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The effect of Anderson disorder on the binding energy A of the excess carriers, and on the 
correlation functions of the ground state of a Cu, 0, cluster has been studied numerically. 
Calculations were carried out for the cases ofp-type and n-type doping, through an exact 
diagonalization of the Emery Hamiltonian. The results show that 1 A I decreases with increasing 
value of the disorder parameter W, vanishing at a certain critical value Wc. The ratio 
Wc/JA( W= 0) I remains constant (at ,--9 and ,-- 7 for holes and electrons, respectively) over a 
broad range of values of A ( W = O), corresponding to various choices of the parameters of the 
Hamiltonian. An increase in W weakens the antiferromagnetic correlations in the undoped 
insulating state, while it leads to a partial restoration of these correlations if the system contains 
excess carriers. The results found here can be explained by the hypothesized magnetic mechanism 
for effective attraction of carriers. 

1. INTRODUCTION 

The high-Tc superconductors are sensitive to nonmag- 
netic impurities and to defects of the crystal structure which 
result from a deviation from stoichiometry,' from a change 
in composition,2 or from i r rad ia t i~n .~  An increase in disor- 
der is known to cause a transition to an insulating state4 and 
vanishing of the superconducting transition tempera- 
t ~ r e . ~ , ~ - '  The changes which occur in the critical properties 
of superconductors associated with atomic disordering de- 
pend on the superconducting pairing mechanism. A study of 
the effect of defects on the properties of the high- T, super- 
conductors is thus of fundamental as well as practical inter- 
est, since it may prove helpful in reaching an understanding 
of high-Tc superconductivity. 

Various versions of a nonphonon magnetic mechanism 
for the superconductivity of these superconductors have 
been studied actively in recent years.'-l2 This mechanism is 
based on strong Coulomb correlations, which lead to antifer- 
romagnetic ordering of spins at copper sites in the initial 
undoped corn pound^.'^ Efforts to carry out an analytic 
study of the interrelationships between disorder and super- 
conductivity on the basis of the magnetic mechanism', run 
into serious computational difficulties. In the thermody- 
namic limit, such studies can be carried out only by pertur- 
bation theory. 

Even if there is no disorder, the problem of the elec- 
tronic structure and (especially) the superconductivity of 
strongly correlated systems is a very difficult one, which has 
yet to be finally resolved. The results which have been found 
by various analytic methods are ambiguous and lean heavily 
on various approximations. Numerical methods become 
particularly important in such a situation. One numerical 
method is the exact-diagonalization method, which makes it 
possible to find the energy of the ground state and the corre- 
sponding eigenvector (and thus the various correlation 
functions) in finite clusters with any prescribed accuracy 
(Refs. 15-1 9, for example). An exact solution for small clus- 
ters leads to a qualitative understanding of the properties of 
the system of interest. It may also serve as a test of analytic 

methods using approximations which cannot be tested. 
Exact calculations of the hole binding energy A, (Refs. 

15-19) and of the electron binding energy A, (Ref. 19) in 
Cu-0 clusters have been carried out previously on the basis 
of the 2 0  Emery modeL20 Those results showed that, in the 
absence of disorder, there is a certain region of the values of 
the parameters of the model in which both excess holes 
(A, < 0) and excess electrons'' (A, < 0)  are effectively at- 
tracted. The changes which occur in the antiferromagnetic 
correlations in the copper s~b l a t t i c e '~ . ' ~ . ' ~  are such that the 
addition of the first excess carrier (a  hole or an electron) to 
the insulating state of the cluster produces a far greater dis- 
ruption of the antiferromagnetic correlations than is caused 
by the subsequent addition of a second excess carrier of the 
corresponding sign. It has accordingly been ~ u g ~ e s t e d ' ~ ~ ' ~ . ' ~  
that the effective attraction of carriers stems from an energy 
advantage due to a decrease in the dimensions of the region 
with the disrupted antiferromagnetic correlations upon the 
formation of a bound pair. We wish to stress that these re- 
sults are exact, although they were derived for systems of 
finite dimensions (see Refs. 19, 23, and 24, for example, re- 
garding the effect of the size of the clusters on the binding 
energy). To some extent, these results may be taken as sup- 
port for the hypothesis of a magnetic mechanism for the 
superconductivity of the high Tc materials. 

This hypothesis might be confirmed (or refuted) di- 
rectly by exact calculation of the carrier binding energy A in 
several Cu-0 clusters with various numbers of atoms, N u .  
Such calculations would make it possible to find the depend- 
ence A(N, ) at a fixed density n of the excess carriers and to 
attempt to determine A ( Nu + CQ ) by interpolation. More- 
over, such calculations might make it possible to find the 
dependence A(n) and to study the nature of the changes in 
the antiferromagnetic correlations at values of n correspond- 
ing to the disappearance of the effective attraction. How- 
ever, the values of N, which can be handled are severely 
restricted by the limited memory and speed of existing com- 
puters. As we know, the smallest Cu-0 cluster which has the 
symmetry of the CuO, plane (so that periodic boundary 
conditions can be employed) and which is consistent with 
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the use of the exact-diagonalization method to study the un- 
reduced Emery model is the 12-site Cu, 0, cluster (Fig. 1 ) . 

In this paper we use the exact-diagonalization method 
to study the effect of an atomic disorder on the antiferromag- 
netic correlations and the value of A in a Cu,O, cluster 
(these are apparently the first such calculations). We con- 
sider the Emery model with a diagonal Anderson disorder 
(the increments in the site potentials are distributed at ran- 
dom over an energy interval of width W ) .  A distinctive fea- 
ture of the present study is a comparative analysis of the 
cases ofp-type and n-type doping. We will see that (A, ( and 
[A, I fall off monotonically as the degree of disorder Win- 
creases, and they vanish at a certain critical value Wc. The 
ratios W,/jA,(W=O)I and W,/IA,(W=O)[ remaincon- 
stant (at z 9  and =: 7, respectively) over broad ranges of the 
values of (A,  ( W = 0)  I and \A, ( W = 0)  1, corresponding to 
various choices of the values for the parameters of the Emery 
model. An increase in W weakens the antiferromagnetic 
correlations in the undoped insulating state, while in a state 
with excess carriers, of one sign or the other, the antiferro- 
magnetic correlations remain constant at W- Wc or even 
undergo a partial restoration. According to the magnetic 
mechanism, changes of this sort in the antiferromagnetic 
correlations are consistent with the disappearance of the ef- 
fective carrier attraction. 

1. STATEMENT OF THE PROBLEM 

The Emery Hamiltonian describing the system of corre- 
lated charge carriers in the CuO, plane (which is a common 
structural element of the high T, superconductors) is 

where the operators d 2 and p,t, create a hole in the states 
dx, - ,, and p,, p,, respectively; (ik ) means a summation 
over nearest neighbors; the index i refers to copper sites; the 

+ index k refers to oxygen sites; n,, = d ,: d,,; n,, = p,,p,,; t 
and t ' are the matrix elements for copper-oxygen and oxy- 
gen-oxygen hops, respectively; E = E, - E, is the difference 
between the energies of a hole at an oxygen site and at a 
copper site; and U,, Up, and V are the energies of the Cou- 

FIG. 1. A Cu,O, cluster. X-Copper atoms; 0-oxygen atoms. 

lomb repulsion of holes at copper sites, at oxygen sites, and 
between them, respectively. The vacuum for the Hamilto- 
nian ( 1) is the electronic configuration Cu3d 1°02p6 (with a 
Cu2 + O2 - valence state). 

Since there is one hole per copper atom in the CuO, 
plane in the insulators La, CuO, , Nd, CuO,, YBa, Cu, 0, , 
etc. (the valence state is Cu2 + O2 - ) , the undoped insulating 
state of the Cu,O, cluster corresponds to N = 4 holes. Val- 
ues N >  4 correspond to a p-type doping of the CuO, plane 
(La, -, Sr, CuO,, YBa, Cu, 0, + , , etc. ), while values N < 4 
correspond to n-type doping (Nd, _ , Ce, CuO, , etc. ) . For 
E > 0, the excess holes occupy 02p orbitals predominantly 
according to experimental data,25-27 while the excess elec- 
trons occupy Cu3d orbitals predominantly.2' 

To describe the effect of atomic disorder on the elec- 
tronic structure of the CuO, plane, we use the diagonal An- 
derson disorder model. The total Hamiltonian is 

where HI is the Emery Hamiltonian in ( 1 ), H, is an "impu- 
rity" Hamiltonian, and w, are the increments in the site po- 
tentials of the copper and oxygen atoms. The quantities w, 
take on random values in an energy interval of width W, with 
a distribution function 

The parameter W characterizes the degree of disorder (at 
W = 0, there is no disorder). 

The binding energy of the excess carriers is given byI5-l9 

where E ( m )  is the energy of the ground state of the system, 
with m excess carriers. 

For the numerical calculations of the ground-state en- 
ergies E ( N )  and the eigenvectors of the Hamiltonian (2)  for 
various numbers Nof holes in the Cu, 0, cluster, we used the 
iterative Lanczos a l g ~ r i t h m . ' ~ , ~ ~  The relative error of these 
calculations was less than 10 - '. The hole binding energy A, 
and the electron binding energy A, were found from (3),  
with the understanding that the number of excess carriers is 
m = N - 4 in the case of p-type doping, while it is 
m = 4 - N in the case of n-type doping. 

Our calculations dealt in most detail with the following 
region of values of the parameters of Hamiltonian ( 1): 
E = 0 - 3, Ud < 10, and Up = V = t ' = 0 (here and below, 
all quantities with the dimension of energy are expressed in 
units o f t  ; i.e., we are setting t = 1 ). Our choice agrees with 
estimates in the literature ( t  = 1-1.5 eV, t ' = 0.3-0.6 eV, 
E = 1.5-4 eV, U, = 6-10 eV, Up = 1-6 eV, V =  0-4 eV; 
Refs. 35-40). We selected these values because it is in this 
region of parameter values that there is an effective attrac- 
tion of both excess holes and excess electrons: A, < 0 and 
A,<O (IAh)50.10; /A,15;0.03) (Ref. 19). In thecaseof 
the p-type doping, we also considered the case with Up #O 
and V #O. 

At a fixed value of W, the characteristics of the ground 
state of the clusters depend on the specific realization of the 
site disorder, i.e., on the specific set {wj). If this circum- 
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stance is ignored, erroneous results may be found. For exam- 
ple, the exact-diagonalization method was used in Ref. 41 to 
study the influence of Anderson disorder on the correlation 
functions of a ten-site Hubbard chain. A totally nonphysical 
oscillatory dependence of the correlation function (n,, n,, ) 
on W was found as a result. The reason, we believe, is that, 
for each value of W, the calculations of (n,, n,,  ) in Ref. 41 
were carried out for a common set {w,), which was changed 
each time W was changed. 

A correct description of the influence of defects on the 
electronic structure of small clusters requires taking a suit- 
able average over the various configurations of the disorder 
and determining both mean values and mean square devia- 
tions. We carried out calculations in the following manner: 
For each ofL different random sets {wf) (I = 1, L),  at fixed 
values of all the other parameters of Hamiltonian (2) ,  we 
calculated A; ( W) and Af, ( W). Mean values of the binding 
energies A, ( W) and A, ( W) were then found as the arithme- 
tic means over L configurations. Using the same approach, 
we calculated the spin-spin correlation functions 
So = ((n,, - n,, (n,, - n,, I ) ,  the density-density correla- 
tion functions DU = ( (n,, + nil ) (n,, + n,, ) ), and the occu- 
pation numbers of the copper and oxygen orbitals ( (n,, ) 
and (no ), respectively). 

In most cases we restricted the calculations to L = 8-15 
disorder configurations. This decision made it possible to 
avoid an excessive demand on computing time, while leading 
to fairly accurate results (increasing L to 30-40 or using a 
different set of L - 10 configuration realizations resulted in 
changes of 10%-20% in A and in the mean square devia- 
tions). For systems of large dimensions, there is no need to 
take an average over a large number of configurations. For 
example, in a study of the 1D Hubbard-Anderson model by 
the Monte Carlo method, the number of disorder realiza- 
tions required for chains of N, = 8-24 sites was L = 40-60 
(Ref. 42), while at N, = 120 a single realization (L = 1) 
proved ~uff icient .~~ 

2. RESULTS OF THE CALCULATIONS 

Figure 2 shows some typical results on the behavior of 
the binding energies A, and A, as a function of the Ander- 
son-disorder parameter W. We recall that we are dealing 
with a region of values of the Emery-model parameters for 
which the excess carriers experience an effective attraction 
in the absence of disorder: A, ( W= 0 )  < 0  and 
A, ( W = 0)  < 0. The primary features of the A, ( W) and 
A, ( W) curves are: 

1) The absolute values of [A, ( W) ( and (A, ( W) ( al- 
ways decrease with increasing W, and they vanish at a criti- 
cal value W, of the degree of atomic disorder. 

2) The functions Ah ( W) and A, ( W) are linear over a 
very broad range of W, including values W% W,. 

3) The mean square deviations of the binding energies 
A, and A, also increase linearly with W (we will not take up 
this point again; we will cite only values of the binding ener- 
gies averaged over the various realizations of the disorder). 

In the absence of disorder, the binding energies 
A, ( W = 0)  and A, ( W = 0)  depend on the values of the pa- 
rameters of Hamiltonian ( l ). With E = l ,  for example, the 
quantity \A, ( W= 0)  1 increases monotonically with in- 
creasing Ud (Fig. 3a), and at Ud = 6 it has a maximum at 

FIG. 2. Plots of (a)  A,, (b)  A,, and (vertical lines) the corresponding 
mean square deviations versus W for E = 1, Ud = 8, and Up = V = 0. 

~ ~ 1 . 5  (Fig.4a). Themaximumof )A,(W=0)1 is reached 
at Ud z 5  and E=: 1 (Figs. 5a and 6a). Note the correlation 
between W,and )A,(W=O)(,  )A,(W=O)(.Ascanbeseen 
from Figs. 3b-6b, W, increases with increasing binding en- 
ergy at W = 0. This is true over a very broad range of the 
values of I A, ( W = 0) I and I A, ( W = 0)  1, corresponding to 
various sets of parameter values in Hamiltonian ( 1 ). Figure 
7 combines the results calculated on W, for ~ f 3 ,  Ud < 10, 
and Up = V =  0. We see that W, is directly proportional to 
IA( W = 0 )  1, for both p-type and n-type doping: 
W,/(A, ( W= 0)  1 z 9 ,  and W,/(A, ( W =  0)  1-7. It follows 
that at fixed values of E and U, the value of W, for holes is 
larger than that for electrons by a factor of 3 to 6, since we 
have (A, ( W= O)(/I A, ( W= 0)  I = 2-5 (Ref. 19). 

It had been shown p r e ~ i o u s l y ' ~ ~ " ~ ' ~  that large values of 
V, combined with a strong repulsion at the copper sites, Ud,  
strengthen the tendency for the holes to attract ( (A, I in- 
creases), although an instability may result3' (similar re- 

FIG. 3. Plots of ( a )  A, ( W =  0) and (b) W, versus U, for E = 1 and 
U" = v =  0. 
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FIG. 4. Plots of ( a )  A, ( W =  0 )  and ( b )  W, versus E for U, = 6 and FIG. 6. Plots of ( a )  A, ( W =  0 )  and ( b )  W, versus E for Ud = 6 and 
up = v=o. up = v= 0. 

sults were found in Ref. 12 in a study of a reduced Emery 
model). Our calculations of W, for the case ofp-type doping 
(in the case of n-type doping, an increase in V erases the 
effective attraction19 ) with E = 1-2, U, = 6-8, V = 1-3, 
and Up = 0-2 show that the ratio W,/lA, ( W = 0)  1-9 re- 
mains constant over a range of binding energies 
( 1  A, ( W= 0) I 5 0.5), substantially wider than in Fig. 7. 

Another question of considerable interest is the possi- 
bility that an increase in the degree of atomic disorder will 
stimulate an effective attraction of excess carriers in strongly 
correlated In Ref. 41, for example, a numerical 
study of the correlation functions (n,, n,, ) in the 1D Hub- 
bard model revealed indications of the appearance of local 
attraction of holes at a site with increasing W. We carried out 
calculations of A, ( W) and A, ( W) for several values of the 
parameters of Hamiltonian ( 1 ) corresponding to initial re- 
pulsion: A, ( W = 0) ,  A, ( W = 0 )  > 0. In all cases consid- 
ered, A, ( W) and A, ( W )  increased monotonically, remain- 
ing positive. 

Figure 8 shows results calculated on the spin correla- 
tion functions Sg between the nearest and next-nearest cop- 
per sites (S,, and s , , ,  respectively; Fig. I ) ,  for the typical 
parameter values E = 1, Ud = 8, and Up = V = 0 
[A,(W=O) = -0.044, A,(W=O) = -0.013, and 
W, = 0.43 and 0.10, for holes and electrons, respectively]. 
The mean square deviations for the correlation functions are 
< 10% of the mean values, so we are showing only these 
mean values of Sg in Fig. 8. 

In the absence of disorder ( W = O), the undoped insu- 
lating state of the Cu40, cluster ( N  = 4) is characterized by 
strong antiferromagnetic correlations in the copper sublat- 
tice: S,, < 0, S,, > 0, S,, z0.51S1, I. Doping disrupts the an- 
tiferromagnetic correlations for both p-type doping ( N >  4) 
and n-type doping ( N <  4).  An important result is that the 
addition of the very first excess carrier to a cluster ( N  = 3 or 
5) leads to a far greater disruption of the antiferromagnetic 
correlations then is caused by the subsequent addition of a 
second excess carrier ( N  = 2 or 6):  S,, ( N  = 4)/S,, (N = 3 

FIG. 5. Plots of (a) A,( W =  0 )  and ( b )  W, versus Ud for E = 1 and FIG. 7. Plots of W, versus ( a )  lA,( W =  0 ) /  and ( b )  /A,( W =  0)1 for 
Up = V=O. 0 < ~ ( 3 ,  O( U,< 10, and Up = V =  0. 
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FIG. 8. The spin correlation functions ( a )  S, ,  and (b)  S,, in the copper 
sublattice for various numbers of holes ( N  = 2-6) in the Cu,O, cluster 
(the numbering of the sites is explained in Fig. 1). Here E = 1, U, = 8, 
andU, = V=O. 

or 5) z 3 ,  S,, ( N =  4)/S,, ( N =  2 or 6) ~ 4 ,  S,, ( N  = 3 or 
5) z 0 ,  S,, ( N  = 4)/S,, ( N  = 2 or 6) z - 2. It was suggest- 
ed in Refs. 15, 16, and 19 on this basis that the reason for the 
effective attraction of carriers is an energetic advantage 
when the two excess holes or two excess electrons are close 
together, so they reduce the size of the region with the dis- 
rupted antiferromagnetic correlations. Note that we have 
Sv ( N  = 3) =So ( N  = 5) and Sv ( N  = 2) zS, ( N  = 6); i.e., 
there is a sort of (incomplete) symmetry in the disruption of 
the antiferromagnetic correlations by thep-type doping and 
the n-type doping.I9 

How are the antiferromagnetic correlations affected by 
site disorder (Fig. 8)?  We are concerned primarily with val- 
ues W- W, = 0.1-1. At N = 4, an increase in W results in 
monotonic decrease in IS,, I and S,, . In other words, it leads 
to disruption of the antiferromagnetic correlations, but this 
disruption does not become important until W> 2. At 
smaller values of W, the strong antiferromagnetic correla- 
tions persist in the undoped state (these correlations disap- 
pear completely for a sufficiently large value of W2  5).  For 
N = 3 and 5 (for one excess carrier per cluster), the correla- 
tion functions S,, increase monotonically with increasing W 
(in the case of the n-type doping, the correlation function 
S,, changes from negative to positive), while for W 5  2 the 
correlation function S,, either remains unchanged (for 
N = 5) or increases in absolute value ( N  = 3). This behav- 
ior of S,, ( W) and S,, ( W) can be interpreted as a partial 
restoration of the antiferromagnetic correlations which are 
disrupted when an excess carrier is added to the cluster. We 
find a similar picture for N = 6 (for two excess holes) : IS,, / 
and S,, increase with increasing W. In the case N = 2 (two 
excess electrons), the antiferromagnetic correlations are not 
restored as W is increased: We find S,, ~ c o n s t ,  while S,, 
decreases, remaining negative (we should not say that the 
antiferromagnetic correlations are weakened, since in this 
case there are essentially no such correlations in the cluster, 
evenat W=O). 

The correlation functions D, are vastly less sensitive 
than the correlation functions S, to a disorder. The reason is 

that the system has no charge correlations in the case U, $ V 
and W = 0. For W <  2, the occupation numbers (n,, ) and 
(no) remain essentially constant. A further increase in W 
leads to a decrease in (n,,, ) and (no ). 

3. DISCUSSION OF RESULTS 

It follows from our calculations that the effect of a diag- 
onal Anderson disorder on the antiferromagnetic correla- 
tions of copper spins in a Cu,O, cluster depends strongly on 
the number of excess carriers in the cluster. In the initial 
insulating state, an increase in W leads first to a weakening of 
the antiferromagnetic correlations (for W 5  2) and then to 
their complete suppression (for W-5). In a state with a 
single excess carrier ( a  hole or an electron), the antiferro- 
magnetic correlations are partially restored. In a state with 
two excess carriers, the antiferromagnetic correlations are 
again partially restored in the case ofp-type doping, while in 
the case of n-type doping they are not. 

A result which we found somewhat surprising was the 
partial restoration of the antiferromagnetic correlations 
when the doped state was disordered. However, a corre- 
sponding result had been found previously43 in a numerical 
study of the 1D Hubbard-Anderson model by the Monte 
Carlo method (although this result was not stressed in Ref. 
43): At a hole density n = 0.4 (reckoned from a half-filled 
band), the Fourier component of the spin correlation func- 
tion 

increases with increasing Wat q = a (i.e., the antiferromag- 
netic correlations, which are weakened by the doping, are 
strengthened again). At n = 0, on the other hand, we ob- 
serve a decrease in S(T)  (as expected): The disorder sup- 
presses the antiferromagnetic correlations in the insulating 
state of the Hubbard model. 

The Fourier representation is very convenient for ana- 
lyzing antiferromagnetic correlations, since a single Fourier 
component contains information on the spin correlation 
functions between different lattice sites (in the case at hand, 
information on S,, and S13 ). Figure 9 shows results calcu- 
lated on S(n-, n-) in a Cu,O, cluster for various values of W. 
We see from Fig. 9 that the W dependence of S ( a ,  a) is 
determined by the type and number ( / N - 41 ) of excess car- 
riers in the cluster. With increasing W, the quantity S (a ,  a) 

FIG. 9. The Fourier component S(v ,  .n) of the spin correlation functions 
in the copper sublattice for various numbers of holes ( N  = 2-6) in the 
Cu,O, cluster. Here E = 1, Ud = 8, and Up = V =  0. 
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falls off monotonically for N = 2 and 4, increases monotoni- 
cally for N = 5 and 6, and goes through a maximum at 
W= 2-3 for N = 3. These results confirm our conclusion, 
reached above on the basis of analysis of the correlation 
functions S , ,  and S , ,  , that the antiferromagnetic correla- 
tions undergo changes upon disordering. 

Under the assumption of a magnetic mechanism for the 
effective carrier attraction, a decrease in the binding energy 
with an increase in disorder agrees qualitatively with the 
nature of the changes in the antiferromagnetic correlations. 
Specifically, a weakening of these correlations in the un- 
doped state of the disordered cluster and the partial restora- 
tion of these correlations in the cluster with one excess car- 
rier (Fig. 9) have the result that the disruption of these 
correlations resulting from the addition of one excess carrier 
to a disordered cluster is weaker than in the absence of a 
disorder. The further disruption of these correlations caused 
by the addition of a second excess carrier to the cluster, on 
the other hand, either remains nearly the same as for W = 0 
(in the case ofp-type doping) or in fact increases (in the case 
of n-type doping). Consequently, the energetic advantage 
accompanying the formation of a pair (a quantitative mea- 
sure of this benefit is the binding energy) decreases with 
increasing W. 

We are talking here about only a qualitative correspon- 
dence between the changes in the antiferromagnetic correla- 
tions and those in the binding energies associated with disor- 
dering. The changes in the antiferromagnetic correlations 
become significant (exceeding the "error" due to the averag- 
ing over the various disorder configurations) a for W2  1. 
For the region of parameter values discussed above, on the 
other hand, we have Wc 5 0.5. The reason why the changes 
in these correlations "lag behind" the changes in the binding 
energy with increasing W may be effects of the finite size of 
the cluster which we are discussing. 

We briefly mention the linear W dependence of the 
binding energies (Fig. 2) .  Calculations of A, ( W )  and 
A, ( W )  for W) Wc show that for E - 1, and for Ud $ t ,  V, and 
U p ,  the linearity is disrupted at W> k= a U d ,  where a is a 
constant on the order of unity. The effect of Anderson disor- 
der on the electronic characteristics of the Emery model ap- 
pears to be determined by the parameter W/U,. 

We conclude with a discussion of the relationship be- 
tween our results and experimental data on the effect of radi- 
ation on the high T, s u p e r c o n d ~ c t o r s . ~ ~ ~ ~  The point defects 
which are formed during low-temperature ion bombard- 
ment of these superconductors create a random impurity 
potential. The effect of this potential on the carriers in the 
CuO, layers is described by the Hamiltonian (2) .  In this 
case the value of Wis determined by the defect concentration 
n,, , i.e., by the radiation dose @ (in a first approximation, 
we can assume W- n,, - @) . For the "n-type" high Tc su- 
perconductor Nd, ,, Ce, ,,Cu04, the critical value @,, at 
which the superconductivity is suppressed, is lower than 
that for the "p-type" high T, superconductor YBa, Cu, 0, 
by a factor of 8 to 10 (Refs. 3 and 45). These results agree 
with our calculations of Wc: The values found in the case of 
n-doping are lower than those found in the case of p-type 
doping by a factor of 3 to 6. We might add that the supercon- 
ducting transition temperature of both thep-type and the n- 
type high-T, superconductors decreases linearly with in- 

creasing @, in agreement with the linear decrease in the 
binding energies with W. 

We wish to thank Yu. V. Kopaev and N. A. Chernople- 
kov for a discussion of these results. 
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Project 90413 of the State "High Temperature Supercon- 
ductivity" Program. 

" As Emery has pointed out,,' the discovery of the high- T, superconduc- 
tor Nd-Ce-Cu-O with n-type conductivity,22 is evidence of a certain 
symmetry of the insulating state of the CuO, plane with respect to p- 
type and n-type doping. This situation is in a sensea condition for choos- 
ing among the various theories of high T, superconductivity, most of 
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