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An analysis is performed of the resonant tunneling transport along &xés in the case where the concen-
tration of localized resonant centers is low and the tunneling via different centers becomes incoherent. In this
case the planar component of the quasimomentum is not conserved in the process of interlayer hopping. For the
normal conductivity, as function of temperature and frequency, this leads only to a change of a prefactor.
However, the supercurrent along tbeaxis vanishes if the order parameter isdofype and the tunneling is
incoherent. An interpolation is proposed, describing a partially coherent case, when the interference terms are
suppressed, but still present. A rapid decrease of the critical temperature with concentration of resonant centers
and the possibility of al— s phase transition are predictd&0163-1828)01213-2

I. INTRODUCTION the normal and superconducting current along thaxis
when the density of resonant centers decreases? Definitely,

The problem of the-axis conductivity in hight . layered  the coherence will be reduced, and it eventually disappears.
cuprates was always considered as one of the mysteries dhe answer to this question is of principal importance, since,
these substances. The low-temperature semiconductorlikes it was shown in the papethe connection between dif-
behavior in underdoped YB&u;0O,_; (YBCO) contradicted ferent CuQ layers is crucial for superconductivity in
the metallic behavior of the in-plane conductivity; thexis  strongly underdoped layered cuprates.
frequency-dependent conductivity in the same substances re- In this paper we will first analyze the-axis normal con-
vealed a definite “pseudogap” which was absent in the op-ductivity in the case of incoherent resonance tunneling. We
timally doped samples. At the same time a significant supemwill see that it is, most likely, reduced compared to the co-
current observed along tlieaxis in underdoped YBCQRef.  herent case but the temperature and frequency dependence
1) contradicted the idea of absence of coherence betweetp not differ from the coherent case. Contrary to that, the
different CuQ layers. A detailed description of the experi- supercurrent exists only in the case ofsatype order param-
mental situation and theoretical ideas can be found in revieweter but is absent for éwave type. Then we will extend the
articles®> calculation of the dependence ©f on the concentration of

In order to resolve these contradictions the present authaesonant centers, performed in Ref. 9, to the region, where
proposed in his previous pap&r&the concept of resonant the coherence is gradually reduced. We will give arguments
tunneling for thec-axis transport in underdoped YBCO. The in favor of a possiblel—s phase transition.
idea was that if the doping of the Cu@lanes by holes
resulted _from binding 'of electrons by oxygen atoms in the Il. NORMAL STATE, INCOHERENT RESONANT
intermediate CuO chaingomplete, or broken these atoms TUNNELING
could as well transmit the holes from one plane to another
one. In order for this mechanism to be effective, it should We will first go through the arguments of Ref(@enoted
correspond to “resonance tunneling” discovered by Bohmas ) and consider formula (3) for the addition to the free
in 19517 This phenomenon happens under two conditionsenergy due to the electromagnetic field. There is a summa-
(a) the energy of the particle has to be equal to the energy dfon over the resonant center®;;, . In the case where the
the bound state, an@) the binding center has to be in the resonant tunneling through different centers is coherent, both
middle of the potential barrier. This is good for YBCO but summations are independent, i.e., the amplitudes are
does not fit, strictly speaking, to other layered cuprates, sinceummed up. The sums are then substituted according to for-
there the doping agents are layers slightly displaced from thewla (3,), and the resulting current is given by formula
center(e.g., the BiO layers in BBr,CaCyOQg, 5. Therefore,  (4)-
in the papef it was demonstrated that a small displacement Here we would like to make some clarification. Accord-
of resonance centers from the median plane between twing to Ref. 8, the coherent resonant tunneling amplitude is
CuG, (single, double, or triplelayers does not reduce their proportional to the density of states at the localized centers
effectiveness in transferring electrons; this explained th€dn;/dE;) times the coherence energy intervalin | it was
similarity of the temperature dependencegfip,, in Bi-  denoted, as), which is of the order of the bandwidth times
and Tl-based cuprates to underdoped YBCO. In the samexp(—ad)—the direct tunneling amplitude. If all the centers
paper one of the major assumptions of the proposed mechaould be exactly equivalent and have the binding energy
nism was analyzed—the coherence of resonant tunneling vi&,, (dn;/dE;) would be equal toc; 6(Ej— E,), wheren is
different centers; it was established that this idea is correcthe planar density of atoms in the median plaggjs the
provided that the resonant centers are not too rare. Themomic concentration of resonant cent@sygens. This is,
appears, however, an important question: what happens wittiowever, not the real case, since different centers have a
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different environment, and this smears out slightly their Apart from a different coefficient, the formulas describing
binding energies. Nevertheless, in order for the resonant turthe temperature and frequency dependence ofthes con-
neling to exceed direct tunnelingd; /dE;) must be suffi-  ductivity remain the same, as in | and in Ref. 6. From the
ciently large, i.e., the levels must be clustered within a narfitting of the coefficientA in | to experimental data we can
row interval, not larger tham. In the general case there can also conclude that its dependence on oxygen concentration is
be a finite number of such “clusters” centered at some disin favor of coherent tunneling.
creet energies; this is likely the real case, as can be seen from
the frequency-dependeitaxis conductivity at sufficiently
low temperature$?** The quantity (in; /dE;) » was denoted
in 1, asny; itis proportional but not exactly equal tee; , the
concentration of resonant centers in the median plane. The difference between coherent and incoherent tunneling
After the Fourier transformation we obtain Eq.4$. It ~ becomes much more pronounced in the superconducting
should be stressed that the planar momenta entering thstate. We can repeat all the derivation performed in Ref. 5 up
Green functions of the neighboring layers are equal; this folto formula(17) for the current. Here for the incoherent case
lows directly from the coherence of tunneling through differ- we obtain
ent centers. Actually thk integration is limited to an energy
interval of the order ofp around the resonance, and so the s, o =
integral in Eq. (%) should includend[s(k)—E;], or, in jz=4et’nyy T% Jd kFn(k, 0m) &l e(k) —Ej]
the case of several “clusters,” the sum over all of them. This
means, strictly speaking, that instead f(ﬁiidEj we will
have nEEj. If there are many “clusters” this can be mod-
eled byq /g ¢dE;, with g<1.
In the case of incoherent tunnelipg=p;, in Eq. (Z)).

Ill. SUPERCONDUCTING STATE, INCOHERENT AND
PARTIALLY COHERENT TUNNELING

X f dk'Fpi1(k' om dle(k')—E]

Xsin2eA,(d/c)+ ¢n—¢nyi1]

We obtain, therefore, the result =JsiM2eA(d/c)+on—@ns1l)- 3)
] SAQ) Performing the same transformations, as in the previous sec-
jA7)=-c A7) tion we obtain
4 2 A '~ ! 1 z nj
=< d(et)°n; . d7'G,(0,7—7") JC:E ed(tven)? fA(e)d@l(ZW) QZ =k 4
| i

X Gy 1(0,7 = T ALT) — Al1)], (1) where the integratiodd is performed over the Fermi surface
and () is the characteristic phonon frequency. In the case of

instead of Eq. (4)). Passing to the Fourier representatlon,d_tyloe symmetry the integralA(6)d6/(27) =0, and hence

we obtain J.=0. This does not happen in the case ofstype sym-
4 metry.
jiwg)= S d(et)zannZE f d2kd?k’ For the coherent case we obtain, instead of @j.
m

2

fAZ(G)dB/(ZTr)}Q; (%) (5)
]

X &[e(k)—Ejlole(k")—Ej](2m) ™"

X[G(K,i wm+iwg) Gy 1(K' i wm)

1
‘]CZE edfryy

~ . ~ , . This current does not vanish even in the casd-bfpe sym-
~Bu(kiomGna(K iomIAdion. @ IR ofpe sy
What concerns the imaginary time dependences, and, after Expressiong4) and(5) represent the limiting cases, and it

the Fourier transformation, the frequency dependences, i§ interesting, how the crossover happens, i.e., how the cur-
that there are no changes. rent changes with a gradual decrease of the concentration of

Since, in the normal state the energy Spectrum in théesonant centers. In Re8 a fOI‘.mula was derived for the
plane is almost isotropic, the change, compared to the cohef-ourier component of the amplitude of the penetrated wave
ent case, consists in substitution of onenofby d(v./2)y, ~ Via two centerssee formula(21) in Ref. 8. In order to
where d(v./2) is the electronic density of states per onelllustrate the coherence we d_eflned there the amplitude in
plane per one spin projection. Since, as we argued betpre, €@l space gh=0 [formula(22) in Ref. 8|. Actually we need
is actually @n;/dE;)», the planar density of electronic the total probablllty|ntt_agrated over the surface qf the barrier,
states at the resonant energy is substituted instead @nd for two centers it is easy to see from E2{l) in Ref. 8
(dn;/dE;). The latter is of the order ofic;/AE;-the total ~ that the one-center expression is multiplied by
amount of resonant centers divided by the width of the clus- ,
ter. Hence, the reduction due to the absence of coherence is 2+2¢ @Pd/(2d) (6)
of the order of AE;/E;)/c; . As it was said before, the reso-
nant tunneling concept is true only, if the ratia|;/E;) is ~ wherep, is the distance between the two centetss the
very small. Therefore, most likely, the coherence enhancethickness of the barrier and= y(2m|U|), |U| being the
the transport, even in the normal case. binding energy of the center. The first term in this expression
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is the sum of probabilities, and the second term comes froowhereB~ 1 ands,~10® K. This formula can serve also as
interference. The whole expression can be presented in a&n interpolation between different extremal regions.
form The following possibility appears. If superconductivity
) ) with a d-type order parameter is sufficiently suppressed, an-
4o~ /(20 4 2 (1 — @™ arg/(2d)) (7)  other type of superconductivity can appear with a “subdomi-

and the first term can be interpreted as the coherent parréant order parameter. In order to survive, this order param-

whereas the second represents the incoherent part. On ter m.ust be of ths type, and hgnce d—_>§ (ord—d+is)
_ : - 9N W&nsition can be expected in sufficiently underdoped
averagep, “~nc;, the concentration of resonant Centers ing, e similar to the one predictéd for impurity sup-
the plane. Therefore we can write an interpolation pression of theal-type order parameter. In principle, this can
Jo= efsa/(dncj)Jgoh_i_Jicn, ®) lead to a flattening of the angle-resolved photoemiss[on spec-
troscopy curves for the momentum-dependent gap in drasti-
wheres~1. In the case ofl-type paring the incoherent part cally underdoped samples, which was observed
vanishes, and hence, decreases exponentially with the experimentally** Since there is little hope that systematic
atomic concentration of the resonant centers, when the latteneasurements of ;. and J. on the same samples will be
becomes less tharf°)~a/(dn). performed in near future, they can be replaced by a much
In this connection the results of the wérén the depen- simpler measurement of tf&, dependence on heating time
dence ofT on the concentration of resonant centers have tén vacuum in order to trace th—s transition, as a kink in
be somewhat revised. In the final formu@ in Ref. 9 the this dependence.
quantity § is proportional tocj2 only until the atomic concen-
tration of resonant centers is large enougfs:c{® (for the ACKNOWLEDGMENTS
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