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Theory of the c-axis penetration depth in the cuprates

R. J. Radtke and V. N. Kosttir
Center for Superconductivity Research, Department of Physics, University of Maryland, College Park, Maryland 20742-4111

K. Levin
Department of Physics and The James Franck Institute, The University of Chicago, Chicago, lllinois 60637
(Received 1 September 1995

Recent measurements of the London penetration-depth tensor in the cuprates find a weak temperature
dependence along tleedirection that is seemingly inconsistent with evidencedavave pairing deduced from
in-plane measurements. We demonstrate in this paper that these disparate results are not in contradiction, but
can be explained within a theory based on incoherent quasiparticle hopping between thdager®. By
relating the calculated temperature dependence of the penetratiomd€pjto thec-axis resistivity, we show
how the measured ratPoﬁ(O)/)\g(T) can provide insight into the behavior efaxis transport below . and the
related issue of “confinement.”

Measurements of the temperature dependence of the ipendence op.(T) [dp(T)/dT<0] while maintaining a fi-
plane penetration depth in YBau,0;,_s (YBCO) have nite residual resistivity.(0). Thesemiconducting behavior
been interpreted as providing strong support fod-avave is also associated with the absence of a Drude peak in the
order parametérWith the availability of high-quality single c-axis optical conductivity. Thus, while thec-axis transport
crystals, these measurements are now being extended to theoperties suggest an insulating state at low temperatures, the
c-axis direction in YBCO(Refs. 2 and Bas well as in actual zero-temperature state is nevertheless metafic.
Bi,Sr,CaCyOg (BSCCQO (Ref. 4 and La_,Sr,CuO, tending this model ta . and comparing its predictions with
(LSCO).° There appears to be one consistent feature of theste available experimental data provides an opportunity to
different experiments: thdow-) temperature dependence of learn about the precise loWw-behavior of thec-axis resistiv-
the c-axis penetration depth.(T) is much weaker than that ity as well as the degree to which the layers communicate in
observed in theb plane. In addition, the penetration-depth the superconducting phase.

ratio A2(0)/\2(T) in YBCO is linear inT at low T with a We begin by writing the Hamiltonian for the electronic
small magnitude of the slope that decreases with decreasirgystem as the sum of a Hamiltonian for the individual
oxygen content. CuG; layers, > H,,, and an interlayer coupling terid :

The present paper addresses these penetration-depth dita==,,H,,+H, . We leave the intralayer Hamiltonian un-
in conjunction with thec-axis resistivityp.(T) for a variety = specified except to demand that eakh, yield a two-
of different cuprates. We argue that the temperature depemnlimensional Fermi liquid which becomes either snor a
dence ofp(T) essentially determines that &f(T); in par- d-wave superconductor below a critical temperatdie
ticular, Ao(T) is expected to have a weak temperature depenH , is taken to b&**
dence at low T whenever p(T) exhibits a strong
semiconducting behavior. In this way, we can reconcile the _ +
ab-plane data supporting-wave pairing with the observed Hi_% timCi,m+1,0Cimo+ H.C., @)
c-axis behavior. In addition, by presenting typical results for
\¢ With the corresponding., we illustrate the generic fea- where tjn,=t, +Vin+2,0ij m®jm and ¢m, is the usual
tures of these quantities without relying on specific param-{uasiparticle annihilation operator for siten layer m and
etrizations of(or fits to) existing data. Through the study of spin projectiono. Physically, the interlayer coupling arises
the c-axis coupling, we touch on the issues which may lie atfrom gquasiparticle hopping due to wave-function overlap
the heart of the nature of the normal sfagmd also poten- (paramterized by, ), impurity scattering(modeled by the
tially the mechanism of high-temperature superconductivity. random variablé/;,,), and bosonic scatteringepresented by
In particular, our results imply that a Fermi-liquid-based de-the field ¢;,, which couples to the electronic quasiparticles
scription of the electronic states in the Cu@lanes appears with strengthg;.,).
as consistent with the data as theories based on the idea of In treatingH, , we are guided by two observationg)
“confinement,”®’ even though the underlying assumptionsthe mean free path in thedirection extracted from normal-
are considerably different. state transport measurements is less than the lattice
To understand the behavior of.(T) and the nature of spacingt?!® and (2) the c-axis properties in the supercon-
c-axis coupling belowl ., we utilize an incoherent hopping ducting state are consistent with a picture where nearest-
model for thec-axis couplindd=' Above the critical tem- neighbor CuQ layers form an superconductor-insulator-
peratureT,, this model views each CuQlayer as a two- superconductor (SIS) tunnel junction*'®*!*  These
dimensional Fermi liquid which is weakly coupled to its observations suggest that tbexis transport may be viewed
nearest neighbors. This model yields a semicondudfidg- as an incoherent tunneling process. Several theories
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of this incoherence exi§t%but for simplicity we adopt has been known to contribute to tunneling in superconduct-
the phenomenological model of Ref. 8 and simulate the efing junctions in both the quasipartiéfeand Josephséh
fects of incoherence by performing our calculations to secehannels for some time.
ond order inH, . This procedure immediately yields an in-  To compute the penetration depth from these formulas, we
trinsic Josephson efféétand a reasonable magnitude ahd make several simplifying assumptions. First, we use the stan-
dependence of the-axis resistivity? ! dard BCS form for the Gor’kov propagators and perform the
In the normal state, we can calculate v@xis dc con- sums ovek in the usual way by restricting the wave vectors
ductivity by direct analogy with the problem of tunneling in of the self-energies and matrix elements to the Fermi surface
a normal metal-insulator-normal metal junctifdIN) (Refs.  and then integrating the remaining energy dependence from

6,10,16 and obtain a-axis conductivity which is the sum of —« to +. We reiterate that the weak interlayer coupling
direct

the conductivities due to each processt.=o, allows us to perform our calculations to second order in the
+ oM+ el 10 Generalizing the results of Ref. 10 to aniso- interlayer hopping amplitudes, and this implies that inter-
tropic scattering, we can write these terms as layer scattering effects which act to reduceni/are of
higher order and can be neglect8dSecond, we make the
direct 2( Tab reasonable approximation that the layers are identical. Third,
Te :UONOU<%)’ @ we account for the anisotropy of the hopping processes by
assuming that the wave-vector structure|@f_,|? is such
Uicmp: 00N3<(|Vk—k/|2>k)k/ , (3)  that the boson-assisted processes contribute to both the resis-
tivity and the penetration depth with the same strength and
and by taking the impurity scattering matrix elemet,_,|? to
have a Lorentzian form with a maximum kt=k’ and a
inel 1o/ 2keT 4) half-width sk/kg = 0.01. These choices are for computa-

Oc :UON3<<|gk—k'|2>k>k' : . . . o
sintf(7Qq/2kgT) tional convenience and do not affect the qualitative features

. . . . we discusg!
Here,lNO Is the density .Of states per unit cell per spin at the From these relations, we see that=1/0. is determined
Fermi suzrface, kil 27 ab 1S the '”‘Ta'aye.r scattering (ate, by the same parameters gs. We are therefore able to con-
oo=(4me”/h)(d/a"), d (a) is the inter-(intra) layer unit- o4 e 1o guantities and examine the qualitative predic-

Ee” Elrpednsmr;,e is the Ielec(;jtronlc charge,tﬁm?: the' ang?etions of our theory. Figure 1 shows the resulting curves for
Frac els I_e{"’ €a ?okrm?hlze_ tavlerage_ ovler " N ertrtnl sur ?CEC'(T) and the corresponding-axis penetration depth ratio

or simpiicity, we take the interiayer inelastic SCattenng 104, ot s. and d-wave pairing in several limiting cases of
have an Einstein spectrum with frequenQy but keep the

wave-vector dependence in the impurity/,§ and boson our model
st i i d ) If only direct hopping i tf. Fig. , only th
assisted ) hopping amplitudes. only direct hopping is preseitf. Fig. 1a)], only those

Th leulati t th ion deoth in th terms corresponding to wave function overlap contribute to
q he calculation Obt € pfenetraélor_\ heptb in the su?]ercohnfhe resistivity and the penetration depth. This case may be
uct!ng s.t.ate may be perzorme either by noting that theg ey ant for materials like fully oxygenated YBCO, which is
c-axis critical currentc<1/\g in layered superconductdrs

¢ o 4 one of the least anisotropic cupratép.(T.)/pap(Te)~
and computing the critical current in the standard Wayor 10 12 compared 10 po(T.)/pap(To)~10° for BSCCO

by calculating the optical conductivity and extracting the ref, 13] and therefore potentially the least incoherent. In
penetration depth from the imaginary pefrin either case, g instancep, reflects the temperature dependence, though

one obtains not the magnitude, of thab-plane resistivity:p % pap>T
1 327e2d T2 [cf. E_q. (2)]. The resulting penetration depth is also marked
= — > (K KF(K)F(K],), (5) by this near-coherence and has the same temperature depen-
A; h°ca Nj Kk, dence forboth the ab- and c-axis directions, regardless of
! pairing symmetry.
wherec is the speed of lightT is the temperaturekg = 1), The case of assisted hopping, where only the impurity-

N; is the number of lattice sites in a single layer, and boson-assisted processes contribute tacifgis trans-
k=(k,iw), F(k) is the Gorkov propagatd®?® and port, is shown in Fig. (b). Materials like BSCCO with
t?(k; ,k/,) is the square of the generalized interlayer hoppingc-axis mean free paths much less than the lattice spacing are

matrix element. As with the conductivity?(k, ’k|,r) is the €Xxpected to be close to this limji, in this case is marked by

sum of the squares of the matrix elements due to direct scaf: hegative temperature derivative which gives rise to a semi-

. i / 2. . . conducting temperature dependence abdye This upturn
te”ng"fz'd"eckkl ki) :,(NH IT) 801,115 impurity-assisted oo resigtivityr\)/vith decreazin'@ is due to %;16 freezigg-out
scattering, t*™(kj kj,)=(1/T)&|Vk—c|% and boson-  of the inelastic interlayer scattering at Ioky which inhibits
assisted scattering?"{(k; ,k|,) =|gk_/|?D(k;—k;,). Inthe  c-axis transport and therefore increases the resistivity. At
last term,D(k,) is the propagator for the interlayer boson. lower T, however, the impurity scattering acts to limit the
We note that all three mechanisms produce a contribution toonductivity, andp.(T) saturates. The-axis penetration
the penetration depth. This result is not surprising, given thelepth is also modified by the incoherent transport and be-
close similarity between incoherently coupled layers and tuneomes distinct from thexb-plane result. For both pairing
nel junctions: the direct and impurity-assisted hopping pro-symmetries, the&-axis penetration-depth ratio is larger than
cesses formally resemble the processes considered in coifie ab-plane penetration-depth ratio at all temperatures. In
ventional SIS junctiond!~2*18and boson-assisted hopping particular, thed-wave penetration-depth ratioZ(0)/\2(T)
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1.0 ' ' Y= 1.0 dependence in thd-wave case is close to, and may be ex-
abo perimentally indistinguishable from, the s-(vave
08F ——0 Pl ave\ Ho8 Ambegaokar-Baratoff form.
—~ dowave 00 In the intermediate case, all processes contributeadsis
Sl R transport [Fig. 1(c)]. Compounds such as deoxygenated
Lo a0 O YBCO may belong to this class. As in the assisted hopping
~ 04 _521_5 T, 1o 4: case,p. looks semiconducting at high temperatures. At low
933 Ny 1.0/ R temperatures, however, the in-plane scattering rate is re-
C € 05 = duced, and this leads to a loWw-conductivity dominated by
R 0-00 o 300 102 direct hopping processésf. Eq.(2)]. The net result is a peak
(a) T (K) in p. which may lie belowT.. In contrast to the resistivity,
0.0 : : : : 0.0 the penetration-depth ratio shows no new behavior in this
00 0E 04 y 0008 Lo case, but is midway between the direct result, where both
¢ ab- andc-axis penetration-depth ratios are the same, and the
Lo~ ' 1.0 - 1.0 assisted hopping result, where they are considerably differ-
os N ent. Note especially that the low-temperaturaxis penetra-
08F =T s wave)\ |08 tion depth ratio ford-wave pairing is clearly linear i but
= dewave | 0‘20 — ;O with a much smaller magnitude of the slope than its in-plane
506 ' ' JoeE counterpart.
P R . fe Fundamentally, the behavior discussed above results from
. Y
™ oqLSe1s T, 0 4: the different characteristic temperature dependences that
8@ T 2 arise when the interlayer coupling is very we@kcoherent
0@ € 05 < as opposed to when it is strofigoherenk In a material with
ORS00 —e 702 very weak interlayer coupling, quasiparticle transport be-
(b) T (K) tween adjacent layers is analogous to tunneling in NIN or
0.0 : : : : ~0.0 SIS junctions. This tunneling is mediated by both elastic and
0.0 0.2 0‘4T /T 0.6 08 1o inelastic scattering and is therefore associated with a semi-
¢ conductingc-axis resistivity in the normal state and a very
Lo " 1o < 1.0 low slope of thec-axis penetration-depth ratio at low tem-
os ab N\’ peratures. The small magnitude of the low-temperature slope
08 —=— s wave )\ /708 of )\C’Z(T) is a special feature of specular Josephson tunnel-
£ d-wave e or 1d ing and occurs in eithes- (Ref. 22 or d-wave" supercon-
V206 1065 ductors. On the other hand, in materials with stronger inter-
~< ~20 — i layer coupling, quasiparticle transport is nearly coherent and
= oa L S1s Te {045 so quasi-three-dimensional results obtaipis metallic, and
%3 ~ 1-0)”\ 5o )\E(O)/)\E(T) possesses a larger Iolvslope ford-wave pair-
= ~< . .
o 05 -E‘) 22 Joo ing relative to the weakly coupled case.
' "o 100 =200 300 ‘ Empirically, therefore, one should associate a reduction in
00l © K 0.0 the low-T slope of thec-axis penetration-depth ratio &ither
00 02 0.4 06 08 s s- or d-wave superconductors with a decrease in the inter-
' T/ T, layer coupling and a semiconducting temperature depen-

dence ofp.. Our theory thus accommodates the currently

available data irboththe intra- and interlayer directions de-
spite their very different low-temperature slopes. Moreover,
this consistency suggests that the cuprates may indeed be
d-wave superconductors. While our theory can explain the
qualitative features of the present experimental data, these
data are incomplete; further systematic experiments on dif-
ferent cuprates and for particular cuprates with different
ping, which may be relevant for YB&U,Og o, (b) assisted hopping, stoichiometrigs are clearly ca]l_ed for to further test the trends
which may be the case in Br,CaCy0,, and(c) a combination of ~ feported in this paper. In addition, further theoretical effort is
these processes, which may be obtained in underdoped compouniuired to understand the relationship of our theory to oth-
like YBa,Cu,0s, Note in (a) that both theab- and c-axis  ©rs in the literature and to provide a way of distinguishing
penetration-depth ratios are the same when only direct hopping igem experimentally.
present. Among these other theories ofaxis coupling, the “con-
finement” approach’ is worth discussing further, since we
resembles the-wave case, although the low-temperature be-come to similar conclusions despite vastly different starting
havior is still a power law. In addition, the difference be- assumptions. In contrast to our Fermi-liquid-based approach,
tween in-plane and-axis penetration-depth ratios is much the confinement theory asserts that each Cu&yer is a
more pronounced fod-wave pairing than fos-wave paring  spin-charge separated Luttinger liq§ifl.Nevertheless, the
[see the upper inset in Fig(l)]. Moreover, the temperature expressions for the interlayer transport which arise in this

FIG. 1. Penetration depth ratios2,(0)/\2,(T) (dot-dashed
line) and\2(0)/\2(T) (solid ling) as a function of the normalized
temperaturd /T, for bothd-wave(main figurg ands-wave (upper-
right inse} pairing in different limits of the incoherent hopping
model described in the text. The correspondaigxis resistivity
pc is shown in the lower-left inset normalized to its valueTatas a
function of temperature. The limits illustrated a@® direct hop-
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model are similar to those in this work with two important process with a strong inelastic component, but the detailed
differencesi(1) the Green’s functions used in the calculation origin of this effect may not be readily extracted from the

correspond to a Luttinger and not a Fermi liquid, a@d  currently available experiments.
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