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We have investigated the structure (using neutron and x-ray methods), the superconducting 
transition temperature T, , the upper critical field Hc2, the electrical resistancep ( T), the 
magnetic susceptibilityx( T )  and the NMR response of the oxide ceramics RBa2Cu,07 - , 
( R  = Y, Er, Ho 1, La,.,, Sr, ,, Cu04 -, , Bi-Sr-Ca-Cu-O and single-crystal YBa2Cu307 - , all of 
which were irradiated by fast neutrons at liquid-nitrogen temperatures. The results we obtained 
[exponential growth ofp( T) under radiation-induced disordering, etc. 1 show that even for small 
degrees of disorder there exist localized states in these systems. The localization causes Tc to 
decrease, until the superconductivity is entirely suppressed in the region of strong localization. A 
theoretical interpretation of the experimentally observed effects is given. For comparison, we 
present the results of our investigations of the oxygen-deficient compounds YBa2Cu30, ( x  = 6.0 
to 6.95) using the same methods. 

1. INTRODUCTION 

Widespread experimental study of the new high-tem- 
perature superconductors (HTS), which began after their 
discovery in 1986 (Ref. 1 ), has brought to light important 
experimental facts which characterize the superconductivi- 
ty of these oxide compounds. One of the well-worked-out 
methods of probing ordered compounds to obtain unam- 
biguous information on their properties is irradiation by fast 
neutrons. This method makes it possible to introduce defects 
in precise amounts and in a highly reproducible way, with- 
out changing the compound's stoichiometry; the defects are 
distributed in a macroscopically uniform way throughout 
the sample volume, allowing the behavior of Tc and of other 
properties to be studied in the presence of disorder. 

It is well known' that decreasing the mean free path I of 
electrons by increasing the defect concentration does not 
change the value of T, so long as ( 1 ) there is no important 
modification of the "band" parameters of the electron and 
phonon subsystems (i.e., the electronic density of states at 
the Fermi level N ( E F )  and the average phonon frequency 
( w ) ,  and (2)  an Anderson-type metal-insulator transition, 
which could lead to localization of the electrons, does not 
occur. 

Case ( 1 ) is encountered in narrow-band intermetallics, 
among which the best-studied are the compounds with the 
A-15 structure. Irradiation of these materials by fast neu- 
trons and other high-energy particles3 can lead either to a 
decrease (Nb3Sn, V,Si, etc. or an increase (Mo,Si, Mo3Ge) 
of the superconducting transition temperature Tc . This vari- 
ation of Tc can be explained by changes in parameters such 
as N(EF ) ( w )  due to significant restructuring of the crystal 
at large defect concentrations. The behavior of the electrical 
resistance p ( T )  in this case is characteristic of metals: for 
small fluences of fast neutrons @ there is an increase in the 
residual resistivity p (0 )  which is proportional to the defect 
concentration, i.e., c,,, -@, while for high fluencesp(0) sat- 
urates at values on the order of 150-300pfl.cm. The deriva- 
tive dp/dT increases asp (0)  increases (and as the tempera- 
ture increases for compounds with strong electron-phonon 
coupling, such as Nb3Sn and V3Si), so that for high defect 

concentrations, when I is close to the inter-atomic spacing,p 
is practically independent of temperature. 

Case (2)  is encountered in the HTS. The disorder in- 
duced by neutron irradiation increases Tc and leads to a 
qualitatively different variation of the electrical resistivity: 
the linear dependence ofp on T is converted to an exponen- 
tial dependencep( T) cr exp(Q / T  'I4), which is characteris- 
tic of hopping conductivity between localized  state^.^ We 
note that the electrical resistivity of the unirradiated (or- 
dered) HTS has an unusual temperature dependence. Over a 
wide interval of temperatures [from 40 to 1000 K for (La- 
Sr) ,Cu04, see Ref. 51 we find p ( T) a T for all the oxide 
compounds in this class. The large values ofp ( T) =. 0.3 to 3 
mR.cm, which correspond to minimum Mott conductivities 
0 ~ 3 . 1 0 ~  (R.cm)-', imply that for these materials the 
mean free path is close to the interatomic spacing. In this 
case, the fact that p (  T) does not saturate at high T invali- 
dates any explanation of the linear dependence in terms of 
electron scattering by some appropriate quasiparticles (e.g., 
phonons) whose number increases linearly with T. This 
means that the conductivity mechanism in HTS is still ob- 
scure, and requires more detailed study. 

The first investigations of HTS irradiated by fast neu- 
trons showed4."hat disorder causes changes in their proper- 
ties which are correlated in ways never observed previously 
in experiment. However, we have found that at least some of 
these changes are subject to satisfactory interpretation with- 
in the framework of the theory of electron localization in 
strongly-disordered systems. For this reason, detailed inves- 
tigations are of interest both from the experimental and 
theoretical points of view. 

In this article, we present results of our investigations of 
Tc, crystal structure, electrical resistivity p(T) ,  the deriva- 
tive of the upper critical field (dHc, /dT) T =  Tc = H :, , the 
magnetic susceptibility x ( T ) ,  and NMR response of the 
compounds RBa2Cu307 ( R = Y ,  Er, Ho), 
La, ,, Sr, ,, CuO,, and Bi-Sr-Ca-Cu-0 after irrdiation by 
fast neutrons, along with a theoretical interpretation of the 
effects observed. In order to eliminate possible "thermoche- 
mical" effects connected with diffusion of oxygen (for 
RBa2Cu307 these effects are usually observable at tempera- 

382 Sov. Phys. JETP 68 (21, February 1989 0038-5646/89/020382-13$04.00 @ 1989 American Institute of Physics 382 



tures only slightly greater than room temperature), the irra- 
diation was carried out at liquid-nitrogen temperatures. 

2. EXPERIMENTAL METHODS 
The samples of RBa2Cu307 were obtained via ceramic 

technology from the oxides R203, CuO and barium carbon- 
ate.7 The samples were single-phase according to x-ray anal- 
ysis; our studies of the AC susceptibility xAC showed sharp 
superconducting transitions with complete screening of the 
volume by the supercurrents. The width of the supercon- 
ducting transition as determined from xAC and the jump in 
the specific heat, amounted to AT, 5 4  K. The Bi-Sr-Ca- 
Cu-0 samples which were prepared using the technology 
described in Ref. 8 contain insignificant (no more than 5%) 
quantities of CuO, and had Tc (p  = 0)  = 72 K, AT, -- 10 K, 
pl,, , = 0.95.10-3 fl-cm, andp,, ,/p,, , = 1.8. 

It is well known that the properties of the compounds 
RBa2Cu,0, _, are sensitive to oxygen content. Therefore, in 
investigating the effects of radiation-induced disorder, we 
must first of all clarify what changes are induced in the oxy- 
gen sublattice by irradiation. To this end, we investigated the 
structures of both irradiated and oxygen-deficient 
RBa2Cu307 - , . Samples of the latter were prepared using a 
special equilibrium method, which differed from quenching 
in that while the temperature was slowly lowered the oxygen 
pressure was lowered along with it in such a way that the 
thermodynamic equilibrium conditions appropriate for each 
composition with the given oxygen content were preserved 
at all times. Detailed results of studies of the oxygen stoichi- 
ometry in YBa2Cu307 - , were published in Ref. 9. 

Structural investigations were carried out at room tem- 
perature using x-ray diffraction (A = 1.79 A )  and neutron 
diffraction (A = 1.52 A with a spread Ad /d--0.3%). In or- 
der to determine the crystal structure more precisely, the 
diffraction data were processed with a semiquantitative 
analysis technique based on the Rietveld method1' in which 
the intensities of 153-194 reflections were used. In these cal- 
culations the lattice parameter values were refined, as were 
the atomic coordinates, the Debye-Waller factor in the iso- 
tropic approximation, and the occupancy of the crystallo- 
graphic positions. The lattice parameters obtained by neu- 
tron and x-ray diffraction studies coincided to within 0.002 
A. Measurements of the electrical resistivity were carried 
out using the standard four-probe method at constant cur- 
rent. The temperature was recorded using a germanium re- 
sistance thermometer whose error was less than 0.05 K in 
the interval 1.5 < T <  20 K. Above 20 K the temperature was 
recorded with a platinum thermometer to an accuracy of 
0.05 K. The magnetic susceptibility was measured by the 
Faraday method in the interval of temperatures from 4.2 K 
to 300 K in a field of 0.6 Tesla. The NMR methods were 
described in Refs. 1 1 and 12. 

Irradiation by fast neutrons (E2 1 MeV) was carried 
out at liquid nitrogen temperatures with fluences from 
2- 1018 to 5. 1019 cmp2. 

3. EXPERIMENTAL RESULTS 

(a) Superconducting Properties 

When the HTS [La,,,,Sr, ,,CuO,, RBa2Cu30,,, 
(R = Y, Er, Ho), and Bi-Sr-Ca-Cu-0] are irradiated, 
their superconducting transition temperatures Tc fall more 
rapidly than those of previously studied compounds (e.g., 

The A- 15 and Chevrel compounds) .3.13 For example, irra- 
diation at a fluence of 1.2. 1019 cmP2 causes a drop in the T, 
of Nb3Sn of -,25%, in SnMo,S, of 70%, while in 
RBa2Cu,0,,, and Bi-Sr-Ca-Cu-O the superconductivity 
disappears. 

The dependence of T, onpkm K/p,!zmK, which is a quan- 
tity which characterizes the relative disorder of the system, 
is close to linear according to the data in Table I; this result 
coincides with the results obtained in Ref. 14. In all the com- 
pounds listed, introduction of defects leads to strong broad- 
ening of the superconducting transition temperatures (Figs. 
1,2). According to the AC susceptibility data, for @ 5 7. 1012 
cmP2 samples of RBa2Cu30,,, annealed at 300 K show 
complete screening of the volume by supercurrents. In a 
sample irradiated with a fluence of 1019 ~ m - ~ ,  the screening 
amounts to only -20% of the volume, although according 
to electrical resistivity measurements we are still seeing the 
full superconducting transition. The magnitude of T, in ir- 
radiated samples partially recovers after annealing at tem- 
peratures 200 K and 300 K in the course of 20 min. A week's 
annealing at room temperature leads to further recovery of 
T, and to narrowing of the width of the superconducting 
transition (Figs. 1,2). 

After irradiation with a fluence of 7. 1018 cmP2 super- 
conductivity is no longer observed down to 1.7 K in the com- 
pounds HoBa2Cu3O6,,, , ErBa2Cu30,,, , and Bi-Sr-Ca- 
Cu-0 while the temperature dependence of p (  T) points to 
localization of the conduction electrons. After annealing at 
300 K, a superconducting transition again appears in these 
compounds (Fig. 2 for Bi-Sr-Ca-Cu-0); however, the non- 
metallic character ofp ( T) is preserved (i.e., dp/dT < 0).  

In the compounds La ,,,, Sr,,, CuO, and YBa2Cu30,,, , 
the magnitude of the derivative of the upper critical field 
H :, , measured at the midpoint of the superconducting tran- 
sition is correlated to the limit of experimental indetermin- 
acy with the large broadening of the superconducting transi- 
tion, which does not change as p,, , grows by an order of 
magnitude. We note that in metallic disordered compounds 
the increase in electrical resistivity must lead to growth in 
H f, , which was observed previously in irradiated A- 15 com- 
pounds (Ref. 3 ) and Chevrel phases (Ref. 13 ) . 

(b) Structure of Disordered Samples 

Basic information about radiation-induced structural 
changes in the compound YBa2Cu30,,, (this was the com- 
position of unirradiated samples) is obtained from neutron- 
diffraction studies. In order to calculate the structural pa- 
rameters, we used the unit-cell model proposed in Ref. 15 
(i.e., the space group Pmm ). Difference patterns taken be- 
tween the experimental and calculated profiles of the neu- 
tron diffraction pictures of all the samples studied showed 
good agreement (the goodness-of-fit factor satisfied 
R 5 5%) and additional peaks did not appear. This indicates 
that the samples were of single phase both before and after 
irradiation. The refined structural parameters for samples 
with various degrees of disorder are shown in Table I. For 
comparison, we present in Table I1 the analogous structural 
information for oxygen-deficient samples of YBa,Cu307 _, 
(Ref. 9).  We note that in the latter the width of the reflec- 
tions does not change with 8, which indicates the absence of 
impurities of the isostructural phases with close values of the 
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FIG. 1. Dependence of the superconducting transition temperature on 
fast neutron fluence for the compound YBa,Cu,O, ,, , as determined from 
measurement of the electrical resistance (T:) and AC susceptibility 
( T:)  (left hand scale), and from measurement of the electrical resistivity 
plWK at T = 100 K (right-hand scale); 0, show T f  after irradiation at 
80 K and after annealing at 300 K for two weeks, respectively; the vertical 
error bars show the transition widths; 0, W show Tf after annealing at 300 
K for two hours and two weeks, respectively; A, A show p,, after 
annealing at 300 K for two hours and two weeks, respectively. 

crystallographic parameters (i.e., with different values of 
6). This implies that in samples with decreased oxygen con- 
tent prepared using equilibrium technology, the oxygen is 
quite uniformly distributed throughout the volume. From 
Table I it is clear that the oxygen content in irradiated Sam- 
ples is practically unchanged. Although the total occupation 
of the oxygen positions O(4)  and O(5) is easily decreased 
(from x = 6.95 f 0.05 in unirradiated samples to 
x = 6.78 + 0.05 at @ = 2 -  1 0 ' ~ c m - ~ ) ,  weighing the samples 
before and after irradiation shows that the mass of the Sam- 
ple decreases by at most 0.15% (most likely because of me- 
chanical damage). This corresponds to a decrease of S of less 
than 0.01. Measurement of the heat capacity of the irradiat- 
ed samples4 and comparison with the data on the heat capac- 

I00 zoo 5 K 

FIG. 2. Temperature dependence of the electrical resistivity p for the 
compound Bi-Sr-Ca-Cu-O irradiated by fast neutrons with fluences 

= 7.10'' cm-* ( I ) ,  @ = 3.10" cmp2 ( 2 ) ,  @ = 2.10'' ~ r n - ~  ( 3 ) ,  
= 0 (4).  The subscripts a, b correspond to annealing at T = 200 K and 

T = 300 K for 20 min. 

ity of oxygen-deficient samples9 confirms that irradiation 
does not lead to any important decrease in x = 7 - 8. There- 
fore, the degradation of Tc caused by radiation is not a result 
of decreasing the concentration of oxygen in the sample. 

Furthermore, it follows from the data presented in Ta- 
bles I and I1 that the falloff of Tc in these cases is accompa- 
nied by various changes of the crystal structure. As x de- 
creases the lattice parameter c grows linearly while the 
degree of orthorhombicity (i.e., the value of the parameter 
difference b - a )  decreases, and for x=: 6.2 the structure be- 
comes tetragonal. By studying the dependence of Tc both on 
x (this was already observed in Refs. 16, 17) and on b - a 
(both dependences have a similar form) we can identify in- 
tervals of x-values (6.4 < x < 6.8) and (b - a )  -values 
(0.04 < b - a < 0.055 A) ,  within which Tc varies more slow- 
ly than it does outside of them. The superconductivity disap- 
pears for xz6.3,  i.e., near the transition to the tetragonal 
structure. Under irradiation the superconductivity is entire- 
ly suppressed in samples with significant orthorhombicity 
b - a ~ 0 . 0 5  A. The falloff of Tc, therefore, is not connected 
with the orthogonal-tetragonal conversion per se. In both 
cases we investigated the oxygen vacancy concentration in 
the Cu( 1 )-O plane is also different. In radiation-disordered 
samples the oxygen atoms are partially redistributed 
between the positions O(4)  and O(5) (this probably also 
leads to the decrease in b - a ) .  In oxygen-deficient samples 
the occupation of the 0 ( 4 )  positions decreases, but the O( 5 ) 
positions are very weakly filled; furthermore, this filling 
only occurs just before the transformation to the tetragonal 
structure when the superconductivity is already gone. Natu- 
rally, in the tetragonal phase the equivalent positions O(4)  
and O(5) are filled with equal probability. 

Radiation-induced disorder leads to a significant in- 
crease in the generalized Debye-Waller factor, which takes 
into account the static and dynamic atomic shifts (Table I ) .  
As the oxygen content decreases, the Debye-Waller factor 
increases by a small amount (Table 11). 

Thus, the structural investigations show that in 
YBa,Cu,O,,, there occurs a partial rearrangement of the 
oxygen atoms between positions O(4)  and O(5) as radi- 
ation-induced defects are introduced; in addition, the De- 
bye-Waller factor grows and the lattice parameters a, b, and 
c increases (Table I ) .  It is very likely that because of the 
significant atomic shifts (static plus dynamic) from their 
"regular" positions a random potential arises in the lattice 
which also determines the other changes in the physical 
properties of HTS induced by disorder which will be dis- 
cussed below. 

(c) Electrical Resistivity 

In Figs. 2 and 3 we show the temperature dependences 
of the electrical resistivity p ( T )  of the compounds Bi-Sr- 
Ca-Cu-0, YBa,Cu,O, ,, , and La, ,, Sr, ,, CuO,, which 
were irradiated by fast neutrons at 80 K and annealed at 
various temperatures. In all these materials thep( T) curves 
for ordered compounds vary in the same way. For small 
fluences @ < 5.10" ~ m - ~ ,  the linear dependence ofp(  T) is 
preserved for T>  T,, while the value of dp/dT increases by 
approximately 30%. In the range of fluences (5-10). 10" 
cm-', portions with dp/dT> 0 (high temperatures) and 
with dp/dT < 0 (low temperatures) are simultaneously 
present on thep ( T) curves. For @ > 1. lOI9 c m 2 ,  ( T) fol- 
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TABLE 11. Parameters of YBa,Cu,O,, samples with various oxygen contents. 



FIG. 3. Temperature dependence ofp for samples of YBaCuO (curves 1- 
3 and 5-8) and LaSrCuO (curves 4, 9)  irradiated by fast neutrons: 1- 
@ = 0; 3, 6, 8-irradiated at 80 K with fluences of @ = 2.5 and 7.10" 
cm-2 plus annealing for 2 hours at 300 K; 2,5,7-irradiated with @ = 2.5 
and 7.10" cm-2 plus annealing for 2 weeks at 300 K; +@ = 0; 9- 
irradiated with @ = 5.10" cm-* plus annealing for 2 hours at 300 K. 

lows a dependence which is characteristic of the conductiv- 
ity via localized states: 

In the fluence range @ > 1. 1019 cmP2 (where supercon- 
ductivity is absent), p ( T )  is well described by the depend- 
ence ( 1 ) over a wide interval of temperatures 2-300 K (Figs. 
24) .  

The radiation-induced defects which appear in HTS 
after irradiation by fast neutrons at T = 80 K are relatively 
unstable: isochronic annealing over the course of 20 min at 
T = 200 K and 300 K leads to a partial recovery of T, (Figs. 
2-4). For longer annealing at room temperature (two 
weeks) there is a further recovery of Tc and other properties. 

In Table I we present the parameters of YBa2Cu30, -, 
for various defect levels. We note that the increase in p (  T) 
with fluence at fixed temperature [for example, p (  100) ] is 
superlinear, even in the range of small fluences @ < 7.10" 
cm-Z (in superconducting samples). A more obviously non- 
linear increase (exponential, to be exact) of p,, , with in- 
creasing fluence cP is visible in Fig. 5, in which we show the 
dependence ofp on @ obtained from measurements made in 
the actual process of irradiation on the compounds 
La2Cu04, La ,,,, Sr,,, CuO,, YBa,Cu,O,,, , and Bi-Sr-Ca- 
Cu-0, along with similar measurements on single-crystal 
samples of YBa2Cu307 - , ( Tc -- 80 K; the measurements of 
p ( T) were done in a direction perpendicular to the c axis). 
We also show here the analogous dependence for the com- 

FIG. 4. Dependence of In p on T 'I4 for the compound YBaCuO irra- 
diated with a fluence of @ = 1.2.1019 cm-' at 80 K without heating 
(curve I ) ,  after 20-minute annealing at temperatures T = 150 K, (2), 200 
K (3),  250 K (4),  300 K (5),  and two weeks of annealing at t = 300 K 
(7);  for LaSrCuO: @ = 2. 1019 cm-', annealed for 2 hours at 300 K (6); 
for LaCuO,: @ = 2. 1019 cm?, annealed for 2 hours at 300 K (8).  

pound SnMo,S,, whose electrical resistivity p is proportion- 
al to fluence for small @ and saturates for large @. The expo- 
nential growth of p with increasing @ (or defect 
concentration) in all the HTS can be related to localization 
effects, which already appear for very small degrees of disor- 
der in samples having relatively high T,. In the cases where 
T, is reduced or completely driven to zero (Figs. 2,3), the 
localization can still be observed directly through the char- 
acteristic temperature dependence of the electrical resistiv- 
ity (1).  

From this it follows that the electronic system in or- 
dered HTS is very close to the Anderson metal-insulator 
transition. The observed variation ofp as a function both of 
fluence and of temperature can be described using the em- 
pirical formula proposed in Ref. 4: 

p ( T )  = f ( T )  exp (b@lT'") .  (2) 

FIG. 5. Dependence of In p on fluence obtained in the process of irra- 
diation at T = 80 K: 1-La2Cu0,, 2-YBa,Cu306,,, , 3-single-crystal 
Y-Ba-Cu-O, p measured perpendicular to the c-axis, 
+La,,,, Sr ,,,, CuO,, 5-Bi-Sr-Ca-Cu-0, 6-SnMo6Se. 

387 Sov. Phys. JETP 68 (2), February 1989 Aleksashin eta/. 387 



(d) Magnetic Susceptibility, NQR, NMR 

For unirradiated La,.,, Sr,,,, CuO, -, samples, the 
magnetic susceptibility decreases as the temperature falls 
from 0.77. lop4 cm3/mole (at 300 K )  to 0.66. lo-, cm3/ 
mole (at 40 K) ,  which reflects the change in the spin contri- 
butions to x as a result of the structural transition from the 
tetragonal to the orthorhombic phase which takes place at 
T- 300 K.18.19 Estimates of the spin contribution to the sus- 
ceptibility for this material givex,, = 0.35 lop4 cm3/mole 
for T = 40 K. The magnetic susceptibility of the unirradiat- 
ed compound YBa,Cu,06,,, does not depend on tempera- 
ture. 

Under irradiation the temperature dependences of the 
magnetic susceptibilities for the compounds 
La,,,, Sr,,, CuO, and YBa,Cu306.,, exhibit a great variety 
of behaviors. (a )  In the temperature range from T, to 300 K 
the function x ( T )  is satisfactorily described by the expres- 
sionx(T) =x,+C/(T-O).Thevalueof~,andtheCu- 
rie constant as a function of fluence @ are given in Fig. 6. (b)  
In the interval of magnetic fields B = 0.1 to 0.7 T, there is no 
field dependence in X. (c)  As the fluence increases a growth 
is observed in the temperature-independent contributionx,. 
(d )  The value of 8 changes from zero (for weakly irradiated 
samples) to 8 = - 4(2) K (in samples irradiated with max- 
imum fluence). (e) The value of C is proportional to @. 
Especially noteworthy is the threefold larger slope of the 
function C(@) in samples of YBa,Cu,O,,, compared to 
La,,,, Sr,,, CuO,. In our view, this is evidence that the Cu- 
rie-law temperature dependence is associated with changes 
in the immediate environment of the copper atoms which 
lead to localized moments on these atoms. We undertook 
experiments to observe EPR signals ( v  = 9.101° Hz) on 
samples with @ = 2. 1019 c m 2  in the temperature range 4 to 
300 K. Its absence (apparently due to a large linewidth) 
allows us to find an upper bound on TI < loP1" sec for the 
relaxation times of the moments. This value is typical of the 
majority of transition metal alloys with strong and easily- 
observed paramagnetism. We note that although a Curie- 
Weiss law behavior appears in the magnetic susceptibility of 
YBa,Cu,O, -, as the oxygen content decreases, and also as 

the radiation-induced disorder increases, the temperature- 
independent contribution ,yo behaves differently for these 
two cases: it falls as S increases but grows with irradiation. 

In an unirradiated sample of YBa,Cu,O,,, , the value 
ofx, is determined by three basic contributions: a diamagne- 
tism (xdia ) due to the ionic cores, a Van Vleck paramagne- 
tism (xvv ), and a Pauli paramagnetism (x,, ). When con- 
duction band electron correlations are included, the Pauli 
contribution is related to the single-particle density of states 
at the Fermi level N(EF ) : 

where J is the exchange integral. In order to clarify the ten- 
dency for X, to change under irradiation, we carried out 
measurements of the spin-lattice relaxation time TI for 6 3 C ~  
nuclei in the Cu( 1 ) position (in the chains the NQR line is at 
vQ = 22 MHz) and Cu(2) (in the planes vQ = 3 1.5 MHz). 
The evolution of the NQR spectra at 6 3 C ~  nuclei in the 
Cu(2) position (Fig. 7),  as in the oxygen-deficient sam- 
ples,'' is related to the configuration of vacancies in the 
O(4) positions; however, the only vacancies which are 
created are those due to redistribution between the O(4)  and 
O(5)  sites rather than departure of oxygen from the sample. 
In the normal state the value of TI is determined by the fluc- 
tuating portion of the magnetic hyperfine interaction be- 
tween the nuclear magnetic moments and the conduction 
band electrons 

where H,, is the magnitude of the hyperfine field created at 
the 6 3 C ~  d-electrons through the exchange polarization of 
the valence and inners s-shells of the copper. The coefficient 
K takes into account possible deviations ofthe local suscepti- 
bility ~ ( q )  from its average value. For an isotropic Fermi 
surface K=: 1; as the electron density distribution becomes 
more anisotropic, increased values of K become possible. 
This effect is most striking in the one-dimensional conduc- 
tors, where K% 1. In Fig. 8 we show the temperature depend- 

FIG. 6. Dependence of the Curie constant C and the temperature-inde- 
pendent contribution X, to the magnetic susceptibility on neutron fluence 
@ for La, ,, Sr, ,, CuO, (0 )  and YBa,Cu306 ,, (0). For YBaCuO the 
values of C are on a scale of one atom per unit cell. 

FIG. 7. NQR spectra of h 3 C ~  in the Cu(2) positions for 78 K: a-unirra- 
diated sample of YBa,Cu,O,,, , T, = 93 K; b--a sample of 
YBa,Cu,O,,,, irradiated with a fluence of 5.10" ~ m - ~ ,  T, = 71 K; c-a 
sample of YBa,Cu306,, T, = 69 K. 
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T I ,  msec 

FIG. 8. Temperature dependence of the spin-lattice relaxation time of 
6 3 C ~  in the Cu(2) for the compound YBa2Cu30,,,,: 0-unirradiated 
sample, T, = 93 K; 0-sample irradiated by a fluence = 5.10'' cm-', 
T, = 7 1  K. 

ence of the relaxation time T, for 6 3 C ~  nuclei at the Cu( 1 ) 
position in unirradiated and irradiated samples of 
YBa,Cu,O,,, (Tc = 70 K and @ = 5- 10" cm-'). In the 
normal state ( T >  T, ) the time T, increases with disorder 
from 0.3 to 0.57 msec. An increase in the spin-lattice relaxa- 
tion time T, also is observed, only to a much larger degree, as 
the oxygen content of YBa,Cu,O, , changes; an increase of 
S from 0 to 0.2 ( Tc 70 K )  is accompanied by an increase in 
T, by roughly a factor of 300. If, according to (4), these 
changes are connected only with the decrease of N(EF), 
then in the first case (when the samples are irradiated with a 
fluence of 5.10'' cm-') the density of states must have fal- 
len by a factor of 1.25, while in the second case it must have 
fallen by more than an order of magnitude. The growth ofx, 
under irradiation and the simultaneous increase in the spin- 
lattice relaxation time T, show that an attempt to explain 
their variation only as a variation of N(E,) leads to contra- 
dictions. 

We observe a distribution of relaxation times associated 
with the Cu( 1 ) positions of an irradiated sample in the nor- 
mal state, with an overall tendency for these times to in- 
crease. The presence of such a distribution hinders analysis 
of the variation of T, at temperatures below Tc , and points to 
the appearance of disorder in the electronic environment of 
the copper atoms at the Cu(1) positions of irradiated 
YBa2Cu306.95 ' 

In studying irradiated samples in the superconducting 
state, i.e., for T, > T >  Tc/2, we observe nearly exponential 
growth of the spin-lattice relaxation time T, -exp(A/kT) 
(Fig. 8 )  similar to what is seen in the unirradiated samples. 
This is connected with the appearance of a gap in the elec- 
tronic spectrum. The dependence of In T, on inverse tem- 
perature is practically the same in both samples; we find that 
2A/kTc = 12 + 2, which indicates that the regime of very 

strong coupling is preserved in samples irradiated at the 
5 .  1018 fluence level. 

We note in conclusion that the Curie-Weiss type of con- 
tribution to the magnetic susceptibility is observed in sam- 
ples even in the presence of very small amounts of disorder. 

4. DISCUSSION OF RESULTS 

As we saw above [Sec. 3 (c) 1, at certain levels of radi- 
ation-induced disorder the temperature dependence of the 
HTS electrical resistivity follows the Mott equation ( 1 ) . 
This implies that the system is on the insulator side of the 
metal-insulator transition. In contrast to the 123-type oxy- 
gen-deficient systems, this transition takes place without a 
change in the chemical composition and consequently is due 
only to the appearance of a random potential (i.e., it is an 
Anderson transition). Neutron-diffraction studies show 
that we are dealing with simple defects of the random atomic 
displacement type, more or less chaotically distributed in 
space. The simple character of the defects is also confirmed 
by their relative instability with respect to short-time low- 
temperature annealing. We recall that in samples irradiated 
by fluences of (5-7). 10" cm-', annealing leads to recovery 
of both superconductivity and linear behavior of p ( T )  at 
temperatures above 100 K [see Sec. 3 (c)  1. Although a de- 
pendence of the type ( 1) is directly observed experimentally 
only at high fluences (when Tc is either small or zero), the 
localized states in the system apparently arise much earlier. 
It is natural to discuss the exponential growth of the electri- 
cal resistance with irradiation, which begins with very small 
fluences, the invariance of the derivative of the upper critical 
field HE, in spite of the rapid growth of the electrical resis- 
tivity, and probably the appearance of the Curie-Weiss con- 
tribution to the magnetic susceptibility, in terms of the exis- 
tence of localized states which are present even in very 
weakly-disordered samples which still possess rather high 
values of Tc . [Since the origin of the linear temperature de- 
pendence of p ( T) in unirradiated and weakly-disordered 
samples is poorly understood (see Introduction), its pres- 
ence cannot be considered proof of the absence of localized 
states. 1 

For small degrees of disorder, the localization radius 
R ,,, is rather large. Therefore the contribution of the local- 
ized states to the resistance as given by Eq. (1) should be 
most evident at very low temperatures.20 However, high val- 
ues of Tc limit from below the temperature measurement 
interval of the electrical resistance of the normal state, so 
that it is not possible to observe localization effects directly 
in the curvesp ( T) . Increasing the degree of disorder leads to 
a decrease in R ,,, , resulting in a widening of the temperature 
interval over which ( 1 ) is valid. Since this also causes Tc to 
decrease, at moderate fluences there appear sections in the 
curvep ( T) with dp/dT < 0, which extend to ever larger tem- 
peratures as the disorder increases (i.e., R ,,, decreases). 
From this we can conclude that the suppression of supercon- 
ductivity is related not to the appearance of localized states 
per se, but to a significant decrease in the localization radius 
as the disorder increases in the system. 

(a) Localization and Superconductivity 
in Quasi-Two-Dimensional Systems (Theory) 

It is well known that strong disorder can lead to a radi- 
cal change in the electronic states near the Fermi level, in 

389 Sov. Phys. JETP 68 (Z ) ,  February 1989 Aleksashin etal. 389 



particular to a metal-insulator transition caused by localiza- 
tion of electrons (i.e., an Anderson transition)." In quasi- 
two-dimensional systems, to which class the high-tempera- 
ture superconductors studied in this paper belong, we must 
expect a significant enhancement of this effect, which is re- 
lated to a well-known peculiarity of two-dimensional space: 
localization of electrons in two dimensions takes place even 
for arbitrarily weak disorder." 

In a disordered system the electrons are in certain ei- 
genstates pv ( x )  determined by exact solutioin of the one- 
electron Schroedinger equation in the corresponding ran- 
dom potential. These states can be either delocalized or 
localized, depending on the degree of disorder and on their 
energy. Cooper pairing in such a system takes place between 
states p, ( r )  and p ,*(r), which are related by time reversal. 
This problem was solved by AndersonZ by using the postu- 
late of self-averaging of the superconducting order param- 
eter. Anderson showed that the superconducting transition 
temperature was in fact independent of the character of the 
states pv ( r )  for a given interaction which leads to pairing 
near the Fermi level. A natural limitation which arises from 
localization of the states is related to the well-known dis- 
creteness of the electronic spectrum in the localization re- 
gion (the level-repulsion effect) .2' 

By the very nature of the phenomenon of localization, it 
is clear that despite the fact that the averaged density of 
states is nonzero for all energies of the band, states which are 
quite close in energy are found at large spatial separations 
from one another. By virtue of the exponential decay of the 
wave functions this leads to the absence of tunneling. It is 
clear on the other hand that Cooper pairing can take place 
only between electrons whose centers of localization lie in- 
side the surface of a sphere with a radius on the order of the 
localization length R ,,, (only their wave functions over- 
lap!). However these states are split in energy by a quantity 
of order [ N ( E )  R :,, ] -' (Ref. 21 ). Obviously, we must re- 
quire that the magnitude of the superconducting gap A (at 
T = 0)  significantly exceed this splitting, i.e., 

i.e., that many discrete levels be located within an energy 
interval -A  whose centers of localization are within a radius 
-R ,,, . In this case the problem of Cooper pairing in the 
region - R ,,, does not differ qualitatively from pairing in 
the metallic state. It is obvious that (5) is equivalent to the 
requirement that the radius of localization be sufficiently 
largeZ3gz4: 

where lo = #iuF/Tc is the coherence length in BCS theory, 
pF = fi/a is the Fermi momentum (a  is the interatomic spac- 
ing, vF is the Fermi velocity). In the high-temperature su- 
perconductors with their characteristically large A and 
small to, conditions of type (5 ), (6) can be satisfied within a 
significant parameter interval when the superconductors en- 
ter the Anderson insulating state. Condition (6)  has a sim- 
ple physical meaning23.z4: the localization radius in a strong- 
ly disordered system should significantly exceed the 
characteristic size of a Cooper pair. This also is a qualitative 
criterion for the existence of superconductivity in an Ander- 
son insulator. 

The preceding discussion pertains to a three-dimen- 
sional isotropic system, which was also studied in Refs. 23, 
24. Of course, the qualitative conclusions can also be applied 
to the experimental data obtained on ceramic (polycrystal- 
line) samples. At the same time, the quasi-two-dimensional 
character of the high-temperature superconductors we are 
investigating here leads to definite departures from the re- 
sults of Refs. 23, 24, which must be kept in mind when dis- 
cussing our experimental data. Therefore, in what follows 
we will dwell briefly on the necessary changes which must be 
included in the treatment of quasi-two-dimensional system. 
Basically, we will be interested in the coefficient of the gradi- 
ent term in the Landau-Ginzburg expansion for the free en- 
ergy of a superconductor, since this determines the Meissner 
response of the system. 

As a single-electron model of the Anderson transition 
we will assume the self-consistent theory of lo~a l iza t ion ,~~ 
within which framework we can carry calculations of all 
quantities of interest to us to the end, including also those for 
the quasi-two-dimensional case.26 The character of the elec- 
tron motion in a disordered system is determined in this the- 
ory by a two-particle Green's function having the diffusion 
form: 

(D ( q o )  = - 
N (Ea) 

~+iDl,(~)q,,z+iD,(l-cp(q,)) ' 
( 7 )  

where D are the generalized coefficients of longitudinal 
and transverse (relative to the highly conducting layers) dif- 
fusion, p(q, = cos 9, a,, where qll,, are the longitudinal and 
transverse components of the momentum q, and a, is the 
distance between layers of the two-dimensional lattice. For 
simplicity we consider the electronic motion in the highly 
conducting layers to be isotropic. 

The generalized diffusion coefficient is determined in 
this theory by the solution to a self-consistent equation of the 
following formz6: 

x j ,  " q  $ D11,1(0) 
(2n)' - io+Dll  ( o )  P I I ~ + D ,  ( o )  [ 1-(P (qL)  I 

* ( 8 )  

Here D = v$r/2, D = (wal )'T are the bare (Drude) dif- 
fusion coefficients, w is the transfer integral between planes 
(layers), and T is the mean free time in a highly conducting 
plane of the quasi-two-dimensional system. 

The position of the mobility edge on the energy scale is 
determined by the condition26 

so that E, - co as w-0, which corresponds to full localiza- 
tion in the purely two-dimensional case." When E, = Ec 
the Drude conductivity in the layer is comparable to the so- 
called minimum metallic conductivity2' 

o,N=2eZN (E,)  D,,O (E8=E,) = 

where we take into account the fact that N ( E F )  = m/ 
2 ~ a ,  #iZ, with m the effective mass of an electron. From this it 
is clear that in the quasi-two-dimensional case the minimal 
metallic conductivity is increased relative to the estimates of 
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Mott2' b3 a logarithmic factor which grows as the decrease 
in the overlap of electronic states in neighboring layers. This 
implies that in systems with strongly anisotropic conductiv- 
ity of the two-dimensional type, i.e., systems such as the 
high-temperature superconductors under study here, the 
magnitude of the minimal metallic conductivity can signifi- 
cantly exceed (3-5). 10' Cl-'.cm-I, a value which is char- 
acteristic of an isotropic three-dimensional system. Using 
simple estimates, we find the following ratio of the longitudi- 
nal to the transverse conductivities: 

so that 

Then for the typical values aO,/uoll -lo-', EFr/fi-1, 
fi2/EFma: - 1 we have wr/fi5 0.1, so that according to 
( lo), a: can attain values 2 lo3 Cl-'-crn-'. Based on these 
estimates, we can assume that the unirradiated samples of 
high-temperature superconductors used in these investiga- 
tions are close to the Anderson transition. 

Using results for D 11,, ( w  ) obtained in Ref. 26, and car- 
rying out calculations analogous to Ref. 23, we find for the 
coefficient in the gradient term of the Landau-Ginzburg ex- 
pansion 

where for the coherence length cII,, we obtain a number of 
different expressions, depending on the value of the ratio 
w2r/2aTcfi which determines the "degree of two-dimen- 
sionality" of the problem under study. For the case 

corresponding to an anisotropic but three-dimensional sys- 
tem, we have 

where c i  -fivF/Tc, 6: -fiwa,/Tc, Ill = v F r  and I, = wa,r 
are the longitudinal and transverse mean free paths. This 
expression is valid in the conductivity region all > u*, where 

The condition w2r/2aTc fi, 1 is equivalent to the require- 
ment 

which clarifies its physical meaning. 
In the immediate vicinity of the Anderson transition, 

for all > a* we have 

where 6(x)  is the Riemann 6-function. 
It is easy to see that for w - E, these expressions go over 

to the expressions derived in Ref. 23 for the three-dimension- 

al case: 

Here Do = +vir, I = OFT, while the characteristic conduc- 
tivity equals 

where a, = e2p,/?T3fi2 is the minimum Mott metallic con- 
ductivity." 

For the case w2r/2aTc 5 1, which corresponds to an 
"almost two-dimensional" system, we have 

where the upper expression is valid for all > a*, and the low- 
er for the opposite case. The essential difference between 
( 17) and ( 12) and ( 14) consists of the appearance of a sec- 
ond term of "two-dimensional" type. In the purely two-di- 
mensional problem (w = 0) we have2' 

For the high-temperature superconductors we are studying, ' 
it is reasonable to assume c  i - Ill, Tc - w, Tc -0.1 EF, so 
that a* - of;, i.e., these systems are always close to the An- 
derson transition, and with respect to their superconducting 
behavior they can be described by Landau-Ginzburg theory. 
For Tc - w and fi/r - EF, we have 

so that for these systems we can realize almost two-dimen- 
sional behavior. The physical meaning of this condition is 
equivalent to 

i.e., the Cooper pairs effectively belong to the conducting 
layers and overlap rather weakly in the transverse direction. 
Most likely, an intermediate case is realized in the systems 
under study here. 

Direct information on the coherence length 6 can be 
obtained from measurements of the critical fieldz8: 

where cPo = acfi/e is the magnetic flux quantum in super- 
conductivity theory. From this we can find the derivative of 
the upper critical field with temperature: 

Then for an isotropic three-dimensional system, we obtain 
from (151~': 
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We see that near the metal-insulator transition, when a < a*  
holds even the Gor'kov relation [the upper expression in 
(2  1 ) 1 is not fulfilled, and the usual growth in (dHc2 /dT) ,< 

with increasing resistivity is replaced by an approach to satu- 
ration. The observed experimental absence of a dependence 
of Hi2 on resistivity (Table I )  is in qualitative agreement 
with this assertion. However, we emphasize the importance 
of independent experiments to determine N(EF ). 

In a quasi-two-dimensional system, we have in an anal- 
ogous fashionZZ 

H ~ z ~ ( T ) = Q ~ / ~ ~ E I ~ ~ ( T )  , Hczl'(T)IHczL(T) =Ell (T)/El(T), 

Correspondingly, 

These equations allow us to find lI1, from measurements of 
Hc, on single-crystal high-temperature superconductors. 
From the expressions ( 14), ( 17) for l I I , L ,  in the region 
all < a* [see ( 13) ] the explicit dependence on the residual 
conductivity a before irradiation (at T = O), which reduces 
to zero at the transition to the insulating state, in fact disap- 
pears, so that the qualitative behavior of (H %$) Tc in a quasi- 
two-dimensional system turns out to be the same as in the 
three-dimensional case. 

We note that the previous discussion is essentially based 
on the assumption of self-averaging of the superconducting 
order parameter in the vicinity of the Anderson transition. 
In fact, as was shown in Ref. 24, this assumption is invalid in 
the conductivity region a < a*, where statistical fluctuations 
in the order parameter related to fluctuations in the local 
density of states near the Anderson transition become signif- 
i~an t .~ '  It is found that in the region a < a* and near Tc 
superconductivity appears in a spatially inhomogeneous 
fashion, in the form of nucleating droplets within which the 
superconducting order parameter is different from zero. The 
superconducting transition in this inhomogeneous regime 
must be strongly smeared out in temperature. (A broaden- 
ing of the transition actually does take place in the radiation- 
disordered and oxygen-deficient samples. ) In this case, even 
a uniformly disordered system can turn out to be analogous 
to a granular superconductor, and in fact the properties of 
strongly disordered single crystals and films of high-tem- 
perature superconductors can be close to the properties of 
ceramic materials. 

(b) Decrease of T, 

Using the experimental data on electrical resistivity of 
disordered samples of YBa,Cu, 0, -, (for fluences @ > 

FIG. 9. Dependence of T, on fluence @ for the compound YBaCuO (cir- 
cles). The solid curve is the localization radius R ,, calculated using ( 1 ), 
(2); the dashed-dotted curve is T, calculated according (24a); the dashed 
curve is the minimum localization radius at which superconductivity can 
exist at a given T, according to Eq. ( 5 )  (see text). 

5. 1018 cm-'1 and the empirical expression (2)  for small 
fluences, we can calculate the change of the localization ra- 
dius R ,, as a function of fluence. On the other hand, (5)  
gives the limiting values of R ,, for which superconductivity 
can still exist in a system of localized electrons. Assuming 
N(EF = 5. (erg.cm3) -' (in a model of free electrons 
this corresponds to one electron per unit cell, i.e., a carrier 
concentration2' of - 6.1OZ1 ~ m - ~ ) ,  while the left side of (5) 
equals 5Tc, we obtain the result shown graphically in Fig. 9, 
from which it is clear that the criterion (5) ceases to be ful- 
filled for @-(5-7).1018 ~ m - ~ .  Taking into account the 
qualitative character of our estimate, we note that it is in 
remarkably good agreement with experiment. Figure 9 also 
allows us to interpret easily the data on the influence of the 
low-temperature anneals. Near @ - (5-7). 10'' cm-2 an- 
nealing increases R ,, , condition ( 5 ) is satisfied, and super- 
conductivity appears. For large fluences the low-tempera- 
ture anneals are insufficient for this. 

From the estimates we have presented, however, it is 
still not clear why the superconducting transition tempera- 
ture must decrease at values of R ,, large compared to the 
limiting value. In the absence of a theoretical understanding 
of the nature of T, in HTS it is rather difficult to express any 
opinion on the reason that Tc decreases with increasing dis- 
order. At the same time, based on the conventional represen- 
tation of the interaction which leads to pairing, we can offer 
the following observations on this problem. One of the 
causes of the appearance of Tc can be connected with the 
increase in the Coulomb pseudopotential p*, which de- 
scribes the Coulomb repulsion of electrons which form the 
Cooper  pair^.'^,^^ This phenomenon is connected with the 
growth of retardation effects associated with the Coulomb 
repulsion in the Cooper pairs as the diffusion coefficient 
(conductivity) decreases in the course of the system's ap- 
proach to the Anderson transition. In the localization re- 
gion, we have according to Ref. 23 that 

where Y is the digamma function, p = vfl(EF ) is the Cou- 
lomb potential, and A,& z R  ,;:. This eau:,tion describes the 
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suppression of Tc because of the growth of retardation ef- 
fects on Coulomb repulsion in a single quantized (localized) 
state. Taking into account ( 1 ) and (2),  we obtain form (24) 

[This expression is valid in the region of temperature where 
p( T) is determined by Eq. ( 1 ) for the hopping conductiv- 
ity.] 

The dependence on Tc on the degree of disorder can 
now be calculated easily, using the data of Fig. 5 and assum- 
ing p z 1 (Fig. 9).  It is clear that this dependence differs 
somewhat from the experimental dependence (we note the 
vanishing derivative dTc /d@ as Q+O on the theoretical 
curve); however, the qualitative agreement is unarguable. 
The more rapid suppression of Tc for the small degrees of 
disorder observed in experiment can be related to an addi- 
tional nonsingular contribution to the correlator from elec- 
tron states neglected in the derivation of Eq. (24) in Ref. 23. 

In the framework of the approach developed here we 
can clarify certain characteristic features of the behavior of 
disordered HTS. The closeness of these materials to the An- 
derson metal-insulator transition, and the existence of su- 
perconductivity with rather high Tc in a system of localized 
electrons is apparently a distinguishing feature of the HTS. 
Such "nonmetallic" behavior of these compounds becomes 
especially striking if we compare them, e.g., with the A-15 
type of superconductors. The latter, with all their peculiari- 
ties-about which a little was said in the Introduction-be- 
have like "metals" to a very much greater degree than do the 
HTS. Although superconductors with the Chevrel-phase 
structure have lower Tc than the A-15 compounds, they 
constitute in some sense an intermediate case between the 
A- 15's and the HTS. 

A number of the experimental facts presented in Sec. 3 
have not yet been successfully explained. Because we do not 
know how in fact the electronic density of states N ( E F )  
changes with disorder, and because we have only an order- 
of-magnitude estimate of this quantity in the unirradiated 
state, it is not possible to explain the variation of the tem- 
perature-independent contribution to the magnetic suscepti- 
bility x,; this is also the case for the spin-lattice relaxation 
time TI. Let us emphasize once again that whereas in a radi- 
ation-disordered sample ( Tc 70 K)  the time TI increases 
by roughly a factor of 1.5, the value of TI in an oxygen- 
deficient sample ( 6 ~ 0 . 2 )  with a comparable value of Tc 
increases by a factor of 300. Such a giant variation in the 
parameter TI can hardly be a random phenomenon. How- 
ever, we cannot exclude the possibility that this also could be 
connected with localization effects. Also still unclear is the 
reason for the appearance of a Curie-Weiss contribution to 
the magnetic susceptibility. According to Mott,20,21 we can 
assume that the appearance of effective magnetic moments is 
related to the presence of localized states. When we estimate 
the value of the effective magnetic moment p,,,, (in Bohr 
magnetons) in a unit cell, we have according to Ref. 25 that 

wherep is the Coulomb potential, and no is the volume of a 
unit cell. For large degrees of disorder ( Q  = 2- 1019 crnp2) 

and R ;, =: 8 b;, p = 1, we obtainp:,,, = 0.66 for YBaCuO 
in full agreement with experiment (from the value of the 
Curie constant we have pzx, = 0.661). However, for 
smaller fluences p,,,, is considerably smaller than p,, . 
Here it is necessary to note that, first of all, Eq. (25) is valid 
only at small values of R ,, (i.e., when the Fermi level is 
considerably below the mobility edge) ; secondly, the accu- 
racy with which the Curie constant is determined in weakly- 
disordered samples is considerably less than in strongly-dis- 
ordered samples (the Curie-Weiss contribution itself is 
smaller by an order of magnitude, while the temperature 
interval over which x varies is limited from below by the 
rather high values of Tc ) . It is obvious that if we estimate the 
variation of Tc according to (24), using the experimental 
values of the Curie constant [we remark that the same quan- 
tities enter into Eqs. (24) and (25)], then even at 
Q = 2- 1019 cm-2 we obtain a value of Tc - 15 K. 

Thus, the question of the origin of the Curie-Weiss con- 
tribution tox  is important not only from the standpoint of its 
relation to the localization effects, but also from the stand- 
point of its effect on Tc. If in the oxygen-deficient samples 
magnetic moments of comparable magnitude appear on seg- 
ments of the Cu( 1 )-O(4)-Cu( 1 )-vacancy  chain^,^ then 
with regard to relatively disordered samples, by taking into 
account the lanthanum-strontium ceramics in which there 
are no chains we can conclude that magnetic moments also 
appear in the Cu(2)-0 planes. The question then remains; 
why do the magnetic moments turn out to have so little influ- 
ence on the superconductivity? All these questions require 
further study. 

5. CONCLUSION 

The results of this paper show that the peculiarities of 
the electronic system in HTS are such that they are close to 
the metal-insulator transition even in the ordered state, and 
apparently this is their distinguishing feature compared to 
such superconductors as, e.g., the A-15's. Even for very 
weak disorder the pairing takes place in a system of localized 
electrons. The value of Tc decreases sharply for those levels 
of disorder for which an exponential temperature depend- 
ence of the electrical resistivity is clearly observed in the 
region of low temperatures. The superconductivity is com- 
pletely suppressed when the energy splitting between local- 
ized states becomes comparable to the value of the supercon- 
ducting gap. 
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