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The presence of different low-dimensional structural units along with a short coherence length leads to
the formation of a two-gap spectrum, that is to a double-peak structure in the superconducting density
of states (e.g., Y-Ba-Cu-O). The presence of magnetic impurities leads to a gapless state. As opposed to
the usual one-gap isotropic model, the region of gaplessness is extended, so that one can observe the
effect of gaplessness without a noticeable shift in T,. Strong anisotropy of the pairing interaction within
the planes of a layered superconductor also leads to a similar extension of the region of gapless behavior
in the presence of magnetic impurities. This gaplessness has a great impact on the spectroscopy of the
cuprates, particularly for nonstoichiometric compounds. Experimental data are discussed in detail.

I. INTRODUCTION

This paper is concerned with the energy spectrum of
the high-T . oxides, namely, with the appearance of a gap-
less state in these materials. We discussed some aspects
of this problem for the YBa,Cu;0, (YBCO) compound in
our previous papers! (see also the review in Ref. 2). This
paper contains a more general treatment and a detailed
analysis of some recent experiments.

The phenomenon of gapless superconductivity is not
new in the physics of superconductivity. It has been in-
troduced in Ref. 3 and analyzed in Refs. 3-5 (see also
the reviews in Refs. 6 and 7). However, a short coher-
ence length and the presence of the layered structure in
the cuprates lead to an unusual manifestation of this
phenomenon. For example, contrary to the case of con-
ventional superconductors, it is perfectly realistic to ex-
pect gapless behavior in the cuprates without a noticeable
depression in T,. In other words, there is a large exten-
sion of the region of gaplessness, and this aspect of high-
T. superconductivity is very important if we analyze the
spectroscopy of these materials. Gapless superconduc-
tivity, which has been a remarkable but rather exotic
phenomenon for conventional materials, is playing a very
important role in the field of high-T, superconductivity.

The structure of this paper is as follows. Section II
contains a general theoretical treatment. Evaluation of
various parameters and an analysis of experimental data
for the cuprates are described in Sec. III.

II. THEORY

The phenomenon of a gapless superconductivity is
caused by the pair-breaking effect of magnetic impurities.
Of course, there are other reasons for gaplessness (see for
example the review in Ref. 6), but we focus here on the
case of magnetic impurities. The local magnetic moment
of the impurity tries to align the spins of the carriers
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forming the pairs, that is, destroy the pairing. The
analysis in Refs. 3—7 has been carried out for an isotropic
one-gap model which provides a good description of con-
ventional superconductors. At first sight, the applicabili-
ty of such a model even to conventional metals looks
strange, because many conventional metals have a highly
anisotropic Fermi surface as well as a complicated multi-
band structure. Some manifestations of the energy-gap
anisotropy in conventional superconductors can be ob-
served (see for example the reviews in Refs. 8 and 9), but,
nevertheless, these effects are not large in the convention-
al superconductors; this is due to a large coherence
length in these materials. Indeed, the inequality I <<§,
which holds for these materials (/ is a mean free path)
and the scattering between different parts of the Fermi
surface as well as the interband scattering in the multigap
case, leads to an averaging and isotropization. Note that
the multigap structure has been observed before only in
the exotic superconductor, namely in Nb-doped SrTiO3.1°

The picture in the cuprates is entirely different. The
small value of the coherence length allows one to observe
a multigap structure as well as an energy-gap anisotropy.
We described briefly! the disappearance of the gap in
YBCO caused by oxygen depletion. Here we consider the
problem of gaplessness in cuprates in more detail, and, in
addition, we will describe a number of different cases.

In general, anisotropy means a deviation from the
one-gap isotropic picture. A most interesting example
corresponds to the presence of two different groups of
carriers. For a proximity system there is a spatial separa-
tion of such groups. Another example of two energy
bands corresponds to separation in momentum space.

Consider first the S-Sz system, where S, and Sg are
two spatially separated superconducting subsystems. As-
sume for concreteness that %> T2, An important exam-
ple is an S,-N; sandwich (then TA=0). Note that the
YBCO compound is an example of such a system.!
Indeed, it has been established that the chains not only
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provide doping for the plane but also form an additional
conducting subsystem. Planes and chains are bound by
the charge transfer.

The equations for the order parameters A* and Af in
the thermodynamic Green’s-function formalism can be
written in the form

AN 0,)ZM0,)=7T 3, (A D, — i) A%, )%

+nT 2 }“aBDnn’AB( Dy )(plrf’
"

+T %A (w, )? | (1
A w,)ZP(w,)=7T 3, (AgD,, — Rz A, )@P.
<

n
+7T S, AgeD e A0, )%
<

+IPA (0, )@ . (2)
Z, and Z are the renormalization functions:

Za(mn )=1+7T 2 )“aDnn'wn'¢‘rf'
<
+7T 3 AogD e, @5 +T %k (3)
<
Z(w,)=1+7T 3 AgD, 0, ¢
<
+7T 3, AgeD 0% +TPo0% 4)
<

In Egs. ()-4) 0,=(2n+1)7T, A, and Ag are the cou-
pling constants, describing the intrinsic pairing in the a
and [ subsystems (we assume that the pairing is mediated
by the phonon exchange, and D,, =00+ (o,
—w,)*] " is a phonon Green’s function; (2 is the charac-
teristic phonon frequency; however, the approach can be
easily generalized for different mechanisms),
¢'=[0? +(Al0,))*]" !, T¥*=|T*|y,, T* is the tunnel-
ing matrix element, v; is the density of states,
i,k={a,B}. The terms containing I'*? and I'** describe
the proximity effect (see Ref. 11). The thermodynamic
Green’s-function formalism in the theory of the proximi-
ty effect was used by one of the authors in Ref. 12. The
proximity channel of the charge transfer in cuprates, e.g.,
the charge transfer between the planes and the chains in
YBCO, is called the intrinsic proximity effect, and this
stresses the fact that the phenomenon occurs on the scale
of the unit cell.

The terms containing the coupling constants A,z and
Ag, describe an inelastic charge-transfer channel. More
specifically, the carrier from the a subsystem radiates a
phonon and makes a transition to 8. Another carrier ab-
sorbs the phonon and also makes the transition to [3; as a
result of this phonon exchange, these two carriers form a
pair in the 8 subsystem. The coupling constants contain
the matrix element which describes the inelastic tunnel-
ing process. It is worth noting that we are talking about
the exchange by virtual, not real, phonons; as a result, the
energy is conserved in the whole process. Critical tem-
perature can be obtained from Egs. (1)-(4); one should
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set T=T, and A,=Agz=0 in the denominators of the
right-hand sides of these equations.

Consider the case when both the subsystems contain
magnetic impurities. Scattering by these impurities can
be described by additional terms in the right sides of Eqgs.
(1), (2), and in the normalization functions (see, for exam-
ple, Ref. 13). One should add an additional term '§A%p,,
to the right side of Eq. (1) and the term I'{gp, to the ex-
pression for ZHIT'¢=(7¥)"1, i={1,2}, 7; are the relaxa-
tion times introduced in Ref. 3). Similar terms should be
added to the right sides of Egs. (2) and (4). Then we ob-
tain

A%w,)=[Aw,)+ T A0, )¢ (0, )1Z Hi(0,)
5
AP(w,)=[ AR, )+ TP A% 0, )p™(w,)]Z gt (®,) ,

6)

where
Zoy =1+2,+T%P(0,)+ T 94 w,) , @)
Zpy=1+TP0% 0, )+ T4 ¢ w,) . (8)

Here 'y, =(7; ') < n} v/ is related to the magnetic relaxa-
tion time (see Ref. 3), n), and +' are the concentrations of
the impurities and densities of states, correspondingly;
AP! represents the first and second terms in Eq. (1); Agh
has a similar meaning. We assume also that
Ap<<l,Ay <<1.

Let us consider the energy spectrum of the supercon-
ductor. Then one should perform an analytical continua-
tion of Egs. (1)-(8) at T=0 K, or to write directly the
equations for the time-dependent Green’s function:

A(0)=Z y(0)ARN0)+TZ i (0)Ff (o) , )
A (w)=Z pi(0) AR @)+ TP Z Bl (0)F (o), (10)

and corresponding equations for VAN AR
Fio)=A(0)[AX0)—w?]"Y; i={a,B}. The energy gap
corresponds to the region where the superconducting
density of states

vi=1+! Re an

)
[02_(Ai(w))2]1/2
is equal to zero. An increase in the concentration of the
magnetic impurities #,, leads to an increase in the value
Iy, At some value I'{, one can observe the gapless state,
that is the appearance of a nonzero value of the density of
states w =2 0. This feature is a consequence of the appear-
ance of the imaginary parts of the order parameters Al(w)
in the low-frequency region; the critical value I'$, corre-
sponds to the order parameters going to zero at ®—0 (cf.
Ref. 13). The region o> 0 is characterized by the pres-
ence of an imaginary part of Al(w).

With the use of Egs. (9) and (10) at @ =0, after some
manipulations we obtain

A*=THepB(ABh+TPe—AP—TE )~ (12)
AP=R[(14+1,)TPe+ARE—TB—_g 171, (13)
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where
R=(APP+T*—T% (AR +TPe—T% )—Tfrbe . (14)
Here

A'=AK0); AP = APR0);i ={a,B]} .

One can see from Eq. (13) that the gapless superconduct-

ing state arises at 14, =T, (then R =0), where

(ARP—T5, ) (ARt +T52)+ T *fARh
APh+TP—Tg, ’

Iy= (15)

It is important that, according to Egs. (12) and (13), the
gapless state arises in both subsystems. Indeed
A,<Ag=R. Note also that in the case of an S-N system
(then Ap =0, and we are dealing with an induced super-
conducting state in the 3 subsystem) we obtain

Cf ~ e o~ }\'ﬁ“
FM=€B=TEa+FBa . (16)

One can estimate also the value of the critical concen-
tration. We obtain

IS =vfr$ =hvf /T = B s an

where £ is the coherence length for the 8 system. We
will evaluate the parameters describing the gapless state
in the cuprates in the next section.

A%w,) [1+(A+Aee)mT 3 D, 0, /|0, +T% /|0, |

Therefore, the relatively small amount of magnetic im-
purities leads to an appearance of the gapless state. How-
ever, and this is particularly true for S-N or S,-Sg
(T2>>TPF) systems, the gaplessness does not lead to a
drastic change in the value of T,.. Indeed, the value of T,
can be determined from Egs. (1)-(4). An explicit expres-
sion for T, depends on the strength of the coupling.! For
example, in the weak-coupling case (A, <<1), one can ob-
tain

T, =T exp(f),
F=Agghgehs >+ lg—aaﬁ/xa Y %a— 1—”67?,,3 . (18)

Here v}, =T"*/7T?, T is the critical temperature for
an isolated a group. The opposite case (strong coupling
A, >>1) is described by the relation

T, =(2m) A0,
(18"

Aeﬂ-=(ka_2)\.aﬂ'}’ﬁa)[1+'}’aﬁ(1_'}/Ba)—1+2ﬁ]_1 .

For a specific example, consider the case when the mag-
netic impurities are in the 3 subsystem. Then one should
make the replacement in the renormalization function
ZP.rfe_,TPe=rhetf  With use of Egs. (1)-(4), we
obtain

=T 3 (ADpy — AN @) /@ |+ RAgghpo( T S Dy Dyryrh™ @)@y | ey "H14+TP /|0, )7

Vo
n',n

+ AP T 3 D, A0, ), (lo, |+ T8 '+ 1,07 T 3 D, A%0,) |0, |(|o, | +TF%) !
n' n'

refrfe A%w,)
lw, | +T4%  |o,]
where TP*=rP*+1% .

(19)

The appearance of the gapless state corresponds to 5, =5, =gg/mT,. One can show that the shift in T is relatively

small. Indeed, let us evaluate the shift in T, caused by magnetic impurities at n,, =n/,.

The analysis is based on Eq.

(19). Consider, at first, the weak-coupling case (A, <<1,A; <<1). Introducing the function

r‘aﬁ Iwn|+rM
|wn| Imn|+r‘

>

8(w,)=A%w,) |1+

we arrive at the following equation:

Now,)=aT 3, (kaD,m'—-,il)S(con')|wn:|_IS(a)n,)+kaﬁI‘B“1rTED,,n,S(w,,:)|m,,:|—l( lo, | +T)71S(w,)

+Ag L%rT 3, D, 80,0, | (o, | +T)7'S(0,) ,

where
o8 lw,|+Ty |7
lo,| |w,|+T

S(w,)= |1+ ; T=rf4r,, .

(20)

One can seek the solution in the form: 8(w,)=c+8(®,); ¢ =const;8’ <<c. Assume also the small tunneling proba-
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bility (7 <<1). As a result, we obtain the following expression for the shifting 7, which corresponds to the appearance

of the gapless state:
AT,
T,

c

=f’;f’=—yﬁ,yaﬁyﬁaan",(Zn’-f-1)"2(l2n’+1|+l")_2z ~ YUY apY pa<<1 . (21)
oY

In the strong-coupling case (A >>1), one can use the matrix method, developed in Ref. 16 (see Refs. 1, 2, and 17). The

equation which determines T, in this case has the form
n
#n= 2 Rum®m >
m

an =SmSnFn,m;v 4

where
172
2k+1+y +akM

— —1/2
S, =(2k+1) TR

F, miv A

n,

+B

=8, S [V H(n—n"P1"2n+1] 71+ 20" +1] 7))

A=A B=AvpV> v=0/27T, .

The critical temperature in the strong-coupling case is
determined by the equation (cf. Ref. 12)

g
r-fug,
i (23)
A’a+ 2}\'1137/311

Ity 1ty 2ty

}"eﬂ'

where Q=Y pY gV pall +7/Ba)ﬂ. At Y, =v% the su-
perconducting becomes gapless. One can see from Eq.
(23) that the shift AT, is also small [cf. Eq. (21)], so that

AT, =YY ap¥pa<<1 . (24)
As a result, we obtain

AT'c — YaBYBa( 1 +Yﬁa)3

T =YMm

<«<1. (24")
A 2(1+y)*

Therefore, gaplessness does not lead to a noticeable
shift in T,. If, for example, the value of the smaller gap
€g==0.87, and y,3=0.3,75,=0.25 (these values are
realistic YBCO, see Sec. III), we obtain that
AT,./T,=10"2,

Therefore, AT, << T, and the appearance of the gap-
less state in the studied layered system does not lead to a
larger depression of T,,. Let us note, for the comparison,
that for conventional superconductors the shift
AT,/T,=0.9 for ny,=nf;. Thus, indeed, the case of a
layered two-gap superconductor is characterized by a
clear and noticeable extension of the gapless region.

(22)

Y aBy Ba

and oY=y,

; k= 1’27 b
12k +1](y g+ 12k +1])2 (1.2}

2n
1=0

[V (n—m)P? 1 '+ [vV+(n+m +1)?]7 -5, > [V*+(n—1)*]"!

((V+(n—m)P? ] '+ [+ +m+ 12" 2n+1] 7+ 2m +1] 7))

2n"+1

—_— - _2 ,
[2n"+1]| H

Two-band system; anisotropy

Consider now the case when there is no spatial separa-
tion of the subsystems. For example, this is the case
when a three-dimensional system or an isolated layer con-
tains two overlapping energy bands. Then the Fermi sur-
face has two very distinguishable regions. Since there is
no spatial separation of the subsystems, the magnetic im-
purities directly scatter the carriers from both groups.

The order parameters A® and A are described by equa-
tions similar to (5)—(8). Since there is no spatial separa-
tion, the terms containing I'*? and I'?* should be omit-
ted. The terms containing A,g and Ag, describe in this
case the interband transitions caused by phonon ex-
change. In other words, the problem is reduced to the
usual two-band model, which was introduced in a weak-
coupling approximation in Ref. 14 and studied in detail
in Ref. 15. If XB=O, we are dealing with induced two-
band superconductivity. Consider, for example, this
simpler case (the generalization for the case Az#0 is
straightforward). In the presence of the impurities (mag-
netic and nonmagnetic scatterers), the equations for the
order parameters and renormalization functions can be
written in the form [cf. Egs.(5)—(8)]

Aw,)=[AMaw,)+Tk Akg*(Zi) !, (25)
Zy(w,)=1+1,+Tk o, . (26)

Here i,k ={a,B},i#k; the amplitudes T'}%_ describe a
nonmagnetic interband scattering. We assume A5=0.
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Strictly speaking, in this case both equations contain
the terms I'), describing the magnetic scattering. Only in
the special case when I'§, <<t (at the same time T, < g
and the term 'S, should not be neglected), one can
neglect the term I',,.

In the general case, one can obtain the following equa-
tions at @ =0:

(14+A,)A*AP+ T8 A+ T§ Ag=ARPA,, @7
AAP+TH AP+ THA“=AR"A,, . (28)

The densities of states are defined by Eq. (11). One can
see that the critical value I'j,=eg=(Ag,/A,)e, corre-
sponds to the appearance of gapless superconductivity.
In this case there is also no drastic change in T,,. Indeed,
T, is determined by the equations, similar to (19), but
with the replacement I“B“—>1"ﬁ§fp. Then the shift
ATC /Tc zyﬁl‘}/ilfgpyggp’ where ’}/ﬁl g8/3/"7-]1" yixlfmp
=l"{,’§,p/7rTc. Therefore, the presence of the two-gap
structure leads to an expansion of the gapless region.

If we are dealing with the case of large energy-gap an-
isotropy (such a situation may occur even in the case of
single band) that is,the case when some region of momen-
tum space corresponds to a small value of the energy gap,
then the pairing can be described by the set of equations
similar to those in the two-gap case, and, therefore the
large anisotropy is also characterized by an extension of
the gapless region relative to the isotropic case.

III. DISCUSSION: GAPLESS BEHAVIOR
IN THE CUPRATES

A. YBa,Cu,0, (YBCO)

The compound YBCO is the most studied of the cu-
prates but is certainly not the easiest to understand be-
cause of the existence of two conducting (and thus super-
conducting below T,) subsystems, the CuO, planes and
the CuO chains that in many respects make this com-
pound appear like an intrinsic proximity-effect structure.
In fact, our model of induced superconductivity and mul-
tigap structure, which was described in detail in Ref. 1
was motivated by the properties of YBCO. We will not
repeat the complete description of the properties of
YBCO in this article but will point out a number of cru-
cial factors. We have modeled this compound as intrinsi-
cally superconducting planes and intrinsically normal
chains. Thus the superconductivity in the chains is
indeed induced by the presence of the superconductivity
in the neighboring layers. Thus the density of states of
this compound in the superconducting state has two gap-
like structure (peaks) but in reality the thermodynamic
behavior is dominated by the lower energy peak, which is
the actual energy gap. Thus measurements of the low-
temperature surface resistance, penetration depth,
Knight shift, etc., will be dominated by the induced ener-
gy gap €. Measurements of the spectroscopy should in
fact be sensitive to the double-peak structure and, in fact,
evidence for the two peaks has been observed in tunnel-
ing!® and infrared reflectivity.!® This compound has its
maximum transition temperature when the oxygen con-
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tent x is over 6.9 but is superconducting down to x =6.4.
For samples with oxygen contents less than the
stoichiometric 7, there is evidence® that intrinsic mag-
netic impurities appear on the chains (and may ultimately
appear on the planes as well). These magnetic impurities
act like pair breakers (see above, Sec. II) and rapidly
suppress the induced gap so that at oxygen content
around 6.9 the samples are already gapless. This gapless
behavior is manifested in many experiments. One of the
most convincing is the measurements of the low-
temperature specific heat.?! A linear term at low temper-
ature is observed almost universally, which indicates the
existence of a significant number of unpaired quasiparti-
cles at low temperatures. This magnitude of this linear
term has been shown to correlate with the size of a
Shottky anomaly also observed at low temperatures,
which signals the presence of a significant number of
magnetic species. Furthermore, in nearly stoichiometric
films of YBCO, a small gap can be inferred from penetra-
tion depth and simultaneous surface-resistance measure-
ments.??> In fact these microwave experiments?? also
demonstrated that in oxygen-reduced samples the ex-
ponential low-temperature behavior characteristic of a
real gap was replaced by a power law indicative of a non-
vanishing density of unpaired quasiparticles. Of course
experimentally the transition temperature for such an ox-
ygen content is still around 90 K so that the suppression
of the transition temperature is minimal even in the gap-
less regime. In this article (see above, Sec. II) we have
now derived the expression for the suppression of T, and
estimate it to be about 1% which is very consistent with
the data.

B. La-Sr-Cu-O

In many respects the doped alloy -cuprate
La,_,Sr,CuQ, is one of the simpler materials from the
standpoint of its structure. The unit cell has two CuO,
planes separated by La (Sr) layers. The doping is usually
provided by replacing La with Sr which adds carriers to
the CuO planes which become metallic, then metallic and
superconducting, and then metallic and normal as the
carrier concentration is increased. At the same time the
antiferromagnetic behavior at low doping involving the
magnetic Cu?* disappears as the carrier concentration is
increased but magnetic excitations and local magnetic
moments remain well into the superconducting state.?
The presence of these magnetic moments can lead to the
appearance of a gapless state (see above, Sec. II).

Let us now discuss some relevant experimental data.
Neutron-scattering measurements of the magnetic
response as a function of temperature and specific-heat
measurements at low temperature on several crystals of
La | g¢Sng 1451) 14 CuO, with T,’s of 35 K (Ref. 23) deter-
mined that this compound was gapless and had a concen-
tration of local magnetic moments sufficient to produce
gapless behavior. According to the authors,?® the only
strange feature of these results was the small depression
in the transition temperature relative to the maximum
that can be obtained at slightly higher levels of doping.
This observation is in strong agreement with our state-
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ment (see above, Sec. II) that energy-gap anisotropy leads
to an extension of the gapless region. In fact reasonable
choices for the parameters [see discussion following Eq.
(28)] can explain the results of the neutron-scattering pa-
per,? i.e., that this compound could become gapless at a
critical temperature of 35 K.

This clear result of gaplessness was indicated in earlier
measurements of specific heat which had low-
temperature linear terms.?* Of course these conclusions
provide extremely strong support for our calculations
above which clearly show that for strongly anisotropic
superconductors with magnetic impurities, the conven-
tional isotropic results for gapless superconductivity have
to be modified and can result in a significantly expanded
region of gapless behavior.

C. Bi-Sr-Ca-Cu-O

This compound has several forms with differing num-
bers of intrinsically superconducting CuO, planes (mainly
1, 2, or 3) but with conducting or nearly conducting dou-
ble layers of BiO, with an incommensurate modulation of
the lattice.”> Thus these compounds can also be charac-
terized by our theory. Unfortunately the amount of data
on these materials is not as comprehensive as the YBCO
and we thus cannot make any quantitative comparison.
However, our picture is that the BiO layers are induced
into the superconducting state because of their proximity
to the CuO, planes. The density of states in the BiO
planes depends on the oxygen and Bi contents and thus
value of the induced gap as well as the height of the peak
in the BiO part of the density of states is quite variable,
whereas the transition temperature which is dominated
by the CuO, planes is to first order unchanged. This pic-
ture can be used to interpret photoemission data® from
which it is very clear that there is a large energy-gap an-
isotropy due to the multiple bands and the angular
dependence of the interaction. In fact, very recent re-
sults?’ show that the degree of anisotropy is correlated
with the oxygen content in the BiO planes. Since the
density of state in the BiO layers varies with the oxygen
content it is clear from our model that both the induced
gap and the size of the BiO peak in the density of states
should correlate with the composition. This picture can
also explain the mystery of why a gap can be observed us-
ing photoemission in Bi-Sr-Ca-Cu-O but not in YBCO.
We know from transport data in YBCO that the chain
density of states is large and in fact for nearly
stoichiometric (x near 7) samples can be larger than the
plane density of states.! We also know that the induced
gap on the chains is quite small.?> Thus photoemission
which has an energy resolution at best of 5 meV would
not be able to distinguish the peak due to the chains and
thus would not see a shift in the Fermi energy within
their sensitivity. On the other hand, the density of states
(and induced gap) for the BiO layers is at best much
smaller than the density of states in the CuO, planes?®
and thus the photoemission experiments would only be
able to observe the much larger peak from the CuO,
planes at the much larger gap energy. Thus they would
infer a large gap for the Bi-Sr-Ca-Cu-O samples although
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the true gap was much smaller but could not be observed
because of the very low-energy of the small peak (below
the resolution of the photoemission instruments).

D. Ti-Ba-Ca-Cu-O

This series of compounds also comes in a variety of
compositions.” The number of CuO, planes can vary be-
tween 1 and 3 and the T1O planes can be single or double.
In many respects they are very similar to the Bi-Sr-Ca-
Cu-O compounds in that both the CuO, layers, the BiO,
and the TIO layers can be conducting and thus induced in
the superconducting state. The very interesting feature
of the Tl compounds is the degree to which they can be
overdoped. There is very strong evidence that in the
overdoped region these compounds become gapless.?’ In
fact, the gapless behavior starts at relatively weak over-
doping where the T, is only slightly suppressed. As the
doping is increased the density of superconducting states
gets smaller as the overall density of states increases.?’
Again this behavior can be understood in the framework
of our theory in the following way. We assume that the
interaction responsible for superconductivity in these
compounds is strongly anisotropic and thus the energy
gap will be strongly anisotropic. Furthermore we associ-
ate overdoping with the appearance of intrinsic magnetic
impurities (this can be checked but we are not aware of
systematic experiments that have done this). Thus the
overdoped region is one where we see a very expanded
gapless region starting at very modest suppression of the
maximum transition temperature. If the number of mag-
netic impurities scales with the overdoping then the de-
creased pair density is consistent with this assumption.

IV. SUMMARY

The main results can be summarized as follows:

(1) The presence of different lower dimensional
structural units leads to the formation of a two-gap spec-
trum such as has been observed in YBCO. If magnetic
impurities are introduced, at some critical concentration
a gapless state appears. If we are dealing specifically with
YBCO and we introduce magnetic impurities only on the
chains (as with oxygen depletion) then the gapless
behavior extends to both the chains and the planes be-
cause of charge transfer between them.

(2) The gapless state for a two-gap or highly anisotrop-
ic system is not accompanied by a significant shift in T,
that is there is an extension of the gapless region relative
to conventional isotropic one-gap superconductors.

(3) Deviations from ideal stoichiometry in the cuprates,
in general, lead to the gapless state because of the mixed
valence of the copper. This greatly affects the spectrosco-
py of these compounds.
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