
superconductivity in the near-surface zone by the strong magnetic
field of the adsorbed molecules.

In continuation of previous works,263, 264 the heat transfer
from a heater to a superconductor by argon, nitrogen, helium and
oxygen molecules was studied.268 It is well known that the heat
transfer from gas to solid occurs efficiently only in the case if the
collision of the gas molecules with the surface is inelastic. There-
fore, based on the above data on the adsorption of paramagnetic
molecules,112, 263 it can be assumed that oxygen transfers heat to a
superconductor less efficiently than molecules which have no
magneticmoment. The efficiency of heat transfer by gasmolecules
to the surface of the YBa2Cu3O77x superconducting ceramic was
estimated as the time required for heating the specimen to Tc.
Specimens of the YBa2Cu3O77x ceramic had different critical
parameters: the specimen Y1was characterised by a large strength
of the first critical magnetic field of the granules
Hc1g=1.026104 A m71 and Tc=89.1 K, while the specimen
Y2 had the following parameters: Hc1g=1.46103 A m71 and
Tc=91.3 K. The electron micrographs of the cross-sections of
specimens Y1 and Y2 taken with a scanning electron microscope
showed that theirmorphologies differ essentially: the specimenY1

consists of distinct oriented monolithic blocks with characteristic
cross sizes of* 406100 mm, whereas the specimen Y2 consists of
randomly oriented granules with an average size of* 10 mm.

The period from the moment when the heater has been turned
on to the moment when the ceramic passes into the normal state
was measured in different gaseous media in a cell (Fig. 16) placed
in a mutual inductance coil for recording the magnetic suscepti-
bility of the specimens. Figure 17 shows the experimental depend-
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ences of time (tc) required for heating the specimen to the super-
conducting transition temperature in a nitrogen or oxygen atmos-
phere on the pressure of these gases in the measuring cell. When
the specimen Y1 was heated in oxygen, the time tc was obviously
greater than that in nitrogen. On the specimen Y2 and on the
specimenY1 coatedwith a paraffin film, the time tc did not depend
on the atmosphere in which heating was carried out. In addition,
the time of heating of the specimen Y1 in oxygen depended on the
strength of external magnetic field imposed on the specimen after
cooling (Fig. 18). The time tc remained unchanged if the strength
of the externalmagnetic field did not exceedHc1g for the particular
specimen. Further increase in field strength resulted in a decrease
in tc. Based on these experiments, it can be concluded that heat
transfer by oxygen molecules to a superconducting specimen with
high critical parameters occurs with lower efficiency.

The essential difference of the oxygen molecule from the
nitrogen molecule is its magnetic moment, therefore it can be
believed that its interactionwith the superconductor is responsible
for the observed phenomenon. As shown above,263 the magnetic
moment of oxygen can favour the decrease in its adsorption on the
superconductor surface. Apparently, in this case the oxygen
molecules transfer heat less efficiently because they are elastically
reflected from the superconductor surface. Taking into account
that the character of collisions of oxygen molecules with a super-
conductor surface depends on its critical parameters, it is possible
to suggest a newmodel of the interaction of the magnetic moment
of oxygen with superconductors. In contrast to the previously
suggested model of interaction between the magnetic moment and
the Meissner superconductor phase,259 it is assumed 267, 269 that
the repulsive force of the magnetic moment from the super-
conductor surface is described by the power function

F / dÿn ,

where the index n depends on the distance d between the magnet
creating the magnetic field and the superconductor. At long
distances and in the cases where the magnetic field strength of
the magnet does not exceed the first critical field strength of the
superconductor, n=4; this corresponds to the ordinary
dipole ± dipole interaction. At short distances, i.e., in sufficiently
strong magnetic fields, the character of interaction of the magnet
with the superconductor changes substantially. Themagnetic field
of the magnet penetrates into the superconductor bulk; as a result,
the superconductor passes into a mixed state. In this case,
interaction is described by the vortical model, according to
which the magnetic flux from the magnet is `uptaken' by the
bulk of the granules, creating a grid of vortical lines reaching the
superconductor surface and capable of interacting with the
magnet. The interaction energy is expressed by the formula 270

E � mHclgd
pd

, (5)

where m is the magnetic moment and d is the superconductor
thickness. It should be noted that in this case the energy of
interaction depends on distance much more weakly than in the
Meissner model (d71 instead of d73).

According to the estimate made, the energy of interaction
between the magnetic moment of oxygen and the surface of the
specimen Y1 is rather high and is comparable with the thermal
energy kT at a distance d& 5 nm. This distance is much larger
than the oxygen molecule size and the thickness of the possible
non-superconducting phases usually present on HTSC surfaces.
The energy of interaction with the surface of the specimen Y2
becomes equal to the thermal energy kT only at d& 0.05 nm,
which is less than the oxygen molecule size, hence repulsion does
not occur in this case. This agrees with the experimental results
mentioned above.

Thus, superconductivity affects the adsorption and collision
of paramagnetic molecules with the superconductor sur-
face.263, 264, 268 It is important that these processes are also
controlled by the external magnetic field.271

Heterogeneous chemical reactions are very `sensitive' to the
state of the surface. The recoil force, which appears during
desorption of hydrogen molecules which acquire nonequilibrium
translational energy upon their recombination at the surface was
measured after keeping a YBa2Cu3O77x superconductor in a
stream of hydrogen atoms.272 The measurements were carried
out by the weighing method in the temperature range of
78 ± 350 K. The recoil force did not depend on temperature as
long as the superconductor was in the ordinary state. After its
transition to the superconducting state, a decrease in the recoil
force was recorded. This was explained by a change in the
magnetic state of the surface. The temperature dependence of the
recoil force correlates well with changes in the relative intensity of
the ferromagnetic resonance absorption of the superconductor.
This correlation suggests that the recombination of hydrogen
atoms occurs at the antiferromagnetically ordered Cu+ surface
ions. Cooling of the substrate changes the magnetic ordering and
hence affects the concentration of the Cu+ ions at the surface. The
decrease in the recoil force below the superconducting transition
temperature of the substrate is apparently due to magnetic
shielding of the Cu+ ions due to of the total diamagnetism of the
superconductor.

The low-temperature catalytic reaction of the ortho ± para
conversion of molecular hydrogen on the superconducting cata-
lyst YBa2Cu3O77xwas studied.273, 274 The catalytic activity of the
superconductor at various temperatures was estimated by chro-
matographic measurement of the amplitude of para-hydrogen
signal on exit from the reactor. The temperature dependence of the
effective rate constant of catalytic ortho ± para conversion is
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presented in Fig. 19. One can see that the conversion rate
decreases abruptly starting from 90 K. This temperature is close
to the superconducting transition temperature of the catalyst
determined from magnetic susceptibility (see Fig. 19, curve 2).
Analysis of the possible magnetic mechanisms of hydrogen
ortho ± para conversion on oxide catalysts 275 ± 278 made it possible
to conclude that the magnetic state of the catalyst's surface plays
an important role in these processes. Before a catalyst is trans-
ferred to the superconducting state, ortho ± para conversion of
hydrogen occurs on the paramagnetic centres; the Cu2+ cations
play this role in HTSC materials. Superconductivity changes
essentially the magnetic state of the catalyst and it acquires a
new property, i.e., becomes a pure diamagnetic. The currents
flowing along the surface shield the magnetic field of the para-
magnetic centres and thus `switch off' the basic mechanism of the
low-temperature catalytic ortho ± para conversion. As a result, the
effective reaction rate constant decreases by several orders of
magnitude.

VI. Conclusion

Analysis of the experimental and theoretical data presented above
shows that the specific features of interaction of external mole-
cules with HTSC materials are determined by a wide range of
various physicochemical processes. The thermodynamic meta-
stability of almost all of the known high-temperature super-
conductors 60, 279, 280 probably has certain impact on the
processes involved in the synthesis of HTSC materials and on
the effects of external molecules on these processes. The study of
superconductivity in HTSC materials requires rather complex
problems to be solved. Of these, the reproducible synthesis and
chemical stability of the final material present important prob-
lems. Apparently, the wide scatter of the experimental results for
the thermodynamic characteristics, critical parameters of super-
conductivity, etc. reported by different authors is due to this
problem. Nevertheless, a number of important conclusions can be
made.

1. Depending on the temperature of treatment of oxide HTSC
materials by foreign molecules of simple compounds, the phe-
nomena resulting from their effect on the superconductivity of
these materials can be separated in two groups.

The phenomena observed on treatment of HTSC materials at
temperatures up to 473 K correspond to the first group. As a rule,
such treatment little affects superconductivity. It is important that
this problem is far from clarified even now, despite numerous
publications on this matter. The experimental results obtained by
different groups of authors and the conclusions made on this basis
on the nature of the effect are usually contradictory and incon-
sistent. Nevertheless, studies in this temperature range are very
important for understanding the physicochemical processes that
occur on superconductor surfaces.

The second group includes phenomena caused by treatment of
HTSC materials at temperatures above 473 K. Such treatment
often affects strongly the parameters of superconductors. As a
rule, the experimental results obtained in different studies are
reproduced satisfactorily. The effect of simple molecules on the
properties of superconductors in this temperature range is caused
by the intercalation of molecules in its crystal lattice and/or by
their chemical reactions with the ions of an HTSC material. As a
rule, the action of simple molecules at temperatures above 473 K
results in superconductivity degradation.

Intercalation of oxygen, which plays a key role in the
formation of the superconducting phase, deserves special atten-
tion. Numerous studies showed that halogen molecules or atoms
incorporated in the lattices of HTSC ceramics can play the same
role as the oxygen atoms. For example, the non-superconducting
tetragonal phase of YBa2Cu3O77x passes in the superconducting
orthorhombic phase upon intercalation of halogens.

2. The range of effects of organic compounds on the character-
istics of superconductivity is much more diverse. The first studies

along this line carried out on low-temperature superconductors
showed that the donor ± acceptor interaction of organic molecules
with the superconductor material results in a considerable change
in the critical parameters of superconductivity. The changes in Tc

and Ic correlate with the electronegativity of the adsorbed mole-
cules. Similar phenomena were observed later in the studies of
HTSC materials.

The superconductivity parameters of oxide materials depend
on the electronic properties of adsorbed molecules or a deposited
polymeric film. Dielectric polymers little affect superconductivity,
whereas conducting polymers decrease Tc. This effect is appa-
rently due to the `proximity' effect.

It has been proven that intercalation of planar organic
molecules into the space between the crystal lattice layers in
HTSC materials changes their characteristics considerably. In
some cases the specimens display unusual physical properties.

Adsorption of stable organic radicals affects the magnetic
state of the superconductor surface and the electric resistance of
the intergranular layers; as a result, Ic changes.

3. In turn, superconductivity can affect noticeably various
physicochemical processes occurring on the superconductor sur-
face. For example, transition of a material into the superconduct-
ing state changes the luminescence characteristics of organic dyes
adsorbed on the surface of an HTSC material (the quantum yield
and the position of the maximum in the luminescence spectrum).
Systems in which the energy of interaction between the super-
conductor and paramagnetic molecules from the environment is
comparable with the energy of the adsorption interaction were
found among HTSC materials. Owing to this, superconducting
membranes can separate gas mixtures of paramagnetic and
diamagnetic molecules. At the liquid nitrogen temperature, the
superconducting adsorbent adsorbs paramagnetic oxygen mole-
cules several-fold more weakly than diamagnetic argon atoms.
This is probably due to the repulsive interaction of the magnetic
moment of the molecule with the magnetic flux `uptaken' by the
specimen granules.

4. The low-temperature heterogeneous-catalytic ortho ± para
hydrogen conversion occurring at the paramagnetic centres of the
adsorbent is also very sensitive to the surface state, and its rate
decreases by several orders of magnitude as the catalyst passes
into the superconducting state. This phenomenon can be
explained by shielding of the catalytically active paramagnetic
centres located on the superconductor surface, which is caused by
the substrate diamagnetism.

References

1. J G Bednorz, K A MuÈ ller Z. Phys. B, Condens. Matter 64 189 (1986)

2. M K Wu, J R Ashburn, C J Torng, P H Hor, R L Meng, L Gao,

Z J Huang, Y Q Wang, C W Chu Phys. Rev. Lett. 58 908 (1987)

3. A W Sleight Acc. Chem. Res. 28 103 (1995)

4. G F VoroninZh. Vses. Khim. O-va im. D IMendeleeva 34 466 (1989) a

5. S D Smith, A C Walker, F A TooleyNature (London) 325 27 (1987)

6. J M Lehn Angew. Chem., Int. Ed. Engl. 27 89 (1988)

7. J S Lindsey New J. Chem. 15 153 (1991)

8. P G Pickup, R W Murray J. Electrochem. Soc. 131 833 (1984)

9. G P Kittlesen, H S White, M S Wrigton J. Am. Chem. Soc. 106 7389

(1984)

10. M S Mighton Comments Inorg. Chem. 4 269 (1985)

11. H S Kwok, J P Zheng, Q Y Ying Appl. Phys. Lett. 54 2473 (1989)

12. M G Forrester, M Gottlied, J R Gavaler, A I Braginski Appl. Phys.

Lett. 53 1332 (1988)

13. Y Enomoto, T Murakami, M Suzuki Physica C 153-155 1592 (1988)

14. C N R Rao, R Nagarajan, R Vijayaraghavan Supercond. Sci.

Technol. 6 1 (1993)

15. A I Okorokov, V V Runov, A D Tret'yakov, S V Maleev,

B P Troperverg Zh. Eksp. Teor. Fiz. 100 257 (1991)

16. R J Cava, R B van Dover, B Batlogg, E A Rietman Phys. Rev. Lett.

58 408 (1987)

The chemical and adsorption effects of foreign molecules on the properties of high-temperature superconductors 301



17. T Siegrist, S Sunshine, D W Murphy, R J Cava, S M Zahurak

Phys. Rev. B, Condens. Matter 35 7137 (1987)

18. A Balzarotti, M DeCrescenzi, N Motta, F Patella, A Sgarlata Phys.

Rev. B, Condens. Matter. 38 (1988) 6461

19. C N R Rao (Ed.) Chemistry of Oxide Superconductors (Oxford:

Blackwell, 1988)

20. S Martin, A T Fiory, R M Fleming, L F Schneemeyer, J V Waszczak

Phys. Rev. Lett. 60 2194 (1988)

21. O Laborde, P Monceau, M Potel, P Gowgeon, J Padiou, J C Levet,

H Noel Solid State Commun. 67 609 (1988)

22. J Beille, R Cabanel, C Chaillaut, B Chevalier, G Demazeau,

F Deslandes, J Etourneau, P Lejay, C Michel, J Provost, B Raveau,

A Sulpice, J Tholence, R Tournier C.R. Acad. Sci., Ser. 2 304 1097

(1987)

23. Z Bukowski, R Horyn, K Rogacki J. Less-Common Met. 144 153

(1988)

24. J D Jorgensen, B W Veal, A P Paulikas, L J Nowicki, G W Crabtree,

H Claus, W K Kwok Phys. Rev. B, Condens. Matter 41 1863 (1990)

25. H Guyot Surf. Sci. 269/270 1082 (1992)

26. Yu M Baikov, E K Shalkova, T A UshakovaSverkhprov. Fiz. Khim.

Tekhnika 6 449 (1993)

27. C P Enz Helv. Phys. Acta 61 741 (1988)

28. C N R Rao Physica C 153-155 1762 (1988)

29. YMatsuda, THirai, S Komiyama Solid State Commun. 68 103 (1988)

30. D M Kroeger J. Met. 41 P14 (1989)

31. D M Kroeger, J Brynestad, R A Padgett Appl. Phys. Lett. 52 1266

(1988)

32. S E Babcock, D C Larbalestier Appl. Phys. Lett. 55 393 (1989)

33. S E Babcock, T F Kelly, P J Lee, J M Seuntjens, L A Lavanier,

D C Larbalestier Physica C 152 25 (1988)

34. Y Kubo, H Igarashi Phys. Rev. B, Condens. Matter 39 725 (1989)

35. C I Merzbacher, B P Bonner J. Appl. Phys. 69 4442 (1991)

36. J D Verhoeven, A J Bevolo, R W McCallum, E D Gibson,

M A Noack Appl. Phys. Lett. 52 745 (1988)

37. T B Lindemer, C R Hubbard, J Brynestad Physica C 167 312 (1990)

38. S Nakahara, G J Fisanick, M F Yan, R B van Dover, T Boone,

R Moore J. Cryst. Growth 85 639 (1987)

39. T Lundstrom, B Lonnberg, L-E Tergenius Phys. Scr. 44 88 (1991)

40. A I Kingon, S Chevacharoenkul, J Manslield Adv. Ceram. Mater. 2

678 (1987)

41. J E Biendell, C A Handwerker, M D Vandin J. Cryst. Growth 89 93

(1988)

42. H W Zandbergen,G ThomasActaCrystallogr., Sect. A 44 772 (1988)

43. H W Zandbergen, R Gronsky, G van Tendeloo J. Supercond. 2 337

(1989)

44. L A Bursill, D F Xu Phys. Status Solidi 107 503 (1988)

45. B K Lukaszewicz, J Stepien-Damm, R Horyn, Z Bukowski,

M Kowalski J. Appl. Crystallogr. 20 505 (1987)

46. C Calandra, F Maughi, T Minerva, G GoldoniEurophys. Lett. 8 791

(1989)

47. P C Healy, S Myhra, A M Stewart Philos. Mag. B 58 227 (1988)

48. S Lars, A Andersson, J C Otamiri Appl. Surf. Sci. 45 1 (1990)

49. L L Makarshin, A A Sychuk, V N Parmon, in Neodnorodnye

Sostoyaniya (Tez. Dokl. 3-go Vsesoyuz. Simp.) [Heterogeneous States

(Abstracts of Reports of the Third All-Union Symposium)]

(Novosibirsk: Institute of Inorganic Chemistry, Siberian Branch of

Academy of Sciences of the USSR, 1989) p. 170

50. R P Vasquez, B D Hunt, M C Foote Appl. Phys. Lett. 53 2692

(1988)

51. B D Hunt, M C Foote, R P Vasquez Appl. Phys. Lett. 56 2678 (1990)

52. R P Vasquez, M C Foote, B D Hunt J. Appl. Phys. 66 4866 (1989)

53. H M Meyer III, D M Hill, T J Wagener, Y Gao, J H Weaver,

D W Capone II, K C Goretta Phys. Rev. B, Condens. Matter 38 6500

(1988)

54. Y Nishi, S Takagi, Y Takahashi, N Inoue, T Shima, K Oguri

J. Mater. Sci. Lett. 9 909 (1990)

55. M A Vasil'ev, V V Martynyuk, A V Martynyuk Sverkhprov. Fiz.

Khim. Tekhnika 5 95 (1992)

56. V F Kiselev, O V Krylov Adsorbtsionnye Protsessy na Poverkhnosti

Poluprovodnikov i Dielektrikov (Absorption Processes on the Surface

of Semiconductors and Dielectrics) (Moscow: Nauka, 1978)

57. D M Sakov, A G Lipson, E I Saunin, V A Kuznetsov, V V Gromov,

Yu P Toporov Zh. Fiz. Khim. 65 1214 (1991) b

58. N N Peschanskaya, B I Smirnov, V V Shpeizman Fiz. Tv. Tela 31

292 (1989)

59. M Gurvitch, A T Fiory Novel Mechanism of Superconductivity

(Eds S Wolf, Y Kresin) (New York: Plenum, 1987)

60. Yu D Tretyakov, A E Goodilin Usp. Khim. 69 3 (2000) [Russ. Chem.

Rev. 69 1 (2000)

61. I E Graboi, I V PutlyaevZh. Vses. Khim. O-va im. D IMendeleeva 34

473 (1989) a

62. V B Fetisov, A V Fetisov, A A Fotiev Sverkhprov. Fiz. Khim.

Tekhnika 3 2627 (1990)

63. N V Wyong Sverkhprov. Fiz. Khim. Tekhnika 4 1728 (1991)

64. A A Stepanov, N G Khainovskii, Yu T Pavlyukhin, A I Rykov

Sverkhprov. Fiz. Khim. Tekhnika 3 119 (1990)

65. N V Kir'yakov, V N Borshch, Yu G Morozov, E A Grigoryan

Zh. Fiz. Khim. 70 311 (1996) b

66. V N Borshch, E A Grigoryan Kinet. Katal. 36 721 (1995) c

67. V F Elesin, G I Zhabrev, I V Zakharchenko, A I Podlivaev,

S V Shavkin Sverkhprov. Fiz. Khim. Tekhnika 3 2232 (1990)

68. Yu M Baikov, S E Nikitin, B Sh El'kin, Ya A Shapiro,

I E Graboi Pis'ma Zh. Tekhn. Fiz. 14 1816 (1988)

69. A G Schrott, K N Tu,N G Yeh,G Singco, A Levi, C C TsueiPhys.

Rev. B, Condens. Matter 39 2910 (1989)

70. C L Teske, H Miller-BuschbaumZ. Naturforsch., A Phys. Sci. 43 965

(1988)

71. YuMBaikov, VVSemin, SKFilatov, TVGracheva, AVNazarenko,

G I Tsereteli, T V Belopol'skaya, O I Smirnova, in II Vsesoyuz.

Konf. po VTSP (Tez. Dokl.) [The Second All-Union Conference on

High-Temperature Superconduction (Abstracts of Reports)] (Kiev:

Institute of Monocrystals, Academy of Sciences of Ukr. SSR, 1989)

Vol. 3, p. 118

72. G Ottaviani, C Nobili, F Nava, M Affronte, T Manfredini,

F C Matacotta, E Galli J. Less-Common Met. 150 177 (1989)

73. A Yoshida, H Tamura, S Marohasri, S Hasuo Appl. Phys. Lett. 53

811 (1988)

74. B V Vykhodets, T E Kurennykh, B V Slobodin, K V Trifonov,

A Ya Fishman Fiz. Tv. Tela 39 42 (1997)

75. A V Fetisov, B V Slobodin Dokl. Akad. Nauk 356 649 (1997) d

76. A V Fetisov Neorg. Mater. 34 351 (1998) e

77. M Ronay, P Nordlander Physica C 153-155 834 (1988)

78. D Tallon, M P Staines J. Appl. Phys. 68 3998 (1990)

79. J R Cost, D Stanley J. Mater. Res. 6 232 (1991)

80. T D Dzhafarov Phys. Status Solidi 158 335 (1996)

81. S J Rothman, J L Routbort, J E Baker Phys. Rev. B, Condens.

Matter 40 8852 (1989)

82. Y Mi,R Schaller, S Sathish,W BenoitPhys. Rev. B, Condens.Matter

44 12575 (1991)

83. N D Zakharov, Yu A Barabanenkov, I N Makarenko Sverkhprov.

Fiz. Khim. Tekhnika 4 106 (1991)

84. A P Mozhaev, S V Chernyaev, N V Khramova Zh. Neorg. Khim. 39

1254 (1994) f

85. A P Mozhaev, G N Mazo, A A Galkin, N V Khramova Zh. Neorg.

Khim. 41 916 (1996) f

86. V V Petrykin, N N Oleinikov, V A Ketsko Neorg. Mater. 32 188

(1996) e

87. J E Diosa, R A Vargas, B-E Mellander J. Phys., Condens. Matter 9

4621 (1997)

88. I G Gorichev, E A Tishchenko, V I Yashkevich, A V Khoroshilov,

A B Kuz'menko Neorg. Mater. 32 1383 (1996) e

89. A G Merzhanov, Yu N Barinov, I P Borovinskaya, S V Lysikov,

Yu G Morozov, M D Nersenyan, A G Peresada, A V Makarov,

E N Verkhoturov, G V Romanov, S G Zbezhneva, V I Gorshkov

Sverkhprov. Fiz. Khim. Tekhnika 3 1111 (1990)

90. K Nagase, H Yokobayashi, M Kikuchi, A Tokiwa, Y Syono,

Y Morioka Thermochim. Acta 175 207 (1991)

91. I Felner, B Barbara Solid State Commun. 66 205 (1988)

92. A V Fetisov, A A Fotiev Zh. Fiz. Khim. 71 1602 (1997) b

93. A V Fetisov, A A Fotiev, V B Fetisov, A G Yasnikov,

Yu P Vorob'ev Neorg. Mater. 32 500 (1996) e

94. A V Fetisov, A A Fotiev Zh. Fiz. Khim. 71 1770 (1997) b

95. S Mino, K Morii, Y Nakayama Z. Met.kd. 80H11 (1989)

96. J M Sanchez, FMejira-Lira, J LMoran-Lopez Phys. Rev. B, Condens

Matter 37 3678 (1988)

97. V Dediu, F C Matacotta Phys. Rev. B, Condens. Matter 54 16259

(1996)

302 L L Makarshin, D V Andreev, V N Parmon

http://www.turpion.com/info/lnkpdf?tur_a=rcr&tur_y=2000&tur_v=69&tur_n=1&tur_c=526


98. G K Moiseev, N A Vatolin Zh. Fiz. Khim. 72 353 (1998) b

99. Yu S Nechaev, V A Lykhin, K N Zhangozin, D B Kargin,

N V Khramova Zh. Fiz. Khim. 68 1690 (1994) b

100. Yu S Nechaev, V A Lykhin Zh. Fiz. Khim. 68 1697 (1994) b

101. V M Azhazha, Yu P Bobrov, O V D'yachenko, T A Kramskaya,

S D Lavrinenko, L I Pirozhenko, N S Pugachev, G F Tikhinskii,

I N Tokar' Vopr. At. Nauk. Tekhniki 2 56 (1992)

102. K Sendjaja, K V Ng J. Supercond. 4 375 (1991)

103. J T S Irvine, C Namgung J. Solid State Chem. 87 29 (1990)

104. K Kurusu, H Takami, K Shintomy Analyst 114 1341 (1989)

105. E Faulques, P Dupouy, T P NguyenPhysica C 162-164 1101 (1989)

106. Y H Shi, M J G Lee, M Moskovits, R Carpick, A Hsu,

B W Statt, Z Wang Phys. Rev. B, Condens. Matter 45 370 (1992)

107. L L Makarshin, V N Parmon, in Proceedings of The 8th Interna-

tional Workshop on Critical Currents, Kyushu Institute of

Technology, Iizuka, 1996 p. 216

108. V A Atsarkin, G A Vasneva, N E Noginova Sverkhprov. Fiz.

Khim. Tekhnika 5 423 (1992)

109. M A Angadi, A D Caplin, J R Laverty, Z X Shen Physica C 177

479 (1990)

110. C S Pande, M S Osofsky, A K Singh, L E Richards, R Ashoka,

V Letourneau, S A Wolf Phys. Rev. B, Condens. Matter 37 1594

(1988)

111. J C Campuzano, G Jennings, M Faiz, L Beaulaigue, J Z Liu,

B W Veal, A P Paulikas, K Vandervoort, H Clauss, R S List,

A J Arko, C Olson, A-B Yang, R Liu, C Gu J. Electron Spectrosc.

Relat. Phenom. (Spec. Issue) 52 363 (1990)

112. L L Makarshin, A L Dautov, D V Andreev Physica C 235-240

1583 (1994)

113. Yu M Baikov, E A Egorov, V V Zhizhenkov, I R Kozlova,

F A Chudnovskii, E K Shalkova Sverkhprov. Fiz. Khim. Tekhnika

3 104 (1990)

114. A M Balagurov, G M Mironova, L A Rudnickij, V Yu Galkin

Physica C 172 331 (1990)

115. I Vedel, M Nicolas, J P Burger, P Cosnier, Y Loreaux, J Negri,

J N Daou, P Vajda, L Dumoulin, J Lesueur C.R. Acad. Sci., Ser. 2

306 1419 (1988)

116. M Nicolas, J N Daou, I Vedel, P Vajda, J P Burger, J Lesueur,

L Dumoulin Solid State Commun. 66 1157 (1988)

117. J N Daou, M Nicolas, J P Burger, P Vajda, J Lesueur,

L Dumoulin J. Less-Common Met. 151 183 (1989)

118. T N Aksenova, A K Berdauletov, D K Daukeev, A Urkhan

Sverkhprov. Fiz. Khim. Tekhnika 7 327 (1994)

119. H GluÈ ckler, A Weidinger, A Golnik, C Niedermayer, M Rauer,

R Simon, E Recknagel, J I Budnick, W Paulus, R SchoÈ llhorn

Physica C 162-164 149 (1989)

120. T Takabatake, W Ye, S Orimo, T Tamegai, H Fujii Physica C

162-164 65 (1989)

121. J N Daou, J P Burger, P J Vajda J. Less-Common Met. 172-174

425 (1991)

122. E K Shalkova, Yu M Baikov, T A Ushakova Sverkhprov. Fiz.

Khim. Tekhnika 5 24 (1992)

123. J J Reilly, M Suenaga, J R Johnson, P Thompson,

A R Moodenbaugh Phys. Rev. B, Condens. Matter 36 5694 (1987)

124. H Fujii, H Kawanaka, W Ye, S Orimo, H Fukuba Jpn. J. Appl.

Phys. 27 L525 (1988)

125. Ch Niedermayer, H GluÈ ckler, R Simon, A Golnik, M Rauer,

E Recknagel, A Weidinger, J I Budnick, W Paulus, R SchoÈ llhorn

Phys. Rev. B, Condens. Matter 40 11386 (1989)

126. K Morimoto, W Ye, S Orimo, T Takabatake, H Fujii, T Hihara

Solid State Commun. 71 291 (1989)

127. H Niki, T Higa, S Tomiyoshi, M Omori, T Kajitani, T Sato,

T Shinohara, T Suzuki, K Yagasaki, R Igei J.Magn.Magn.Mater.

90-91 672 (1990)

128. I Natkaniec, A V Belushkin, J Brankowski, E A Goremychkin,

J Mayer, I L Sashin, V K Fedotov, A I Kolesnikov, I O Bashkin,

V V Sinicyn, E G Ponyatovskii Physica C 162-164 1369 (1989)

129. S D Goren, C Korn, H Shaked Physica C 223 140 (1994)

130. Yu M Baikov, V V Semin, S K Filatov, T V Belopol'skaya,

G I Tsereteli, O F Vyvenko, T V Gracheva, O I Smirnova Pis'ma

Zh. Tekhn. Fiz. 16 84 (1990)

131. H Drulis, J Klamut, Z Bukowski Mod. Phys. Lett. B 4 289 (1990)

132. M Qi, Z F Ren, Y Gao, P Lee, Y L Soo, J H Wang Physica C 192

55 (1992)

133. Y Zhao, L Xie, E Zhou, T Shi, M Wu, S Hu Physica C 160 361

(1989)

134. Yu M Baikov, S E Nikitin Solid State Ion. 86-88 673 (1996)

135. H Luetgemeier, S Schmenn, Yu Baikov Solid State Commun. 94

283 (1995)

136. Yu M Baikov, Yu P Stepanov, V E Gasumyants, A Yu Grigor'ev

Pis'ma Zh. Tekhn. Fiz. 20 38 (1994)

137. Yu M Baikov, S E Nikitin, Yu P Stepanov, V M Egorov Fiz. Tv.

Tela 39 823 (1997)

138. T Hirata Phys. Status Solidi 156 227 (1996)

139. Y Ando, K Fukuda, S Kondoh, M Sera, M Onoda, M Sato Solid

State Commun. 67 815 (1988)

140. B J Battlogg, R Buhrman, J R Clem, D Gubser, DLarbalestier,

D Liebenberg, J Rowell, R Schwall, D T Shaw, A W Sleight

J. Supercond. 10 583 (1997)

141. S R Ovshinsky, R T Young, D D Allred, G DeMaggio,

G A van der Leeden Phys. Rev. Lett. 58 2579 (1987)

142. J M S SkakleMater. Sci. Eng. R Rep 23 1 (1998)

143. S Ohshima, H Yokogama, R Sato, T Wakiyama, E Mastuo,

K Takahashi, Y Harada J. Ceram. Soc. Jpn., Int. Ed. 96 381 (1988)

144. C Chen, Y He, C C Cui, S L Li Solid State Commun. 68 1015

(1988)

145. M Yoshimura, Y Ishikawa, S Inoue, S Somiya J. Ceram. Soc. Jpn.,

Int. Ed. 96 461 (1988)

146. I G Gusakovskaya, A O Atovmyan, A N Kharitonov Sverkhprov.

Fiz. Khim. Tekhnika 2 93 (1989)

147. Y Fukami, H Kido, H Otaki, T Hoshikawa J. Ceram. Soc. Jpn.,

Int. Ed. 96 470 (1988)

148. O Pena, C Perrin, ADinia, M Sergent, P Christensen, G Fonteneau,

J Lucas Physica C 159 443 (1989)

149. Q X Jia, W A Anderson J Mater. Res. 4 1320 (1989)

150. T A Vahderah, D L Decker, D C Harris, B L ChamerlandMater.

Res. Bull. 24 121 (1989)

151. M Takashima, M Kumatoriya, S Tachibana, G Kano J. Fluor.

Chem. 46 211 (1990)

152. O Pena, C Perrin, M Sergent Supercond. Sci. Technol. 6 183 (1993)

153. I V Pulyaeva, E D Kovtun, V F Khirnyi, A A Kozlovskii,

O V Gaiduk Neorg. Mater. 34 867 (1998)

154. V E Volkov, N P Fokina, Yu G Kovalev, I Yu Danilov,

K S Aleksandrov, S G Ovchinnikov, V K Chernov Sverkhprov.

Fiz. Khim. Tekhnika 6 2084 (1993)

155. V E Volkov, Yu G Kovalev, N P Fokina, I Yu Danilov,

S G Ovchinnikov, L I Vershinina, N B Ivanova, V K Chernov

Sverkhprov. Fiz. Khim. Tekhnika 7 876 (1994)

156. N M Hamdan, Kh A Ziq, A S Al-Harthi Physica C 314 125 (1999)

157. S D Goren, L F Ben-Yakar, A Shames, B Pandyopadhayay,

C Korn, H Shaked, P Massiot, C Perrin, J Gallier, A Privalov

Physica C 313 127 (1999)

158. A P Nemudryi, Yu T Pavlyukhin, N G Khainovskii,

V V Boldyrev Sverkhprov. Fiz. Khim. Tekhnika 3 1528 (1990)

159. L S Grigor'ev, V Yu Petukhov, I Yu Talanov, G B Teitel'baum,

I B Khaibullin, V A Shustov Sverkhprov. Fiz. Khim. Tekhnika 4

797 (1991)

160. V P Fedin, M Sheer, Yu I Mironov, A G Klimenko, S M Ishkalev,

V P Shaburova, V E Fedorov Izv. Sib. Otd. Akad. Nauk SSSR, Ser.

Khim. Nauk (1) 134 (1990)

161. Jin-Ho Choy, Nam-Gyu Park, Seong-Ju Hwang, Zheong G Khim

J. Phys. Chem. 100 3783 (1996)

162. Yu A Ossipyan, O V Zharikov Physica C 162-164 79 (1989)

163. O V Misochko, Yu A Osip'yan, O V Zharikov, R K Nikolaev,

N S Sidorov, V I Kulakov, A M Gromov Sverkhprov. Fiz. Khim.

Tekhnika 4 954 (1991)

164. N S Sidorov, I K Bdikin, A M Gromov, V I Kulakov,

R K Nikolaev, Yu A Osip'yan, V Sh Shekhtman, I M Shmyt'ko

Sverkhprov. Fiz. Khim. Tekhnika 7 332 (1994)

165. A P Nemudryi, I I Gainutdinov, Yu T Pavlyukhin Sverkhprov.

Fiz. Khim. Tekhnika 6 199 (1993)

166. I S Klotsman, A V Kibardin, N Yu Lebedev, A A Puzanov,

T M Pyatkova, N S Sidorov Poverkhnost' 3 92 (1997)

167. A Fujiwara, Y Koike, K Sasaki Physica C 203 411 (1992)

168. A Fujiwara, Y Koike, T Noji, Y Saito, T Nishizaki, N Kobayashi,

A Yamanaka, S Takekawa, F Minami Phys. Rev. B, Condens.

Matter 52 15598 (1995)

The chemical and adsorption effects of foreign molecules on the properties of high-temperature superconductors 303



169. S I Bozhko, V A Goncharov, E Yu Ignat'eva, A M Ionov,

V I Kulakov, Yu A Osip'yan, E V Suvorov Poverkhnost' 12 7

(1998)

170. I Yu Baranov, V A Dolgikh, B A Popovkin Sverkhprov. Fiz.

Khim. Tekhnika 6 1470 (1993)

171. E A Eremina, N N Oleinikov, V I Nefedov, A N Sokolov Zh.

Vses. Khim. O-va im. D I Mendeleeva 34 528 (1989) a

172. A A Budanov, O D Torbova, E N Kurkin, V N Troitskii,

V V Ganin, A V Baluev Neorg. Mater. 26 2183 (1988) e

173. E A Cooper, A K Gangopadhyay, T O Mason, U Balachandran

J. Mater. Res. 6 1393 (1991)

174. L Zhang, J Chen, H M Chan, M P Harmer J. Am. Ceram. Soc. 72

1997 (1989)

175. P K Gallagher, G S Grader, H M O'Bryan Mater. Res. Bull. 23

1491 (1988)

176. K Borowiek, J Przyluski, K Kolbrecka J. Am. Ceram. Soc. 74 2007

(1991)

177. O D Torbova, E N Kurkin, A A Budanov, V V Ganin

Sverkhprov. Fiz. Khim. Tekhnika 4 2242 (1991)

178. T E Os'kina, Yu D Tret'yakov, E A Soldatov Sverkhprov. Fiz.

Khim. Tekhnika 4 1032 (1991)

179. A V Bykov, S I Kucheiko, V D Kosynkin, V V Shatalov,

V P Kutepov, V A Mitrokhin, I P Radchenko Sverkhprov. Fiz.

Khim. Tekhnika 6 1463 (1993)

180. K A Ross, M J Westphal J. Appl. Phys. 75 408 (1994)

181. VLArbuzov,OMBakunin, VBVykhodets, BAGlazer, ADLevin,

V R Poskrebysheva, A F Reiderman, I Sh Trakhtenberg

Sverkhprov. Fiz. Khim. Tekhnika 4 2410 (1991)

182. R G Egdell, W R Flavell, P C Hollamby J. Solid State Chem. 79

238 (1989)

183. E G Chang, E F Ezell, M J Kirschner Supercond. Sci. Technol. 3

391 (1990)

184. M V Kalinina, M G Degen, P A Tikhonov, L V Morozova,

V B Glushkova, I A Drozdova Sverkhprov. Fiz. Khim. Tekhnika 3

2095 (1990)

185. G V Golubnichaya, A Ya Kirichenko, V I Nitsevich, N T Cherpak,

V T Zagoskin, Yu G Litvinenko, V A Murakhovskii,

Yu B Poltoratskii Sverkhprov. Fiz. Khim. Tekhnika 5 348 (1992)

186. M U Kalanov, M S Paizullakhanov, R B Rasulov Neorg. Mater.

33 627 (1997) e

187. S G Titova, N Yu Ponamareva, A A Fotiev, E V Postrekhin,

B M Smolyak, in Poluchenie, Svoistva, Analiz VTSP Materialov i

Izdelii (Production, Properties and Analysis of HTSCMaterials and

Articles) (Sverdlovsk: Institute of Metallurgy, Ural Branch of

Academy of Sciences of the USSR, 1991) p. 27

188. A V Leont'eva, G AMarinin, A Yu Prokhorov, V M Svistunov,

L V Stepanchuk, B Yu Sukharevskii Fiz. Niz. Temp. 18 705 (1992)

189. A V Fetisov, A A Fotiev Neorg. Mater. 33 724 (1997) e

190. T R Cummins, R G Egdell, G C Georgiadis J. Less-CommonMet.

164-165 1149 (1990)

191. I V Pulyaeva, A A Puzanova, L P Eksperiandova, L N Nekrasova,

V F Khirnyi, Yu A Grinchenko, N B Lebed', N S Artsebasheva,

V E Baidashnikova Sverkhprov. Fiz. Khim. Tekhnika 6 1430 (1993)

192. I V Pulyaeva, L P Eksperiandova, E D Kovtun, V P Mateichenko,

A A Yavtushenko, V F Khirnyi, A A Kozlovskii,

Z M Baidashnikova Neorg. Mater. 32 889 (1996) e

193. A G Knizhnik, R A Stukan, E F Makarov Sverkhprov. Fiz. Khim.

Tekhnika 4 177 (1991)

194. A N Turanov, G K Strukova, I I Zver'kova Sverkhprov. Fiz.

Khim. Tekhnika 5 1116 (1992)

195. A V Fetisov Neorg. Mater. 33 1360 (1997) e

196. A V Fetisov, A A Fotiev Sverkhprov. Fiz. Khim. Tekhnika 6 607

(1993)

197. A M Durbak, V N Lysenko, V V Dyakin, V A Pokrovskii,

V M Ogenko Sverkhprov. Fiz. Khim. Tekhnika 5 766 (1992)

198. A V Dmitriev, L V Zolotukhina, T A Denisova,

V L Kozhevnikov Sverkhprov. Fiz. Khim. Tekhnika 4 1202 (1991)

199. S V Lotnik, L A Khamidulina, V P Kazakov, A N Petrov Dokl.

Akad. Nauk 343 68 (1995) d

200. V L Arbuzov, O M Bakunin, S E Danilov, A D Levin,

I Sh Trakhtenberg Sverkhprov. Fiz. Khim. Tekhnika 7 553 (1994)

201. A T Fiory, M Gurvitch, R J Cava, G P Espinosa Phys. Rev. B,

Condens. Matter 36 7262 (1987)

202. V V Kurchev, L L Makarshin, V N Parmon, in Poluchenie,

Svoistva, Analiz VTSP Materialov i Izdelii (Production, Properties

and Analysis of HTSCMaterials and Articles) (Sverdlovsk:

Institute of Metallurgy, Ural Branch of Academy of Sciences of the

USSR, 1991) p. 92

203. K N R Taylor, A Bailey, D N Mathews, G J Russell Physica C

153-155 349 (1988)

204. V M Koshkin, V D Zaporozhskii, K V Savchenko,

E E Ovechkina, A A Makarov Sverkhprov. Fiz. Khim. Tekhnika 3

2772 (1990)

205. S J Gregg, K S W Sing Adsorption, Surface Area and Porosity

(London: Academic Press, 1982)

206. X Granados, M Carrera, J Fontcuberta, M Vallet, J M Gonzalez-

Calbet Solid State Commun. 69 1073 (1989)

207. Ya E Geguzin Fizika Spekaniya (The Physics of Sintering)

(Moscow: Nauka, 1984)

208. J Friedel Dislocation (Oxford: Pergamon Press, 1964)

209. V M Koshkin, E E Ovechkina, N V Tkachenko, L G Shindes

Sverkhprov. Fiz. Khim. Tekhnika 6 2090 (1993)

210. H M McConnell, B M Hoffman, D D Thomas, F R Gamble

Proc. Natl. Acad. Sci., USA 54 371 (1965)

211. G Briegleb Elektronen-Donator-Acceptor-Komplexe (Berlin:

Springer, 1961)

212. R S Mulliken J. Chim. Phys. 60 20 (1963)

213. R S Mulliken, W B Person Ann. Rev. Phys. Chem. 13 107 (1962)

214. B M Hoffman, F R Gamble, H M McConnell J. Am. Chem. Soc.

89 27 (1967)

215. R E Glover, M D Sherrill Phys. Rev. Lett. 5 248 (1960)

216. J Zhao, D Jurbergs, B Yanazi, J T McDevitt J. Am. Chem. Soc.

114 2737 (1992)

217. S G Haupt, D R Riley, C T Jones, J Zhao, J T McDevitt J. Am.

Chem. Soc. 115 1196 (1993)

218. S G Haupt, D R Riley, J Zhao, J T McDevitt J. Phys. Chem. 97

7796 (1993)

219. G A Nifontova, I P Lavrent'ev Izv. Akad. Nauk SSSR, Ser. Khim.

498 (1992) g

220. G A Nifontova, N V Kir'yakov, Yu G Morozov, V I Ponomarev,

I P Lavrent'ev Sverkhprov. Fiz. Khim. Tekhnika 5 2375 (1992)

221. A G Rebeko, E V Lunina, A V Makarov, Yu N Barinov

Sverkhprov. Fiz. Khim. Tekhnika 5 1281 (1992)

222. A A Konovalov, A A Sidel'nikov, Yu T Pavlyukhin Sverkhprov.

Fiz. Khim. Tekhnika 7 517 (1994)

223. A G Rebeko, N F Vedernikov, G E Nikiforova, I S Shaplygin,

E V Lunina, Yu N Barinov Neorg. Mater. 29 1271 (1993) e

224. E G Rozantsev, V D Sholle Organicheskaya Khimiya Svobodnykh

Radikalov (Organic Chemistry of Free Radicals) (Moscow:

Khimiya, 1979)

225. Yu M Baikov, S K Filatov, V V Semin Pis'ma Zh. Tekhn. Fiz. 16

76 (1990)

226. K Soda, T Mori, T Ishii, K T Park, K Terakura, T Takabatake,

M Ishikawa Physica C 161 219 (1989)

227. S Miura, T Yoshitake, N Shohata, T Satoh Physica C 165 241

(1990)

228. M R Pressland, I L Tallan, R G Bucklery Physica C 176 95 (1991)

229. M Vallet-Regi, A Caneiro, J M Gonzalez-Calbet, J Ramirez,

C Rillo, A Badia, L A Angurel, F Lera, P Navaro Physica C

185-189 2475 (1991)

230. Y Idomoto, K Fueki Physica C 168 167 (1990)

231. A A Muradyan, T A Garibyan, M G Arutyunyan Kinet. Katal. 33

605 (1992) c

232. K Chen, C A Mirkin J. Am. Chem. Soc. 117 6374 (1995)

233. K Chen, F Xu, C A Mirkin, R-K Lo, K S Nanjundaswamy,

J-P Zhou, J T McDevitt Langmuir 12 2622 (1996)

234. J Zhu, F Xu, S J Schofer, C A Mirkin J. Am. Chem. Soc. 119 235

(1997)

235. C A Mirkin, F Xu, J Zhu Adv. Mater. 9 167 (1997)

236. N S Belousov, L L Makarshin, V N Parmon Sverkhprov. Fiz.

Khim. Tekhnika 4 1614 (1991)

237. X X Xi, C Doughty, AWalkenhorst Phys. Rev. Lett. 68 1240 (1992)

238. N S Belousov, L L Makarshin, V N Parmon Sverkhprov. Fiz.

Khim. Tekhnika 6 592 (1993)

239. N S Belousov, L L Makarshin, V N Parmon Physica C 217 170

(1993)

304 L L Makarshin, D V Andreev, V N Parmon



240. V V Nemoshkalenko,M A Vasil'ev, A S FilippovMetallofizika 13

3 (1991)

241. E V Blinov, E B Sonin, A K Tagantsev Supercond. Sci. Technol. 4

S340 (1991)

242. N S Belousov, L L Makarshin, V N Parmon Physica C 235-240

3009 (1994)

243. N S Belousov, L L Makarshin, V N Parmon, in Proceedings of the

21st International Conference on Low Temperature Physics

(Abstracts of Reports), Institute of Physics, Academy of Sciences,

Czech Republic, 1996 Pt. S3, p. 1299

244. L LMakarshin, V N ParmonChem. Phys. Lett. (2000) (in the press)

245. D X Chen, J Nogues, K V Rao Cryogenics 29 800 (1989)

246. V L Aksenov, V V Lauter-Pasyuk, Kh Lauter, P Laidere,

E I Kornilov, A V Petrenko Poverkhnost' (7) 10 (1998)

247. L N Bulaevskii Usp. Fiz. Nauk 116 449 (1975) h

248. F R Gamble, J H Osiecki, F J Disalvo J. Chem. Phys. 55 3525

(1971)

249. V L Ginzburg Phys. Today 42 9 (1989)

250. A R Harutunyan, L S Grigoryan, A S Kuzanyan, A A Kuznetsov,

A A Terentiev, M Baran, G Jasiolek, H Szymczak, J Baszynski

Mod. Phys. Lett. B 5 1447 (1991)

251. L S Grigoryan, R Kumar, S K Malik, R Vijayaraghavan,

K S Ajaykumar, M D Shastry, H D Bist, S Sathaiah Physica C

205 296 (1993)

252. L SGrigoryan, KYakushi, A VNarlikar, P KDutta, S B Samantha

Int. J. Mod. Phys. B 8 615 (1994)

253. R B Laughlin Phys. Rev. Lett. 60 2677 (1988)

254. V L Ginzburg Contemp. Phys. 9 355 (1968)

255. A I Fiksel', L L Makarshin, V I Fedoseev, V N Parmon, in

Neodnorodnye Sostoyaniya (Tez. Dokl. 3-go Vsesoyuz. Simp.)

[Heterogeneous States (Abstracts of Reports of the Third All-Union

Symposium)] (Novosibirsk: Institute of Inorganic Chemistry,

Siberian Branch of Academy of Sciences of the USSR, 1989) p. 166

256. A I Golovashkin, O M Ivanenko, G I Leitus, K V Mitsen,

O G Karpinskii, V F Shamrai Pis'ma Zh. Eksp. Teor. Fiz. 46 325

(1987)

257. H Yin, Y Gao, J Du, B Chen, J Jiang, X WangAppl. Phys. Lett. 52

1899 (1988)

258. I A Yurchenko, V Z Lozovskii, S A Shilo, O M Getsko Pis'ma

Zh. Eksp. Teor. Fiz. 48 89 (1988)

259. S Reich, I Cabasso Nature (London) 338 330 (1989)

260. P Roth, E Hegenbarth Exp. Tech. Phys. 38 119 (1990)

261. H Matsuzawa J. Appl. Phys. 74 R111 (1993)

262. H Matsuzawa, T Osada,M Ohya, T Tsuji, Y Chino, T Akitsu Jpn.

J. Appl. Phys. 30 L841 (1991)

263. D V Andreev, L L Makarshin, V N Parmon Sverkhprov. Fiz.

Khim. Tekhnika 7 884 (1994)

264. L L Makarshin, D V Andreev, V N ParmonChem. Phys. Lett. 266

173 (1997)

265. Yu S Nikitin, R S Petrova (Eds) Eksperimental'nye Metody v

Adsorbtsii i Molekulyarnoi Khromatografii (Experimental Methods

for Adsorption and Molecular Chromatography) (Moscow:

Moscow State University, 1990)

266. S Brunauer The Adsorption of Gases and Vapors Vol. 1 (Princeton,

USA, 1945)

267. P Hecking, M BaconMod. Phys. Lett. B 5 237 (1991)

268. L L Makarshin, A G Gribovskii, D V Andreev, V N Parmon

Supercond. Sci. Tech. 13 1 (2000)

269. Z J Yang, T H Johansen, H Bratcberg, G Helgesen, A T Skjeltorp

Supercond. Sci. Technol. 3 591 (1990)

270. W Harter, A M Hermann, Z Z Sheng Appl. Phys. Lett. 53 1119

(1988)

271. L L Makarshin, D V Andreev, V N Parmon Physica C 282-287

1609 (1997)

272. V N Lisetskii, A A Vasil'ev, G F Ivanov, G G Savel'ev

Poverkhnost' Fiz. Khim. Mekhan. 3 147 (1990)

273. L L Makarshin, O V Lukyanova, V N Parmon React. Kinet.

Catal. Lett. 42 139 (1990)

274. V V Parbuzin, D E Gul'yants, D E Bezlepkin Sverkhprov. Fiz.

Khim. Tekhnika 2 159 (1989)

275. Y L Sandler Can. J. Chem. 32 249 (1954)

276. D R Ashmed, D D Eley, R J Rudham J. Chem. Soc., Faraday

Trans. 59 207 (1963)

277. D R Ashmed, D D Eley, R Rudham J. Catal. 3 280 (1964)

278. R Rudham, A D Tullett J. Chem. Soc., Faraday Trans. 1 71 2361

(1975)

279. G F Voronin Zh. Neorg. Khim. 39 1763 (1994) f

280. E B Budnyi, V VKuzmenko, G FVoronin J. Phys. Chem. Ref. Data

27 855 (1998)

a ÐMendeleev Chem. J. (Engl. Transl.)
b Ð Russ. J. Phys. Chem. (Engl. Transl.)
c Ð Kinet. Catal. (Engl. Transl.)
d Ð Dokl. Chem. Technol, Dokl. Chem. (Engl. Transl.)
e Ð Inorg. Mater. (Engl. Transl.)
f Ð Russ. J. Inorg. Chem. (Engl. Transl.)
g Ð Russ. Chem. Bull. (Engl. Transl.)
h Ð Physics-Uspekhi (Engl. Transl.)

The chemical and adsorption effects of foreign molecules on the properties of high-temperature superconductors 305


	䤀渀琀爀漀搀甀挀琀椀漀渀
	匀漀洀攀 猀瀀攀挀椀昀椀挀 昀攀愀琀甀爀攀猀 漀昀 琀栀攀 瀀栀礀猀椀挀漀挀栀攀洀椀挀愀氀 瀀爀漀瀀攀爀琀椀攀猀 漀昀 栀椀最栀ⴀ琀攀洀瀀攀爀愀琀甀爀攀 猀甀瀀攀爀挀漀渀搀甀挀琀漀爀猀
	匀瀀攀挀椀昀椀挀 昀攀愀琀甀爀攀猀 漀昀 琀栀攀 猀琀爀甀挀琀甀爀攀 漀昀 栀椀最栀ⴀ琀攀洀瀀攀爀愀琀甀爀攀 猀甀瀀攀爀挀漀渀搀甀挀琀椀渀最 漀砀椀搀攀猀
	匀琀爀甀挀琀甀爀攀猀 漀昀 瀀漀氀礀挀爀礀猀琀愀氀氀椀渀攀 猀瀀攀挀椀洀攀渀猀
	倀爀漀瀀攀爀琀椀攀猀 愀渀搀 猀琀爀甀挀琀甀爀攀猀 漀昀 爀攀愀氀 栀椀最栀ⴀ琀攀洀瀀攀爀愀琀甀爀攀 猀甀瀀攀爀挀漀渀搀甀挀琀椀渀最 漀砀椀搀攀 猀甀爀昀愀挀攀猀

	吀栀攀 攀昀昀攀挀琀猀 漀昀 愀搀猀漀爀瀀琀椀漀渀 愀渀搀 椀渀琀攀爀挀愀氀愀琀椀漀渀 漀昀 猀椀洀瀀氀攀 挀漀洀瀀漀甀渀搀猀 漀渀 琀栀攀 瀀爀漀瀀攀爀琀椀攀猀 漀昀 栀椀最栀ⴀ琀攀洀瀀攀爀愀琀甀爀攀 猀甀瀀攀爀挀漀渀搀甀挀琀漀爀猀
	吀栀攀 攀昀昀攀挀琀 漀昀 漀砀礀最攀渀
	吀栀攀 攀昀昀攀挀琀 漀昀 栀礀搀爀漀最攀渀
	吀栀攀 攀昀昀攀挀琀 漀昀 栀愀氀漀最攀渀猀
	䐀攀最爀愀搀愀琀椀漀渀 漀昀 栀椀最栀ⴀ琀攀洀瀀攀爀愀琀甀爀攀 猀甀瀀攀爀挀漀渀搀甀挀琀椀渀最 洀愀琀攀爀椀愀氀猀 攀砀瀀漀猀攀搀 琀漀 䌀伀㈀ 愀渀搀 䠀㈀伀
	吀栀攀 攀昀昀攀挀琀 漀昀 䄀爀Ⰰ 䠀攀 愀渀搀 一㈀ 愀搀猀漀爀瀀琀椀漀渀

	吀栀攀 攀昀昀攀挀琀猀 漀昀 愀搀猀漀爀瀀琀椀漀渀 愀渀搀 椀渀琀攀爀挀愀氀愀琀椀漀渀 漀昀 漀爀最愀渀椀挀 洀漀氀攀挀甀氀攀猀 漀渀 琀栀攀 瀀爀漀瀀攀爀琀椀攀猀 漀昀 栀椀最栀ⴀ琀攀洀瀀攀爀愀琀甀爀攀 猀甀瀀攀爀挀漀渀搀甀挀琀漀爀猀
	䄀搀猀漀爀瀀琀椀漀渀 漀昀 漀爀最愀渀椀挀 挀漀洀瀀漀甀渀搀猀
	䤀渀琀攀爀挀愀氀愀琀椀漀渀 漀昀 漀爀最愀渀椀挀 洀漀氀攀挀甀氀攀猀 椀渀琀漀 琀栀攀 挀爀礀猀琀愀氀 猀琀爀甀挀琀甀爀攀 漀昀 栀椀最栀ⴀ琀攀洀瀀攀爀愀琀甀爀攀 猀甀瀀攀爀挀漀渀搀甀挀琀椀渀最 洀愀琀攀爀椀愀氀猀

	吀栀攀 攀昀昀攀挀琀 漀昀 猀甀瀀攀爀挀漀渀搀甀挀琀椀瘀椀琀礀 漀渀 琀栀攀 攀氀攀挀琀爀漀渀椀挀 猀琀愀琀攀 漀昀 琀栀攀 愀搀猀漀爀戀攀搀 洀漀氀攀挀甀氀攀猀 愀渀搀 漀渀 愀搀猀漀爀瀀琀椀漀渀 瀀爀漀挀攀猀猀攀猀
	䌀漀渀挀氀甀猀椀漀渀
	刀攀昀攀爀攀渀挀攀猀

