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Interlayer coupling and c-axis quasiparticle transport in high-T. cuprates
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The c-axis quasiparticle conductivity shows different behavior depending on the nature of the interlayer
coupling. For coherent coupling with a constant hopping amplitudehe conductivity at zero frequency and
zero temperature(0,0) depends on the direction of the magnetic field, but it does not for angle-dependent
hoppingt(¢) which removes the contribution of the nodal quasiparticles. For incoherent coupling, the con-
ductivity is also independent of field direction and changes only when paramagnetic effects are included. The
conductivity sum rule can be used to determine the admixture of coherent to incoherent coupling. The value of
0(0,0) can be dominated by while at the same timé(¢) dominates the temperature dependence of the
superfluid density.
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I. INTRODUCTION quasiparticle conductivity>~*’namely, the impurity-induced
density of states ab=0 is canceled by the decrease of qua-
The nature of the interlayer coupling between two adja-siparticle lifetime. A universal value has been observed in
cent CuQ planes in the cuprates is an important issue thaYBa,Cu;Og g for the in-plane thermal conductivity. In
remains unresolved. Suggestions include effects of strong irsome sense the thermal conductivity is an ideal probe of
tralayer scattering non-Fermi-liquid ground statéshe gen-  universal behavior since, as opposed to the electrical conduc-
eral phenomenon of confineméninterplane, and in-plane tivity, it is not renormalized by vertex and by Fermi-liquid
charge fluctuation,indirect c-axis coupling through the corrections;® and so there is less ambiguity in its identifica-
particle-particle channél,as well as resonant tunneling on tion. The universal conductivity limit does not appear for
localized states in the blocking lay&and two band models. ~ coherent coupling with an angle-dependent hopping ampli-
Coherent coupling originates from an overlap of the electude of the formt(¢)=t¢co§(2¢) which is believed to be
tronic wave functions between planes, and in-plane momerappropriate for the copper oxides, whefe: tan‘l(ky/kx) is
tum is conserved in interlayer hopping. By contrast foran angle in the momentum space. In this case dcais
impurity-mediated incoherent coupling, the in-plane momen-quasiparticle conductivity is reduced by a factor of (3/8)
tum is not constraint. It has been shown that ¢kexis con-  X(y/A,)? as compared with the value o{ w— 0,T—0) for
ductivity sum rule depends on the nature of interlayera constant, assuming the same magnitude of hopping am-
coupling® Coherent coupling obeys the conventional sumplitude, which of course is not the case. This arises because
rule” regardless of the angular dependence of the interlayehe angular dependence &) eliminates the contribution
hopping amplitude. On the other hand, incoherent couplingf the quasiparticles on the nodal lines from interlayer trans-
violates the sum rule even if the in-plane dynamics can bgort. For incoherent coupling, the residual conductivity is
described by a Fermi-liquid. However, in order to explain theproportional to ¢In[Ay/y]/Ag)? in leading order. Conse-
violation observed in some experimeftst was also neces- quently, the universal value of theaxis quasiparticle con-
sary to include the non-Fermi-liquid nature of the in-planeductivity is a characteristic only of coherent coupling with a
dynamicst* For YBa,Cu;O,_ 5 at optimum doping, a con- constant hopping amplitude. Geometrical consideration of
ventional c-axis sum rule is observ&dwhich is consistent the Cu and O atomic arrangeméfit® from plane to plane
with coherentc-axis coupling and an in-plane Fermi liquid. leads one to expect that the dominant overlapping of orbitals
For the underdoped case, a pseudogap is observed and theuld lead to &(¢) form with possibly a subdominant con-
sum rule is closer to 1/%:12 This value can most easily be stant piece; . In this caset, would still dominate the value
understood as a pseudogap effect with incoheakis  of ¢(0,0) for very smally, but the other terms would be-
coupling! come important as ¥/A)? corrections become larger in
Another interesting example of the interlayer coupling iswhich case the termy{ ¢) or the incoherent part can become
the c-axis conductivity due to low-lying quasiparticles at important.
zero temperature and zero frequency. A method for observ- In this paper we investigate effects of interlayer couplings
ing the quasiparticle current is to measure the hysteretion thec-axis quasiparticle transport in the absence, as well as
c-axis tunneling current-voltage characteristics of layeredn the presence of an in-plane magnetic field. It is our aim in
cuprates® For measurements of the optical conductivity this paper to look at all three contributions of interlayer cou-
which includes the pair tunneling, see Ref. 14 For coherenpling in detail, and our discussion of the magnetic-field ef-
coupling with a constant hopping amplitude, the c-axis  fects will not be restricted to the constantas it is in Ref.
quasiparticle conductivityr(w—0,T—0) shows a residual 21 We also investigate the role played by the conductivity
value independent of the in-plane scattering nateA, (gap sum rule in quasiparticle transport. We find that it can be
to leading ordéer with the correction—(y/A)?. The under- used to fix the relative amount of coherent to incoherent
lying physics in this case is the same as for the in-planeoupling. We also find that(w,0)/c(0,0) shows a different
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w? coefficient forw<y and o(0,T)/c(0,0) a differentT®>  with E,=\&+A2. We assume A=A coska)
coefficient (T<+y) depending on the nature of the coupling. —cosk,a)] [or Aycos(2p) in the continuum limit and a cy-
In the presence of an in-plane magnetic fiedg(0,0) for lindrical Fermi surface withé,=k?/(2m)— e measured
coherent coupling with a constant hopping amplittdele-  from the Fermi energyer. As T—0 and w—0, ¢(0,0)
pends on the direction of the fiéidas does the coefficient of =c3, ot2_A(K,0)A(p,0). It is easy to calculater(0,0)
the T2 term in o4(0,T), but such a dependence is negligible (= ) for the couplings we mentioned earlier. To obtain the
for an angle-dependent cohere($) because it removes the ¢.axis quasiparticle conductivity at finite frequeneyat zero
contribution from the nodal quasiparticles which otherwiseemperature, we také— 0 limit and assume»<y:
manifest the effect of field direction. For incoherent cou-
pling, 04(0,0) is independent of field direction, and in fact
changes only when a paramagnetic interaction is included.a(w)z—CE tﬁ,pj de
Here we mention that there exist, in the literature, studies k.p
which consider effects of oxygen doping on taxis trans-
port and Coulomb charging efféctassociated with a +
pseudogap behaviéf. Such complication, however, is be-
yond the scope of the present paper.

This paper is organized as follows: In Sec. Il, we derive =C> te_ Ak, 0)A(p, o)
general formulas associated with tlweaxis quasiparticle k.p
conductivity including paramagnetic effects. We describe, in

d.f(e)+

g) P(e)

2

®
E) ai’f(e) A(k,e)A(p, e+ w)

w
Sec. llI, that effects of coherent coupling with a constant as -CcY tip(i) IA(K, €)A(p, e+ ®)| =0
well as with an angle-dependent hopping amplitude on the kP
c-axis quasiparticle transport with and without an in-plane w2
magnetic field. In Sec. IV, impurity-mediated incoherent +CE tip(?) 0§A(k,e)A(p,e+ ) + ...,
c-axis coupling is considered. We also illustrate the role of k.p €=0
the conductivity sum rule in quasiparticle transport in Sec. V (4

and draw conclusions in Sec. VI.
where an expansion im has been made. The finife cor-

Il. EORMALISM rections atw=0 will be considered later along with an in-
plane magnetic field.
The HamiltonianH for a cuprate superconductor with in- In the presence of an in-plane magnetic field, we assume
terlayer coupling can be written &=Hy+H., whereH,  that the field penetrates freely into the sample so that the
describes al-wave superconductor and field is uniform between the plands.This assumption

should be valid for Bi- and Tl-based cuprates which are
n nearly two dimensional. For YBCO, however, there is a pos-
He= ‘%p [t-pC14(K)Co0(p) +H.C.]. @) sibility that in-plane vortices form. This means that in such a
case an average over vortices in a unit cell is requitéthe
The interlayer hopping amplitudg , depends on nature of interlayer coupling Hamiltonian is modified by the presence
c-axis couplings:(i) t,_p,=t, 6., for coherent coupling of a uniform in-plane magnetic field as follows:
with a constant amplitudéii) For an angular dependent am-
pIitudetk_p=t¢5k_pco§(2¢). In the lattice, it can be seen N
from geometrical consideratih that t,d8,_ [ coska) Hc:;k:p [tk-pCio(k+a)Cay(p)+H.C], (5
—cosk,a)]* with an in-plane lattice constast (iii) For in- h

coherent coupling, =V, and an impurity average is 0 \yhereq=(ed/2)(zx H) with an interlayer distance.
be taken into account. _ _ Following a procedure similar to the one we applied in the
Applying perturbation theory for, we obtain thee-axis  zero-field case, we obtain theaxis quasiparticle conductiv-

guasiparticle conductivityr(w,T) in terms of the electronic ity oq(w,T) in the presence of an in-plane magnetic field,
spectral weight functio\(k,e):

C

C oe(w)=—— tz,fdefﬁ—w—feAk

s(w)=-—3 tﬁ_pf de[f(e+w)—f(e)] ) wkz,p -p | delflerw)=Tle) JA
k.p

+0q,6)A(p, e+ w). (6)
X A(k,€)A(p, e+ o), 2 AP

) ] . In our consideration, the energy scale associated with the
layer coupling,f(¢) is the usual Fermi thermal factor, and an in-plane field, the quasiparticles gain an additional mo-

the spectral function mentumgq on transferring to the next plane. In other words,
the Bogoliubov—-de Genne$dG) wave function&* u,(r)
Ak, €)= v+ &/Bo | y(1—&/E 3 andv(r) becomeu,e'®* 9" andy,e' kD" respectively?®

(e—E)%+79> (et+Ep>+9° The spectral weight function becomes
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Y(1+ & q/Ekrq) | ¥(1—&kiq/Ekig) 7 , ,
A(k+q,e)= (e—E +q)2++g " (e+E +q)2++2 @ szp tipA(k+d,€" )A(p,€)]er—g
k+q Y k+q Y a(0)= ' A
where By, q= & o+ A7 with & q=&+(k-g)/m. Note kEp ti_pyA(k+0,00A(p,0)

that the angular dependence @f comes from the factor
(k-q)/m=Egcos(p—0,), whereEq=veq and 6, is the di-  with ¢’ =€/ 7.
rection ofg, which can be interpreted as the direction of the \We use the nodal approximatitrt®to describe the low-
field (6) because of the symmetry in the problem. The gapemperature physics associated with the quasiparticle trans-
seen by quasiparticles with a momentém g is notAy, but  port because quasiparticles near the nodal lines dominantly
Ayiq; however, Ay, =A+35,, where 5,=qugCosip  contribute to the resistive transport. Linearizitigand A,

+6y) with vg=2A4/ke, and the correctiod, makes a neg- near the nodal points on the Fermi surf4€&), we obtain
ligible contribution to th_e qua5|pa_rt|cle. energy spectrum.g —,,_(k.k, —kg) and A =vgk-Kj, whereve(ke) is the
When the paramagnetic interaction is includeBly g Fermi velocity (momentur) and v = \/EaAo is the gap

;ig‘él;ﬁﬂ algntgt%r? e;grﬂrgag)r: d?fikgq'e)’ wherey.g velocity? The unit vectok, (k) is perpendiculafparalle)
' ' to the FS. These unit vectors will change depending on the
nodal line. For example, on the nodal line ¢f= /4, k,
O'q(w—>O,T—>O)=CkE i pAk+a.0A(P0). (8  =(ktk)/\2 andk=(—k.tk)/V2. Since we include
P quasiparticles only near the nodal points on the FS in our
considerations, we will use the following procedure in the

Based on symmetry consideratibhpne can easily de- ;
y y © Y actual calculation:

duce that the dependenceqf(w— 0,T—0)=o(6) on field
angle 6 has a periodr/2 because of thel-wave gap. The

sign of the gap does not matter. Consequently, dk, dk;
dp.dp,, 12
Ek H%e (2m)2 —’%e Jdp.dp; (12
0(9)=n§0 Cncog4no), ) wherep,=vek, , py=vck| and J=[(27)%rvg] . The

coordinate transformations we made are rotation, translation
where theC,’'s depend on the ratio of the magnetic-field en-and dilation. In the coordinate op(,p,), the energy disper-
ergy toy, i.e., onEq/y andugH/y. Since botlE, andugH  sion of the quasiparticl&€, becomes\/p?+p3<p,, where
are linear toH, we can parameterize the rati& {/ugH) Po~O(Ay).
~d/a. We choose Ey/ugH)=6 for the high, Bi- and
Tl-based cuprate® Another relation can be deduced without
detailed calculation. If we expand(6) in terms ofE,/vy,
then its angular dependence will appear for the first time In this section, we consider the effects of coherent cou-
from the term Eq/y)4co§‘(¢— ¢) because the fourth har- pling on c-axis quasiparticle transport. Sintg_,=t, &,
monic cos(4) comes from the cdgf) term. This means that for a constant hopping amplitude, as—0 and T—0, o
y<Eq is required for any clear angular dependence to show=Cz,t?A(k,0)?. For o<y, we use the nodal approxima-
up. For the eighth harmonic cog{8to enter, the field has to tion for Eq. (4). Then, up to order/y)?,
be even higher.

At a finite temperaturd <y, we apply the Sommerfeld

IIl. COHERENT COUPLING

2
expansiof’ to o(w—0,T)=0(6,T) and obtain o(w) —14 i(ﬂ , (13)
o 18\ y
o(6,T)= —CZ ti f de( &f(e))A(k+q,€)A(p’6) whereo is a constant independent gf
kp P de In the presence of a uniform in-plane field, the quasipar-
ticle conductivity becomes
i 2N 2 J*
=0(0)+5CT k})p tk,pEA(k-l-q,e)A(p,e)L:O
Y s o(6)=C>, t2A(k+0,0A(k,0). (14)
(T K
=0(0) 1+€ —) a(h)], (10
Y Applying the substitution Eq.12) to the above equation, we
where obtain without the paramagnetic part
2 pdp 1
s=es3 [ dof 5 P71 2(Eq/7)C08 ¢ 0)pC0s ¢) F (Eql 7)7C08(f— 0) 11 19
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FIG. 1. For various values oE,/y(=14.6,12), resistivity FIG. 2. a(#6) in Eqg.(10) shows finite temperature effects on the

p(0)/po=0o/c(6) as a function of a direction of the in-plane field ¢.axis qusiparticle conductivity foE,/y=1, 2, and 3. The para-
¢ is plotted with(solid curve and without(dashed curvethe para-  magnetic interaction is included. In the absence of the fiel(d)
magnetic interaction. A&/ is increasedp(6)/pg is increased,  —4/3 (dashed ling

and for a high field E,/y=12), the paramagnetic interaction un-

ambiguously reduces the amplitude gfd) and its anisotropy o ) ) )
only the paramagnetic interaction, then the quasiparticle con-

It can be shown within the nodal approximation that ductivity o has nof dependence and increases as follows:

=¢,tan [p,/vcke], where ¢, is a direction on the
nodal line; however, to a good approximation, we can re-
place ¢ by ¢,. For the weak field casE,< vy, we expand
a(0) in terms ofE,/y and obtain

o— 0o 1+

A arctar( M) } . 17
Y

a(6) —1— i(E)2+ %1_ Ecos(4¢9) (E)4 (16) The eighth harmonic clearly appears fg/y=12. Actu-

o 12\ v 8 3 ' ally, it begins to appear wheB,/y=10. Interestingly, the
paramagnetic interaction unambiguously reduces the ampli-

where oy is the c-axis quasiparticle conductivity in the ab- tude ofp(#) for a higher field E;>y). We also plota(6)

sence of the in-plane magnetic field. As we see, the angulaxf Eq. (10) for a finite T<+y in Fig. 2. For reference in the

dependence of(6) is small for a weak fieldo(6) is maxi- absence of the magnetic field( ) =4/3 (dashed ling

mum (minimum) when the in-plane field is along a nodal In the case of an angle-dependent hopping amplitude

(antinodal line. It can be physically understood as follows: t,_,=t(¢)dc_,, the c-axis quasiparticle conductivity in

When H is along a nodal line, for examplé)= /4, the  zero field isoo=CZ,t($)?A(k,0)%>. For <4y, using the

angle ofq is 3w/4 becauseqx(zxH). Then, while the nodal approximation we obtain
shifted moment + g of the quasiparticles witkb= 7/4 and
¢=>5m/4 deviate from the nodal regions wheris compat-
ible with k, quasiparticles withp=37/4 and ¢p="7x/4 re- (o) N 34 [Ag|[ @)?
main in the nodal areas. This means the remaining quasipar- oo 9 : ’
ticles govern thes-axis transport whe@= /4. On the other
hand, for6=0, all quasiparticles move away from the nodal
regions due to the momentum shift Thereforea(6)<o,  Whereao=(y/Ag)? in this case. Effects of the in-plane field
and o(0)< o(w/4) because of a mismatch betwelerand  on thec-axis quasiparticle conductivity can be seen in the
k+q in the interlayer transport. same way as before, namely,

In Fig. 1, we plot resistivity as a function of direction of
the in-plane magnetic fielgh( #) = 1/o( 6) for various values
of E4 with (solid line) and without(dashed ling the para-
magnetic interaction included. We reproduced results of Ref.
21 for Eq/y=1, 2, and 4. As shown in Fig. 1p(0) is
increased as the magnetic field increases, and it is decreased
for a give Eq when the paramagnetic interaction is consid-Since t(¢)=t¢(p2/A0)2 within the nodal approximation,
ered because the interaction is pair breaking. If we consides(6) becomes without the paramagnetic interaction

(18

a(a):cZk t(¢)2A(k+q,00A(K,0). (19
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1

pdp
0)=t5C dJ
a(0)=ty J%e ¢ p2v1

In this case, we find that(6)/oy=1 without clear depen-
dence on the direction of the in-plane field, aad6)
~O[(y/Ag)?In(Ay/7)] in the leading order and the next or-
der isO[(Eq/AO)Z]; thereforea( ) is negligible. Thec-axis

quasiparticle conductivity is insensitive to the in-plane mag-
netic field because the angle-dependent hopping amplitude
t, (¢) eliminates contributions of nodal quasiparticles, which

otherwise manifest the effects of the field.

IV. INCOHERENT COUPLING

For impurity-mediated incoherent coupling ,=V_,

we need a model for the impurity scattering potential and

4
r sint( )
A "p?+2(Eq/y)cog ¢— 6)p co

@)+ (Eq/y)°cos(¢p—0)+1° (20

that the field effect appears only as the paramagnetic contri-
bution. We present some analytic results, for example, in the
weak-field limit
.
E

where h(x) =x?—x*6+x°8/15. Therefore thec-axis quasi-
particle conductivity for a weak field becomes

mgH

2y ) (24
Y

el

% [A(k+0q,0)—A(k,0)]=

o(0)  hugHly)
oo In(Agly) "

(25

need to carry out an average over impurity configurations.

We use a simple modél for the scattering potential
[Vi—p|>=Vo|?+|V4|*cos(2h)cos(2h,). One may expand
|Vk,p|2 with respect to scattering symmetry so that it is de
composed

Vi pl 2= V|24 2 V)i /| 2cog (41 +2) ¢y ]
1,1’

xcog (41" +2) ], (21)
wherel and |’ are integers. However, for theaxis quasi-
particle transport, only thiV,|? term gives a nonzero value
to the conductivity. As w—0 and T—0, oy
= C|Vo|%Z yA(K,0)A(p,0). Forw< y, it can be shown that

2
olw _,, 1 (wlp? 22
(O] 3 In(Aol’}’)
where o[ v In(Ag/y)/AqJ? for impurity-mediated incoher-
ent coupling.
In the presence of an in-plane magnetic field, thaxis
guasiparticle conductivity becomes

o(60)= C|V0|2k2p A(k+9,00A(p,0). (23

As we see, the angular dependencer6f) is determined by

Consequently, for incoherent coupling the in-plane magnetic
field has no effect on the-axis quasiparticle transport if the
_paramagnetic interaction is not considered. Physically, the
momentum of the transport quasiparticle is not constraint in
incoherent coupling so that the change in momentudoes

not matter. Since the paramagnetic interaction is pair break-
ing, the magnitude of(6) is increased but shows no angu-
lar dependence when this interaction is included. At a finite
temperature T<v), we use Eq(10) and for a weak field,
a(0) becomes

(m213)

a(f)=1+ [IN(Ao/y)+h(ugH/y)[1—(pgHly)?]

(26)

V. ¢c-AXIS CONDUCTIVITY SUM RULE

From thec-axis conductivity sum rule, the superfluid den-
sity ps can be written in terms of the missing spectral weight
(N,—Ng) and the thermal averages of kinetic energy
(Ho)*" of a superconductingnorma) state as follows:

Ps:(Nn_Ns)_477e2d[<Hc>S_<Hc>n]v (27
wherew, is the cutoff frequency for the interband transitions
thatH. does not describe. Using the above equation as well
as the Kramers-Kronig relation between the conductivity and
the penetration depth, we obtain the normalized missing

2 A(k+q,0). It can be shown numerically and analytically spectral weight K,—Ng)/ps:

(Np—Ns) % k,p

[t pl LG (K, @) G(p, ) = Go(k, ) Go(p, )]

_1+1
Ps 272

(28)
|ti—plF (K, @)F " (p,w)
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whereG(k,w) andF(k,w) are superconducting Green func- larger than 1 and equal to 1.58 in our model wjith /V,|
tions andG(k, ) is in the normal stat®!* =1. A finite » corresponds to an admixture of coherent and
Since, in principle, all possible interlayer couplings mightincoherenic-axis transport. For exampley=5 applies when
be present in a given sample, we need to consider cohere(,—N,)/ps=1.1, that is, there is a 10% violation of the
and incoherent coupling at the same time. The aattaatis  sum rule upwards. The sum rule itself determines the admix-
transport of quasiparticles is determined from competing efture of ps ., t0 ps iy, but cannot differentiate between and
fects between couplings. Based on the conductivity sum rulet( ¢) for the coherent part. Limits on the relative size of these
we can estimate the ratier(,/o,), Whereo, (oj,) is the  two overlap integrals can only be set from consideration of
c-axis quasiparticle conductivity for coherefincoherent  the chemistry of the CuQplanes and their overlap or, alter-
coupling. Since the sum rule does not distinguish betwigen natively, from experimental information such as the behavior
andt(¢), we consider two limiting casesi) ty_,=t, 6x_,  of ¢(0,0) when the impurity content is increased.
+Vi—p and i) ty_,=t(¢) ¢ ptVi_p. As ©—0 and T For the case with(¢)
—0, for the case with

L S2medeN)| o o[ 20
o —-=32me P :
=0t Tin=0¢o 1+0'_:, go ¢ 16 3w \/72+A(2) \/y2+A(2)
(34)
4A 2 . L .
=0g 1+ #(lmmow)) , whereE is the complete elliptic integral of the second kind,
me?dtfN(0) | Ao and 7 as above with 616 andt,«t, . Following a similar

(29 way as before, we obtain

where we have usedr.,= 2e2dth(0)/(7er) and o,
= (8172) 0o [ YIN(Ag/Y)AR With o= 47n;d[eVoN(0)]2. S P CC
One may think that we need to know the ratio|@f|? to t? °
in order to compare ., with o, . However, the conductivity
sum rule helps us to estimate the ratig.§{/o;,) without ad
hoc information.

Let us definen=ps co/psin=(LM2)/(1INF,), where pg
and\ are the corresponding superfluid density and penetr
tion depth, respectively. For coherent coupling

1+

|n2(A0/7)}, (35)

whereo,= oo ¥/Ag)? with (3/4)—2 andt,—t, .
Note thatt, andt, case both contribute in the same order
to the zero-temperature-axis superfluid density. For the
pure case, assumirtg andt, are of the same magnitude, the
atio of the two contributions is 16/3. This is in sharp con-
trast to what we found in the case af0,0) wheret, con-
tributes of ordet? while the contribution front,, is of order
, 30) t5(¥/Ag)? and so vanishes in the clean limit. Recently,
Gaifullin et al3® have measured the temperature dependence
of the c-axis superfluid density in Bi2212 and found that at
low temperature it is well fit by a foril—A(T/T;)“] with
a of order 4-6 close to the values reported for Hg1%b1.
This finding favors a pureé(¢) model which is known to
1 give aT® law (Ref. 20 and leaves little room for a subdomi-
_:32(70“2 [(k"?k)K(k)—E(k)!/k]?, (31) nantt, contribution because in this case th@xis penetra-
N B tion depth will mirror perfectl§? its in-plane temperature
dependence which goes liKe The data certainly preclude a
linearT contribution to the superfluid density of more than a
few percent implying a ratiot( /t,) of order <10! at
most. In this instance, the ratio/{A) can easily be compa-
(1613 ¥ 2 _rable to (8 /_t,ﬁ) and can even be the larger of th two. As an
1+ —(—m(Ao/)’)) ) (32  lllustration in the experimental work establishing the in-
7 Ao plane universal limit for the thermal conductivifythe val-

—1 13
Since the total superfluid densipg= p co+ ps,in» it can be ues of (y/A,) are of order=10™ -. Latyshevet al.”> quoted

! 1K'A/
> - (iAgly)

1
—=327e’dt?N(0)
co
whereK is the complete elliptic integral of the first kind. For
incoherent coupling, we assunié,|?=|V,|? for simplicity
and to illustrate possible effects. Then,

where k=Aq/ A5+ (0+ ysgw)?, «'=1—«?, andE is
the complete elliptic integral of the second kiHdSince y
<Ag, 7=16me?dt?N(0)/[12Ay0,] and we obtain

0= 0¢o

shown that v~3 meV for their single crystals, which is of similar order.
This implies that in the experiments on Bi2212, the contri-
N,—Ng 1+2% 1.08 bution too(0,0) of each oft, andt, terms are likely to be
b 2(1+ ) 1T e (33 close in magnitude. Nevertheless, it is concluded in Ref. 13

that the universal limit is observed so thatpresumably still
Note thaty in Eqg. (32) can be determined from the violation dominates. Additional work with various values 9f some-
of the conductivity sum rule Eq33). »— corresponds to what larger as well as smaller than used so far, should allow
pure coherent-axis coupling in which case the sum rule Eq. one to establish the size of the important ratip/t ;). This
(33) is conventional and equal to 1. On the other hand, information, with thec-axis optical sum rule, would allow an
—0 means pure incoherent coupling and the sum rule igstimate of each of the three possible contributions to the
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c-axis transport discussed in this paper. These parameters aret significantly change (). For incoherent coupling, only
important because they control alaxis transport. We point the paramagnetic interaction has an effect onctagis qua-
out here that we have considered separately thetgaaad  siparticle transport and(#) has no dependence on field di-
t(¢). If amplitudes are added and squared, a cross term dction. The coefficient of the first temperature correction
the form 2, t,co(24) will enter but this will not change Which goes likeT? is anisotropic only in the constant case
qualitatively the conclusion made above. The contribution ond shows the same mininienaxima as does the leading
such a term tar is [4e*dN(0)/mAg]t, t,(v/Ag)IN(Ag/y) contribution. . _

and to the superfluid density is 3B2dN(O)t,t,[1/2 The c-axis conductivity sum rule helps estimate sepa-
—(2/w)(y/\/72+A§)E(y/\/y2+A§)]. rately the contributions from coherent and incoherent cou-

pling to the quasiparticle transport without microscopic in-
formation on hopping amplitudes. However, it cannot, by
VI. CONCLUSIONS itself, differentiate between contributions from constant or
We have discussed how the nature of the interlayer cou@ngular dependent coherent hopping amplitude. To get sepa-
pling influences the c-axis quasiparticle conductivity rate information on these tyvo contributions, impurity studies
o4(w,T) in the absence and in the presence of an in-plan@omd be usgd. Con3|d¢rat|on qf the temperature dependence
magnetic field. In zero fieldg(0,0) is independent of the ©Of the c-axis superfluid density measured in Josephson
in-plane scattering ratg, to leading order, only for coherent Plasma resonance experiments already gives evidence,that
coupling with a constant hopping amplitude. Alss(w,0) is much Iarger_ tha_uhL , bu_t do not unamblguously rule out a
shows a different behavior for differert-axis coupling. ~Small t, contribution which could still be large enough to
Similarly, the field effects depend crucially on the nature ofdominate the universal limit forr(0,0,) in relatively pure
the interlayer coupling. For coherent coupling with a con-Samples {, /t,>y/Ao). At the same timet,, would domi-
stant hopping amplitude, an angular dependence of the comate the temperature dependence of the supgrflwd density.
ductivity o(6) appears in high field. The resistiviy(g) e mention that the sum rule of E(B3) was derived under
increases because the mismatch betwkeand k+q de- the assumptlpn that the normal's'tatg is Fermi-liquid like.
creasess(6), and p(6) is maximum (minimum) when the However, if it has a non-Fermi-liquid nature such as a
field is along the antinoddhoda) line. This confirms previ- Pséudogap, the sum rule has to be modified to account for
ous work?! When the paramagnetic interaction is included,th'§; therefore it is necessary to explore the competing eff_ects
p(0) is decreased because this interaction is pair breakingf interlayer coupling in a more fundamental theory which
and the anisotropy also decreases. For high fiég=(y), oes beyond a Fermi-liquid normal state.
the eighth harmonic appears and can be seen i thepen-
dence of p(6). For coherent coupling with an angle-
dependent hopping amplitude;(#) is insensitive to field Research was supported in part by the Natural Science
direction because this hopping amplitude eliminates the corand Engineering Research Council of Can&@8d8ERQ and
tribution of the nodal quasiparticles which manifest the an-by the Canadian Institute for Advanced Resea(€hAR).
gular dependence. Also, the paramagnetic interaction doa#.K. thanks E. H. Kim for many useful discussions.
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