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In-plane impurities in superconducting layered systemns
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The influence of the in-layer magnetic and nonmagnetic impurities on the superconducting
phases in layered systems is analyzed in detail. It is shown that the critical temperature is strong-
ly depressed by the in-plane nonmagnetic impurities, and this depression can be connected to the
presence of the interlayer pairing. The relevance of the deduced results for high-7. materials is

also discussed.

The description of the superconducting properties of
layered systems' has attracted much attention in the last
few years. This is because of their extremely unusual
characteristics. For example, superlattices? with a sharp
peak in the layer-thickness dependence, and a dimensional
crossover’ in the H., vs T dependence; or the organic su-
perconducting compounds,* with bis(ethylenedithio)tetra-
thiatulvalene donor conducting sheets® which exhibit a
relatively high critical temperature,® or two different su-
perconducting phases.” Another unusual property is the
Takahashi-Tachiki effect® seen in superconducting multi-
layt:rs.9 We can add here also the low-T, materials, such
as Hgs;-sAsFs (Ref. 10) or Hg;-;SbFs,!' containing
planes built up by linear Hg chains, the chains or adjacent
planes being perpendicular to each other, with an interest-
ing pressure dependence, which gives'? three-dimensional
(3D) characteristics under pressure annealing. Lastly we
mention the high-T. oxidic materials,'> with properties
which, up to this date, could not be clearly and coherently
understood.'* In order to clarify some aspects of such
complex behavior many procedures can be used, one of

which is based on chemical substitution and impurity dop-
ing.">”! The effects obtained, analyzed theoretically,
give important information concerning the model and its
assumptions:2° type of pairing,?' gap symmetry,? the
influence of the interlayer pairing,? the effect of the an-
isotropic pairing interactions,?* and also interlayer cou-
plings.?> Motivated by these considerations, in this paper
we will analyze the effects of the in-layer doping in lay-
ered superconducting systems (describing here only the
even-parity superconducting phase). We will use a stan-
dard Abrikosov-Gorkov?® (AG) mediation procedure over
the random in-plane positions of the magnetic and non-
magnetic impurities.

The layered system is considered in the traditional
way 2127 by taking into account an infinite sandwich
formed from identical layers, the nearest neighbors of
which are coupled by interlayer hopping (J; ;) and two-
particle pairing [V; ;(r,r'),i=] interactions. The individ-
ual layers are characterized by the in-layer hopping
[t:(r,r")] and in-layer pairing [V; ;(r,r'),i =j] interac-
tions:

Ho=sZ [ @’ [ a'rel .06, ~ st RELEQEE D)) Jarra, jut v, )
+§“};d Jarr [arr vl 9] Wi ) ) () W

In Eq. (1) s is the layer repeat distance, r is the two-
dimensional position vector, ¥ ,(r) creates a fermion with
spin o at position 7 in the ith layer, u is the chemical po-
tential, and

J,'_j -J(8,~,,-+1+8,-,j_|) )
)
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In Hy the intralayer pairing mechanism is described
with V. We also take into account an interlayer pairing
V1, the importance of which was pointed out for superlat-
tices (especially for light intercalates?!), organic layered
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superconductors,?® and also high-7, materials. 2272930
Concerning the interlayer hopping term J, we mention
that its destructive effect on the in-plane pairing was
recognized fifteen years ago.?! Furthermore, it becomes
clear that J together with the biparticular interlayer in-
teraction V| play an essential role in the stabilization of
the bulk superconducting phase.3? The importance of the
interlayer hopping was claimed, in fact, many times in
different aspects,> and recently Griffin,>* underlining its
necessity, showed that the interlayer biparticular (Cou-
lomb-type) interaction is not strong enough to suppress
the phase fluctuations sufficiently to stabilize a 2D Bose
condensate in each layer.

Besides H( we consider the effect of in-layer impurities
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with a new Hamiltonian term

H =5, Z fd rfdzr'\lf, ()

ai,j,o,d
XU (r,r ), ('), 3

where in the interaction potential centered on the a in-
plane positions, we take into account the Coulomb scatter-
ing on nonmagnetic impurities Uy, and the exchange
scattering on magnetic impurities U},

U%° (p,p:;4,9:) =Uo(p,q)8,.0+S-aUi(p,q), (4)

where S is the spin of the impurity atom in the magnetic
case, and o is the Pauli matrix. The scattering times 7,
and 7, in the Born approximation are given by

1 _nmm (> 2
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n being the concentration of the impurities on the unit
area.
The renormalized gaps A and fermionic frequencies &
are given by
111 1

Gn=wn+ = [—+—
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2| n T2

[AcFo(Bn,A)+AF1(5,,A)1, (6)
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A=A, A=Ao+A cosq,s,

and the gap equations become

Ag=~— Vo;n—”ﬁ 13 [AoFo(Gn,A) +A 1 F (6,801,

@)

A= =V15p " TAoF1(3,,8) +K1F2(,,8)].

n
The kernel function is given by
cos'q.s
Fi(@,,A) =) ————,
" f 9+ E2+A?

(8)

f f f:r/s dq,
s 2; ’
where &, =g, —u+Jcosq.s, and &, is the dispersion rela-
tion in two dimensions.
The possible solutions of the gap equations in the clean

n =0 case were analyzed in Refs. 25 and 27. It was shown
J
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that away from half filling,?’ besides the simple supercon-
ducting phases (A¢=0, A; =0 or Ag=0, A;=0), a coex-
istence superconducting phase (A¢=0, A;0) with high
T. can appear within the system?’ taking into account a
relatively small interlayer hopping J, and pairing ¥;.3° In
the following, we present the in-plane impurity influence
on the critical temperatures of the mentioned supercon-
ducting phases. The critical temperatures of the A; simple
superconducting phases, for n =0 (n=0) is denoted by T;o
(T;), i=1,2 and in the case of the coexistence supercon-
ducting phase by T.o (T.). The kernel function is ex-
pressed by taking into account a constant density of states
for the two-dimensional dispersion, within the cutoff ener-
gy domain. If the density of states is picked in the vicinity
of the Fermi surface, so its sharp can be modeled by a
Dirac-5-function behavior, and J is sufficiently small,3®
the deduced results remains quilitatively unchanged.

For V=0, only the in-plane phase exists (Ag=O0,
A;=0), and the critical temperature T for this case is
given by
1 1

Lo(Tyo) -ln_—T-o— +y [—-
Too

b | —yp(i)=
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where y(x) is the digamma function. As one can see,
only the magnetic impurities act on this phase.

For a negligibly small J, F vanishes for Ag=0, so it is
possible to obtain a pure interlayer phase: A¢=0, A;=0,
A;=0. In this case, the critical temperature 7' is obtained
from

1.1
72
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In this case, both magnetic and nonmagnetic impurities
act on the superconducting phase. In fact, the influence of
the nonmagnetic impurities on the interlayer pairing was
claimed many years ago.?' It was also underlined recently
in a simple model which only considered the interaction
between the electrons situated in neighboring layers
through the exchange of three-dimensional phonons, but
took into account free motion of the carriers inside each
layer, and neglected the interlayer hopping. 2

It is important to note here, that from Eq. (10), the
T,=T,(1/71,1/72) function, in the limit n— 0, has iden-
tical slope 97,/8(1/7;), for i=1,2. So the decrease, of
the T, transition temperature as a function of the concen-
tration, is made with the same slope at n— 0 for both
magnetic and nonmagnetic impurities.

For the coexistence superconducting phase Ao=O0,
A#0, the equation of the critical temperature has the
form

—y($)

L (/11 = 1/12)FE(&,,0) 2

3 | Fy(@n,0)+

—2|—T

. =0, (11)

— 1+ (/71 = 1/72)Fo(@,,0)



710 BRIEF REPORTS 40
where
F(@,,0)
=T, Lt - 12)
n - T(I/Tl—l/fz)Fo(wn,O)
For small impurity concentration, from Eq. (11) one gets
2
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2 | n 2 2| T] Q
where
A=rT. 2 Fo(3,,0)F\(5,,0), B =T, 3 Ft(&,,0), (14)
n n
and Q is the bandwidth.
Furthermore, we express T, =T.(1/7,,1/7;) at n— 0 from Eq. (13), neglecting the (J/0)? terms, obtaining
T A+To—Ki+--KL, (1s)
T1 T2
where
K = (z/8) In(T.o/To0) + A (T.o/2) In(T.o/T10)
! Zln[Tco/(TooTlo) l/2] ’
(16)
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2 .
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As it can be seen from Egs. (15) and (16), the slope of the
T.=T.(n) function at n— 0 can be totally different for
magnetic and nonmagnetic impurities. In the case
AT.o> n/4 (which usually is satisfied for JT.0> Q?),
K> K, can be obtained. It must be mentioned that
T.0> Too or Tyo always®?” and J =0 implies 4 ~J =0.
It is interesting to note that for 7.o=7go and J =0, we
reobtain the classical AG result,?® ie., K;=0 and
K,=nr/4. If J/Q is close to unity, then we must take into
account the neglected terms in Eq. (16) [starting from the
(J/2)? contribution]. In this case K, is substantially
enhanced compared to K.

Finally, connected to these results, we make some re-
marks concerning the Zn doping in the 1:2:3 high-7, ma-
terials. Zn is a divalent, nonmagnetic element, and its
substitution for the in-plane Cu sites gives rise to a strong
depression of the critical temperature.3”-3® This doping
maintains both the orhtorhombicity (observed for other
substitutions,> too) and the oxygen content of the lat-
tice. 340 Starting from this experiment, Richert and Al-
len*! performed a tight-binding calculation of the elec-
tronic structure of Zn-doped YBa;Cu3;07 -5, with d and s
orbitals included for all the metal atoms, and p and s or-
bitals for the oxygen. Their results show that the Zn sub-
stitution gives rise only to minor changes in the valences

and the density of states, which is, in contrast to the larger
decrease in T,, seen experimentally. They also claim that
the direct electronic effect of Zn is small, and the shift in
the Fermi energy and in the density of states at the Fermi
energy is also weak. In such conditions, starting from the
above presented model, it is possible to explain the ob-
served T, decrease caused by the Zn doping in the 1:2:3
material. This emphasizes once again the potential im-
portance of the interlayer coupling, at least in the case of
the 1:2:3 high- T, materials. 4

We must mention that a decrease in 7, given by non-
magnetic impurities can be deduced also for V| =J =0, by
taking into account only the anisotropic in-layer gap (see
for example Ref. 22). But in this case K| =K, the the ac-
tion of the magnetic impurities is strongly diminished
compared to the AG result,?® which clearly contradicts
the experimental data, !® 193774042
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