PHYSICAL REVIEW B VOLUME 58, NUMBER 5 1 AUGUST 1998-I

Penetration depth and the conductivity sum rule for a model with incoherentc-axis coupling
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The conductivity sum rule for a one-band hopping model relates the integrated spectral weight of the real
part of the conductivity to the average kinetic energy. For such a model, the superconducting penetration depth
is therefore dependent upon both the change in the conductivity spectral weight and the change in kinetic
energy between the normal and superconducting states. Here we examine the consequences of this for the
c-axis penetration depth of a layered system in which the charge transfer perpendicular to th@laggrthe
c axig) is mediated by interlayer impurity scattering.
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The nature of the frequency- and temperature-dependetivity in the superconducting state relative to the normal state
c-axis conductivity,o1.(w,T), in the cuprate superconduct- and thec-axis penetration depth,. (Refs. 6 and ¥
ors remains controversial, but for a number of these materials
it appears to be weak and incoherériRecently, a simple c? 2 (= N S
modef~* consisting of layers with BCS quasiparticles which 5= —f do[oi(w)—oi(w)]. 5

; . . 4q\ mJo*

have ad,2_y2 gap and an interlayer coupling mediated by ¢
impurity scattering was used to calculate,(w,T). For this Herea?c andafc are the normal and superconductingxis

model, the conductivity sum rule relates the integrated SPEGonductivities respectively. However, when thexis tun-
tral weight undewr,¢(w, T) to the average kinetic energy per pojing process is incoherent and the gap has a strong mo-

; ; S i
unit cell in thec direction” For such a model, the supercon- . iim dependence, the changéKi) between the super-

ducting penetration depth is dependent upon both the changg,qcting and normal states becomes important. Then Eq.
in the conductivity spectral weight and the change in the(s) is modified to

kinetic energy. Here we examine this and discuss its conse-

guences. c? 2 (e
We consider a Hamiltonian of the form T = ;fwdw[(f?'c(w)_ai(w)]
C
H=H,,+Hc, (1)
_ 242 S__ N
whereH,,, describes the intralayer dynamics add is the e (Ke)™=(Ke)™).- ©
interlayer coupling For the case of al,2_,2 superconductor, if the tunneling
y
process is diffuse, the Josephson coupling between the layers

Ho=2 Vi(cl,, €l ¢ Cliss). 2) vanishe§™ and A, is infinite. In this casep () is still
o R T rasls T ST s suppressed when the gap is opefeeE Fig. 2 of Ref. ¥but

the change in the kinetic energy in E§) cancels the change
in the spectral weight, leading to an infinke . If the inco-
herent tunneling process is anisotropic, there will only be a
partial cancellation, leading to a largey than one would
find using Eq.(5). Here, we examine this effect for an im-
purity scattering model of the interlayer transport.

Taking V, to be weak, the first nonvanishing contribution

HereV, is a random potential due to impurity scattering be-
tween layers. We assume thidt,,, describes quasiparticles
with energye, in the normal state and BCS quasiparticles
with dispersionEp=\/szp+ Azp in the superconducting state
with A,=A, cos 2p,, ad,2_2 gap.

For this model, thec-axis conductivity sum rule has the

5
form to (K.), after averaging over impuritiés is
2 o c . )
—_— gi(w)dow=—(K,), 3 4n; —_— (Iw +E)(Ia) +€k)
wezdzfo 1e(@)do=—(K¢) ) ™S NVpleT S, e ST A
ab kP N [(wn)* = Epll(iwn)"— Ei]
whered is the interlayer spacing, angK.) is the c-axis )
kinetic energy per unit volume 4ns AA
m
- 2 ° 2 |Vpk|2T 2 . 2 2 p 2 241
(Hc) Nap kP N [(wn)" = Epll(iwn)*— Ei]

wherenj,, is the impurity concentration which causesiis
If the change iNK.) between the normal and superconduct-transport,N,;, is the number of sites in thab plane, w,
ing states is negligible, one has the usual relationship be=(2n+1)=#T, and we will take the impurity potential to
tween the loss in the«{>0) spectral weight of the conduc- have the separable form
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N 12— 2 2 butlarger than one would estimate from the missing spectral
_ Vo .|VO| i |Yl| o8 2?5‘( cos &by _ (E_s) areao)(©,T)— o3.(w,T) for ©>0. If |V,|? increases suf-
Physically, the first term in Eq(7) is due to quasiparticle ficiently so that|V;|2=2.16V,|? then there is no change
fluctuations between the layers, while the second term is dUBetweer( K)Sand(K )N and the correck . is obtained from
to superconducting pair fluctuations. the familiar sum rule, Eq(5).
Setting A,=0 in Eq. (7) gives us(Kc)". Taking Ay Equation(18) of Ref. 4 gives a prediction for the-axis
= A, cos 2py gives(K)® for ady2_,2 superconductor. Thus penetration depth for the model we considered here. It is

we find that
C2

—~4we2d2nfm N2(0)|V1|2A (0.48. (12
— =—16n p 0
<Kc>§xz,y2 <KC>N 1 iCmpNZ(O) I ; |VO|2 4”)\§

This is the result one would obtain if a direct magnetic mea-
2

o} ) Ao 2 surement of the penetration depth were made. Our(EL).
Xl =5 > | ~ (5) also gives a prediction for theraxis penetration depth. How-
Ajt ey | VAG+Hoq ever, Eq.(11) is the penetration depth inferred from a mea-
VAE surement of the conductivity. Our resul'gs_ show that for a
_16nicmpN2(0)TE | . 21 > momentum-dependent gap, the conductivity sum rule must
n | AG(AG+ wp) be applied with care to determine the penetration depth. Our
results show that for a momentum-dependent gap, there is a
<! w2k Ag change in thec-axis kinetic energy between the normal and
n \/W superconducting states; this change in kinetic energy must be
n . . . .
taken into account in order to correctly obtain the penetration
Ao 2 depth from the conductivity sum rule. A naive application of
— (A + 0)E| —— , (90 the conductivity sum rul¢Eq. (5)] would imply a penetra-
Ag+ tion depth which is smaller or larger than what would be

whereN(0) is the bare single-particle density of states, andneasured. From a correct application of the sum f&g.
K andE are complete elliptic integrals of the first and second(6)], the correct value of the penetration depth could be in-

kinds, respectively.For T<A , ferred. Equationg11) and (12) give the same value for the
penetration depth. However, Ed.1) is what one would use
SnﬁnpNz(O) to infer the penetration depth from a measurement of the

<Kc>dsxz, — (K=

, Ao(5.13Vo[?=2.37V4|%)  conductivity.

One can ask what has happened to the conductivity spec-
T)\3 of T tral weight. As Hirsch discussed,spectral weight can be
A_o In A_o : (100 transferred to or from higher bands which are not included in
our simple interlayer hopping model. Note however, for
Then from Eq.(6) we have |V1|2<2.16V,|?, we have the opposite effect to that dis-
cussed by Hirsch for his model of hole superconductivity.

+0

c? 2 wd N s That is, for the impurity model we have considered here,

477)\2_;f0+ ol 1s(@) =7 @)] when the system goes into the superconducting state, if
¢ |V1]2<2.16V,|?, spectral weight is transferred to higher
8nﬁnpN2(0) bands and the trua. is larger than one would obtain by

- e’d®Ag(5.13Vo|*~2.37V,|?). simply determining the missing spectral weight according to

Eq. (5). Conversely, if|V,|2>2.16V,|? spectral weight is
(1) transferred down from higher bands and the tyds actu-
However, we know that whefv;|2=0 there is no pair trans- lly smaller than that given by E¢5).
port and\. becomes infinite. In this case, the/o|> term The author would like to thank D. J. Scalapino for sug-
gives the difference between the area unali(w,T) and  gesting this problem. The author also thanks D. J. Scalapino,
o3(w,T) for >0 and there is n@-function contribution  D. Q. Duffy, and C. L. Martin for useful discussions. This
atw=0. For|V,|? small but nonvanishing\, becomes finite  work was supported by NSF Grant No. DMR-9527304.
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