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Comparison of the in- and out-of-plane charge dynamics in YBaCu3Og o5
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The in-plane optical conductivity has been successfully employed to obtain information about the coupling
of the charge carriers to the spin degrees of freedom in the highkides. We investigate how this inelastic
scattering affects the out-of-plane charge dynamics. We consider both cofiesplane momentum is con-
served and incoherenfno momentum conservatipe-axis transfers and find that the two cases give quite a
distinct c-axis conductivity as a function of energy. Comparison of our theoretical calculations with the
available data does not allow a definitive conclusion, but a momentum dependent coherent matrix element
characteristic of the Cufchemistry is favored with the possibility of a subdominant incoherent contribution.
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. INTRODUCTION ergy per copper atortf;!* (2) the fact that only about one
third of the total optical spectral weight condenses into the
Carbotteet al! recently suggested that a signature of thesuperfluid density at zero temperatdfelhis arises because
41 meV spin resonance which is measured in spin polarizefl is mainly the coherent part of the charge carrier spectral
inelastic neutron scattering experiménts the supercon-  density which condenses while the incoherent boson assisted
ducting state of optimally doped YB@uU;Og o5 (YBCO), is  background is largely unaffected by the condensatiGh.
also seen in the in-plane infrared optical spectrum as a funcfhe large peak observed in the microwave conductivity
tion of energyw. Following this initial suggestion Schach- around 35 K(Ref. 13 is understood as due to the collapse of
inger and Carbotfe' proceeded to analyze optical spectra inthe electronic scattering ratésvhich results from a low fre-
other highT; compounds and found that similar spin reso-quency gaping of the spin fluctuation spectrum due to the
nances develop in many of the cuprates but not in all. Thesgnset of superconductivity4) There is also a corresponding
authors provided a simple technidue®to extract from in-  peak in the thermal conductivity which the calculations
frared data an approximate electronic carrier-spin fluctuatiogyplain?®
spectral density which not only gives a picture of the posi- |n this paper we wish to extend the work to thexis
tion and width of the spin resonance, but also gives an absgyptical conductivity® '8to see if it too can be satisfactorily
lute measure of its coupling to the charge degrees of freeynderstood within a generalized Eliashberg formalism with
dom. More recently, consideration of in-plane optical data kernels determined from in-plane optical conductivity ddta.
in YBCO at several temperatures reproduced well the temThe out-of-plane optical response has been the subject of
perature evolution of the 41 meV resonaheeeasured in  considerable recent interé&¥’ due in part to the observa-
neutron scattering experiments and gave a carrier-spiion of an important violaton of the conventional
fluctuation spectral density which showed considerable=grrell-Grover-Tinkharff (FGT) sum rule. This sum rule is
variation with temperature. It consists of a broad spin fluc-oheyed by conventional superconductors but not by some
tuation background which extends, in frequency, to severghigh-T, cuprates in the direction perpendicular to the GuO
hundred millivolts and which persists in the normal state pjanes. In this case the missing spectral weight under the real
Superimposed on this background is a spin resonance contiart of the optical conductivity which disappears on entering
bution which exists only in the superconducting state forthe superconducting state, does not necessarily equal the su-
optimally doped YBCO and grows &8 is lowered. The perfluid density which condenses into a delta function at zero
growth of the resonance reflects modifications to the SPifrequencyw =0 in the real part of the optical conductivity. In
spectrum connected with the development of the superconpjs paper we will concentrate on the frequency dependence
ducting state as the temperature is lowered belgwthe  of the c-axis optical conductivityr.(T,w) at low tempera-

superconducting critical temperatiirét is found that feed-  tyresT in the superconducting state far>0.
back effects increase the stability of superconductivity and,

within an Eliashberg formalism for the superconducting
state, lead directly to a ratio of thlkwave gap amplitude to
the value ofT. which is considerably largethan the BCS
value of 4.3 in agreement with experiment. The out-of-plane conductivity(T,w) at temperaturd

Other observed properties of the superconducting statend frequency is related to the current-current correlation
can also be understood directly within the same frameworkfunction I1.(T,i»,) at the boson Matsubara frequeney
Most prominent among these ai® agreement with experi- =2n#T, n=0,=1,=2, ..., analytically continued to real
ment for the value of the zero temperature condensation erfrequencyw, and to thec-axis kinetic energyH):%33

Il. FORMALISM
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1 —5— ~ 4
crc(T,w)=Z[HC(T,ivn—>w+i0+)—e2d2<Hc>], (1) (T, ivy)=2(ed)?TX X Vi, {70G(K,iwy)
m Kk’
with e the charge on the electron addhe distance between X 70G(K,i om+ivy)} (4a)

planes in thec direction. In terms of the in-plane thermody-

namic Green’s functior@(k,iwn) and for coherent hopping
t, (k) perpendicular to the Cuplanes

(Ho=2T> X V2, (756K iom 736 (K,iom},
m kK’

(T =2(d?TS 3 () tr{7uB(kiion) (4b)
X }Oé(k,i wntivy)} (2a) with Viyk, the average of the square of the impurity potential.
If the impurity potential was taken to conserve momentum,
and which it does not, we would recover Eqg). Various mod-

els could be taken fo\’/ﬁ‘k,. Here we use a form introduced
by Kim?® and Hirschfeldet al®

(Hoy=2TY, ; t2 (k) tr{ 736 (K, i wm) 736 (K,i o)}

(2b) -
) Vi o= Vol ?+|V1|?cog2¢)cog2¢) (5)
In Egs. (2) the 2x2 Nambu Green'’s function&(k,iw,)
describes the in-plane dynamics of the charge carriers with
momentumk in the two-dimensional CuQplane Brillouin ~ with ¢ and ¢’ the directions ok andk’, respectively.
zone, iw,=i(2n+1)7T for temperature T, n=0,=1, As written Egs.(2) and(3) involve Green'’s functions in
+2,..., and isgiven by the imaginary frequency Matsubara representation. To obtain
the conductivityo(T,w) as a function of real frequency an
5 R L R analytic continuation in EqJ) to real frequencies is needed.
iw(iwy) Tt {3t Av(iw,) 7 This could be done by Padmproximates, but here we ana-
— ooy -2-R2(iw,) 3 lytically continue the entire equations and work with real
n ke kN frequency Eliashberg equations. Fordawave supercon-
ductor with gapA,=Aycos(2p) on a cylindrical Fermi sur-

where thes’s are the Pau]i X2 matriceg,gk is thg band face wherep is the polar angle in the two-dimensional CuO
energy of the charge carriers as a function of their momen-

« Xolio) is th ized i H Brillouin zone, the basic equations far and & which in-
tum k, I'k(lg)nl)\/l IS tbe renforma|ze' galp a (""n)d tl eh clude inelastic scattering due to a boson exchange mecha-
renormalized Matsubara frequencies. In our model thesgiq, peaween the charge carriers and described by the spec-

guantities are determined as solutions of Eliashberg equgr,| densityl 2y(w) (Refs. 34,35 take on the form
tions suitably generalized to describedavave supercon- o

ductor in terms of a charge-carrier-spin-fluctuation spectral
density 12y(w) which we have determined previously
from consideration of the in-plane optical conduc- _
tivity. 234 The method” is to use the second derivative A(v+id8;¢)=7nTgY, co2¢)[\(v—iwmy)
(1/27)(d*/dw?)[ w7 Y(w)] of the optical scattering rate m=0

G(k,iw,)=

[

7 (w) in the superconducting state as a first estimate in the N (v+iog]

construction of a model for the underlying charge-carrier-

spin-fluctuation spectral densityy(w). Aliwy; ¢’ )cog2¢") '
In Egs.(2) the out-of-plane matrix element (k) can de- X

pend on the in-plane momentukn Models have been sum- \/Z)Z(i wm) A% (iwm;d")

marized in the recent preprint of Sandeman and Schéfield
who refer to previous literatur®>2 A possible choice is +i fw d 2

cog2¢)l n(z)+f(z—
t, (k)=t, , a constant. But, consideration of the chemistry of ' —w 2c0824)I"x(2)[n(2) +1(z=v)]
the CuQ plane and of the overlap of one plane with the next, ~ _ ,
suggests a forr, (k) =t, co$(2¢) whered is the angle ok ><< A(v—2z+id,¢")cog2¢") >

in the two-dimensional CuBrillouin zone for the plane \/~2 i = i ;
motion. This matrix element eliminates the contribution from w(v=2z+i0)—A%(v—z+is¢’)
nodal quasiparticles entirely from tleeaxis motion.
) . Y : (6a)
For incoherent impurity induced-axis charge transfer
Egs.(2) are to be modified. After an impurity configuration
average we obtain and in the renormalization channel
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* lowed for the possibility that they do not both have the same
w(r+id=vHiaT X, [Nv—iwg)—Nr+iom)] magnitude, i.e.g needs not be equal to one. These equations
m=0 are a minimum set and go beyond a BCS approach and in-

5 clude the inelastic scattering known to be strong in the cu-
< w(iog) > ' prate superconductors. In the normal statd aiearT. the
X

inelastic scattering rate varies linearlyThas it does in our
model, and is of the order of a few timés.
More complicated models which include the possibility of

Voo + A2 on: ')

I hot spots®~3°could be introduced in our work but would not
tim|  dzEx(@)[n2)+1(z-v)] alter the main points we wish to make. In our formalism hot
spots can be introduced by inserting an angular dependent
~( —2+i6) / factor in Eq.(6b) for the renormalized frequencies. Presently,
><< o > this quantity is isotropic but we could multiply the spectral
- 2 . . .
7S — Ry 7 LS b deljsny [“x(w) (which enters t_h|s equat_u)nby a factor
\/w (v=2z+id) =A% (v=2+i8¢") which increases the scattering in the antinodal as compared
Q) with the nodal direction. This would complicate the numeri-
+inl™t , (6b) cal work but goes beyond what we wish to do here. In any
c?+D?(v)+0%(v) case, recent analysis of angular resolved photoemission
_ (ARPES data on the marginal Fermi liquidMFL)
with (- - -) the angular average ove, and phenomenolodf?~*® indicates that the inelastic part of the
quasiparticle scattering in the cuprates may be quite isotro-
°° 12x(w) pic.
)\(V)=—f dﬂm, (7) For the BCS case we get similar formulas on the real
o axis#
A(v+is;¢) N
D(v)= , (8) Ag(v,¢)=Aoc0g24), (129
Vo2(v+i8)—R2(v+i8:d)
- 8 Ay(v)
w(v+id) A(v)=imt* = — ~ , (12b
Q= e O Vor(v)~K2(v) - Ki(r.9)
Vo2(v+i8)—R2(v+i8;¢)
Equationg6) are a set of nonlinear coupled equations for the »(v)
renormalized pairing potentiak (v+i8;$) and the renor- w(v)=v+imt” = — = ,
malized frequencies(v+id) with the gap \/wz( v)—A(v)—Aj(v;p)
(120
X(ptis
A(v+id, )= ,,M (10 with impurities treated in the Born limit.
o(v+id) In Eqg. (6b) the impurity scattering rate is proportional to

' and enters only the renormalization channel because we
have assumed a pugwave model for the gap with zero
average over the Fermi surface. This is expected to be the
case in a tetragonal system. The parameter the elastic
Z(v+i5;¢) scattering part of Eq(6b) is zero for resonant or unitary
Tz (11)  scattering and infinity in the Born approximation, i.e., weak
scattering limit. In this case the entire impurity term reduces
Here, v is a real frequency and is a positive infinitesimal to the formi«t ™ Q(») with c absorbed inta™. For interme-
0*. To arrive at these equations a separdbiethe angular  diate couplingc is finite. The thermal factors appear in Egs.
part) model was used for the pairing potential. In the pairing(6) through the Bose and Fermi distributioifz) and f(z),
channel it has the forngcos(2p)I%y(w)cos(2’) with g a  respectively.
constant and?y(w) the pairing spectral density. This leads ~ From the solutions of the generalized Eliashberg equa-
to a gap proportional to cos¢ by arrangement. No other tions (6) we can construct the Green’s functi@8) analyti-
anisotropies are included and we note that the renormalizazally continued to the real frequency axis In this formu-
tion channel(6b) is isotropic with the same spectral density lation the expression for the conductivig(T,w) based on
12x(w) as in Eq.(6a) but with no g value. In general a Egs.(2) and(3) is lengthy; nevertheless, it is given here for
different form of the spectral density could come into Egs.completeness. For instance, the in-plane conductivity, after
(6) but here, for simplicity, we have the same form but al-an integration ovek has been performed, is given by

or, if the renormalization functioZ(v) is introduced in the
usual way aso(v+id8)=vZ(v) then

A(v+i8 ¢)=
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T an(

o 2 2T

([ avian

v+Q 1

E*(vi)+E*(v+Q;¢)

+f dvtan
0

1%

1
)E(v;¢)+E(v+Q;¢)

[1-

[1-N(;¢)N(v+Q;¢) = P(v;¢)P(r+Q;¢)]

N*(v;¢)N*(v+Q;¢)—P*(v; )P (v+Q; ¢)]

2T

E(v+Q;¢)—

-

E*(v;¢)+E*(v+Q;¢)

=

E(v+Q;¢)—E*(v;¢)

with
E(w;¢)=Voi(w)-Ai(o) (13b

and

w(w) Ay(w)

E(w;¢)’ E(w;¢)
In the above(- - -) means an average over the anglend
the star refers to the complex conjugate. For dkeexis con-

ductivity (- - -) is to be replaced by- - -cog(2¢)) and the
prefactor is different withy2/2 to be replaced by?t? . The

N(w; )= Plw;¢)= (130

[1+N*(v;)N(v+Q;0)+P (v, ) P(v+;¢)]

E*(V;¢)[1+N (v;@)N(v+Q;0)+P*(v; ) P(v+Q; )]

[1-N*(v;)N* (v +Q;¢) = P*(v; ) P* (v +Q; )]

(133

|

ing gap function(dashed curve** The solid curve is zero for

all frequenciesv<2A, (twice thes-wave gap value ol ).
This is a well known result which has its origin in the fact
that, at zero temperature, all the carriers have condensed into
the superfluid and for there to be absorption, two quasiparti-
cles excitations corresponding to the breaking of Cooper
pairs out of the condensate are needed. This coAts ¢t
energy. In the normal statelotted curve the equivalent ex-
citations correspond to the creation of a hole and a paificle
excitations. At w=2A there is a sharp absorption edge and
the conductivity jumps to a value close to its normal state
Drude valug(dotted line in Fig. 1 In the above, the gap has
been set at 24 meV, a value characteristic of optimally doped
YBCO. Also for the normal state Drud@lotted curve the

above set of equations is valid for the real and imaginary parimpurity scattering rate was™=0.001 meV. This very

of the conductivity as a function of frequen€y. It contains

small value was employed so as to be able to resolve fine

only the paramagnetic contribution to the conductivity but

this is fine since we will be interested in this paper mainly in
the real part of the conductivity for which the diamagnetic
contribution is zero.

The real part of the incoherent conductivity along the
axis is in turn given bynormalized to its normal state value

Ulcn)ls
‘Tlc(m:lj dw[f(w)—f(w+Q)] N(o+Q)N(w)
O1cn 4
\%1
+ 12 P(w+Q)P(w)]. (14
0

IIl. RESULTS AND DISCUSSION

We begin our discussion by highlighting some of the im-

8.0x10°
s-wave, A, = 24 meV
- =--d-wave, A, = 24 meV
6.0x10°F v memee normal state
4.0x10°

o,(0) (arb. units)

2.0x10°

0.0

100 150 200

® (meV)

FIG. 1. Comparison of the real part of the in-plane conductivity
o1(w) of a d-wave superconductofdashed ling and ans-wave

portant results for the real part of the in-plane conductivitygperconductofsolid line). Each have a gap afo=24 meV. For

o4(T,w) as a function of frequency at low temperatuiies
We will want to compare ouc-axis results with these in-
plane results. In Fig. 1 we show,(w) VS @ within BCS
theory for a conventiona-wave gap(solid curve and com-
pare with the less known results fordawvave superconduct-

the swave there is no absorption till&2, while for thed wave with
A=A, cos(2p) with ¢ an angle in the two-dimensional Brillouin
zone, there is a reduction as compared to the normal state Drude
(dotted curve The slope ofoy(w) has a maximum at\, and
o1(w) has an additional small structure aAg
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structures in tha-wave results which we will now describe. 4000 -y -
The dashed line is for @-wave superconductor in the ! Expe”mem
BCS limit. In the two-dimensional CuQBrillouin zone the '. T IZX((D)
s00f-¢4  =eee- Iy(w), t" = 0.32 meV

angle ¢ gives the direction of momentunk and Ay 5
=A,cos(2p) in our simple model. It is clear that, entering _ ~-—— [{@},T" = 0.6 mey
into the superconducting state, redueggw) in the region ‘g = TG es
of the gapA, but does not make it go to zero because even ™} BCS, 1= 032meV
at T=0 some of the electrons have zero or very small gap &
values, namely those on the main diagonals of the Brillouin &
zone for¢g= = «/4. It is also worth emphasizing that, above
2A, the conductivity goes back to its normal state value
faster than it does for thewave case. Fos wave the curve . o . _
for o1(w) is above the normal state Drude fee=2A, and 0 50 100 150 200 250
merges with the Drude form from above. Fdrwave the o (meV)
superconductingr,(w) is slightly below the Drude in the

same region but not by very much. In both cases the missing FIG. 2. Comparison of the real part of the in-plane conductivity
optical spectral weight on entering the superconducting stat&:(«) Vs o for various models. The grayed solid line with a peak

of course, goes into the superfluid which provides a delté)efore 50 meV is BCS. The dash-dotted line is an Eliashberg cal-

. . _ . . culation with an MMP spectral density peakedai=20 meV.
func'Flon response inry(w) at w=0. This I§ _not shown in The dashed line is the same but withy(w) used instead of the
our figure. Note also that tretwave conductivity has a small

. - ) MMP model. As described in the text this electron-boson spectral
structure(on the scale of the figuyat w=A, corresponding densityl2y(w) has been determined through a consideration of the

to a maximum in slope fow;(w) and has another small jy-plane optical data. The dotte@®orn) and dash-double-dotted
structure atw=2A, corresponding to a kink in the curve. (unitary scattering curves include impurities in addition to the
These structures have their origin in the particularities of the?y(w) model for inelastic scattering. The solid line is the data of
d-wave state. For example, thwave, the quasiparticle den- Homeset al®

sity of states as a function of energy is lineakirat smallw

and has a logarithmic singularity at= A before taking on

its normal state value at large. This singularity is much 12x(w)=1?
weaker than for the correspondisgvave case for which the

density of states is zero up =4, at which point it dis- here2 is 4 coupling of the carriers to the spin fluctuations
plays an inverse square root singularity. This square roolq,, _js a characteristic spin fluctuation frequency. In our
singularity does not imply a singularity ior; (@), however. o1k 12 andwer are adjusted to get the best possible fit to the
As we have seen in Fig. 1, there is instead only a sharp edggormal state conductivity. The same spectrum is used at all
in 01(w) at twice the gap value. We can therefore expeckemperatures in the superconducting state with the valge of

much smaller structures iy (w) at =4 and 24 in iy the X _channel(6a) of the linearized Eliashberg equations
d-wave than in thes-wave case at &, and this is confirmed ¢q¢ 1o get the measured value Bf=92.4 K. There are no
by our numerical results given in Fig. 1.  other parameters witly=0.98 in Egs.(6). The resulting
These results are presented here mainly for comparisofash-dotted curve is to be compared with the BCS result. It
with full Eliashberg results based on the formalism given injs seen to be quite different. In particular there is no trace of
the previous section which includes inelastic effects. Thesghe small structures found in the BGS(w) at w=A, and
can be very large in the cuprates, and are described by theA ;. In the MMP model the inelastic scattering at such en-
charge-carrier-mediating-boson spectral densfty(w) in-  ergies is large and smears out any such small structures.
troduced in the previous section. Several different theoreticaHowever, now there is a significant structureAgt plus the
results are presented in Fig. 2. Four different curves arenergy of the peak it?x(w), namely,wse=20 meV. Since
shown for comparison with each other. They were chosen tin a d-wave superconductor electrons at the Fermi energy
illustrate the main features present in the in-plane conductivwith momentum along the main diagonals have zero gap, the
ity when inelastic scattering is included. The gray solid lineboson assisted processes start, in principle, at zero energy
with a maximum beforev=50 meV are BCS results as in plus the boson energywg) rather than twice the gap plus
the previous figure. It is totally different from the other wg. But such processes make only a small contribution to
curves and disagree strongly with experimésulid curve.  the real part of the conductivity and are not seen as a promi-
The other curves are all theoretical and based on the Eliasment structure in this quantity. At the gap enetyyythe den-
berg equations but with different models for the charge-sity of electronic states, however, has a logarithmic van Hove
carrier-mediating-boson spectral densit§y(w»). For the singularity and this is sufficient to produce the structure at
dash-dotted curve referred to as MMP withye=20 meV, Ag+ wg described above. This is discussed in more detail in
we employed the simple spectrum for the interaction withthe work of Carbotte and co-workérs’ and we return to it
the spin fluctuations first introduced by Pines andbelow. Itis sufficient here to state that a reasonable picture of
co-workers®®# |t has the form*4°4¢ the underlyingl?x(w») can be obtained from a second de-

1000 -

w/ws,:

D ——— 1
l+(w/ws,:)2, ( 5)

094501-5



E. SCHACHINGER AND J. P. CARBOTTE PHYSICAL REVIEW B4 094501

rivative of the corresponding optical scattering rates as a  25x10°
function of energy. This quantity contains a recognizable pic-
ture of 2y(w). Here we point out that after the main Drude
peak has largely decayed with increasingthere is a region

of low conductivity ino;(w) which is followed by a rise at
higher energies. This rise corresponds to the boson assiste”g L 2
incoherent part of the electron quasiparticle spectral density's

The coherent delta function which is also present in the qua- 3 1.ox0°
siparticle spectral density contributes the Drude. In our work g*

2.0x10°

this part contains about 25% of the total spectral weight. d :ix(:f)n?in; 85 el e IIZX((O;)) £ = GBS mal
The boson assisted region at higher energies can be use > o pons ==

to model 12y(w) rather than taking it from some simple o

theory such as MMP. We can use the solid curve which = w =m o

shows the in-plane ddfta@o get an experimentally measured w{meV)

I2x(®). When this is done we find that it consists of the 41

meV spin resonance m'easured in inelastic spin polarizgd FIG. 3. The imaginary part of the conductiviiyo-,() vs o for
neutron scattering 'experlments, plus a background extendlqge various models described in Fig. 2. The solid curve is the data.
up to 400 meV which we model by an MMP spectrd®).  The gash-dotted curve is the result of an Eliashberg calculation with
The resultingl®x(w) gives the dashed curve which agreesan MMP model while the other curves are based on the model
with the experimental data in the boson region. This good2, () which includes the 41 meV resonance. These three curves
agreement provides strong evidence for charge coupling t@re for the pure casénly inelastic scattering, dashed linend
the spin resonance at 41 meV which exists only in the supefwith some additional elastic impurity scattering in Bofuotted
conducting state of optimally doped YBE®elow T,. The  and unitary (dash-double-dottedlimit with t*=0.32 meV and
calculations were performed &=10 K which is close I'"=0.63 meV, respectively.
enough to zero. The spectral weight of the spin resonance is
largest afT=0 and decreases with increasifdo vanish at , )
T=T.. The temperature dependence of the resonance, me@l Structures inwo;(w) vs w fall around or below twice the
sured by neutrofisis also well represented in the optical Value of the gap amplitud&,. The structure observed in the
data’ There are two other sets of results presented in Fig. 2data at approximately &, plus the resonance energy and
The dotted curve usey(w) in the calculations but also IS thus the signature ab, in wo(w). For the MMP model
includes impurities in Born scattering withi =0.32 meV. (dash-dotted curyehere is a dip too but it falls at the wrong
This does not much improve the agreement between theof§1€r9y- , o
and experiment in the frequency region below the boson as- e give a few more details about the second derivative
sisted region. The dash-double-dotted curve also includg§chnique Wh!Chz was used by us to construct the underlying
impurities but this time the unitary limit is used wii*  SPectral densityx(w) from infrared data. A functioWV(w)
=0.63 meV. We see that we now have an excellent fit to the
data throughout the entire frequency range. We note the im- 1 d?
purities hardly affect the boson assisted region which deter- W(w)= 27 dw?
mines!2y(w) but dominate at loww and that some resonant
scattering must be included to get agreement in this regionis constructed as a guide only. In the normal state and at low
The agreement obtained between Eliashberg theory ari@émperatures this function is almost exatfly’ equal to the
experiment is not limited to the real part o{w). In Fig. 3  input 1%x(w) for models based on the nearly antiferromag-
we show results for the imaginary part o{w), more pre- netic Fermi liquid(NAFFL). Of course,l?y(w) is seen in
cisely for wo,(w). The curves are labeled as in Fig. 2. The W(w) through electronic processes. But in the normal state
solid line is the data which is not well represented by thethe electronic density of staté¥¢) is constant and so does
dash-dotted curve based on an MMP model for the spectraiot lead to additional structures W(w) that are not in
density. To get agreement it is necessary to include in ah?y(w) which would then corrupt the signal, if the aim is to
Eliashberg calculation the 41 meV resonance as we havebtain|?y(w) from W(w). This is no longer the case in the
done for the real part af(w). The pure case without impu- superconducting state because of the logarithmic van Hove
rity scattering fits the boson assisted region as well as thsingularities inN(g) and these do indeed strongly influence
other two curves with Born scattering=0.32 meV(dotted the shape oW(w) and introduce additional structures in
curve and resonant scatteridfyj’ =0.63 meV(dash-double- W(w) corresponding to combinations of the positions of the
dotted curve However, at lower frequencies, below 25 meV, singularity inN(e) and the peak iny(w) atw, (resonance
only the curve with resonant scattering fits the data wellfrequency as described by Abancst al#’ The structures in
Returning to the phonon assisted region the large dip i'W(w) corresponding to these singularities contaminate the
woy(w) seen around 75-80 meV and reproduced by ousignal in the sense th&¥(w) in the superconducting state is
theory is a signature of the 41 meV resonance in this quamo longer equal to the inplify(®).2* In fact, only the reso-
tity. The dip is not present in a theory of the infrared opticalnance peak appears clearlyAg+ o, and its size ilN(w) is
conductivity based od-wave BCS theor§* In such a theory  about twice the value of?x(w) at that frequency. In some

(O]

(o)

(16)
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o (meV) FIG. 5. Comparison of the real part of the conductivcbt_y(a_))

vs w for the in-plane casé&otted curvg¢ andc axis. The solid line

FIG. 4. Second derivativéV(w) compared with input boson S for coherentc-axis hopping With_t(¢)_=tlco§(¢) with ¢ an
spectral densityl2y(w). The 41 meV peak inl%y(w) (gray angle in the_two-dlmensmnal_CQGB_rllloum zone. The dash-dott_ed
squaresis clearly seen iW(w) (solid line) as are the tails at higher Curve is for incoherent tunneling witV, /Vo| = 1. All curves are in
energies. In the energy region between 75 and 150 meV the vaih® BCS model.
Hove singularities in the electronic density of states show up added
on to w, and distort the correspondence betwedffw) and
12x(). been studied by Hirschfelétal*® and by other®? to

which the reader is referred for more details.
In Fig. 5 we show BCS results for the real part of the

cases the tails iWV(w) also match well the tails ih’y(w).  c-axis conductivityo;.(w) vs w and compare with the in-
In the end, of courséN(w) serves only as a guide and it is plane conductivityr;(w) (dotted curvé In this case the gap
the quality of the final fit to the conductivity data that deter-is 24 meV and the in-plane impurity scattering ratet s
mines the quality of the derivelf y(w). =0.1 meV. We see that the structuredaf and 2\, in the

Nevertheless, in addition to giving a measure of the coudotted curve foro;(w) have been smeared out somewhat
pling of the charge carriers to the spin resonaWfgs) can  more when compared with the equivalent results shown in
also be used to see the position of density of states singularFig. 1. This is due to the larger impurity content. This curve
ties, as shown in Fig. 4 wheréy(w) (gray squaresand s for comparison with ouc-axis results which we now de-
W(w) (solid line) derived from our theoretical results are scribe. The solid curve is for the coherent tunneling case
compared. Also shown by vertical arrows are the positions ofvith t, (k) =t, co$(2¢). This hopping probability eliminates
Apt o, 2Agt+w,, Ag+2w,, and Ay+2w,. We note the nodal quasiparticles alongr{m) which do not partici-
structures at each of these places and this information ipate in the out-of-plane dynamics. This gets rid of much of
valuable. Note that at®2,+ w, the large negative oscillation the remaining Drude-like contribution at very lawwhich is
seen inW(w) is mainly caused by the kink iPy(w) (gray  still clearly present in the dotted curve although it is substan-
squares at about 55 meV. The density of electronic statestially reduced by superconductivity as compared to the nor-
effects clearly distorted the spectrum above the resonanaeal state Drudésee Fig. 1 The solid curve is small at small
peak andV(w) stops agreeing with the inptfy(w) in this  » and peaks just below=2A, where the dotted curve for
region until about 150 meV where agreement is recovered. Ithe in plane case has a small structure. At higher energies,
summary,W(w) contains some information on singularities there is little difference between the in-plane and out-of-
in N(&) as well as on the shape and sizel &f(w») and, in  planeo;(w) although the magnitude of these two quantities
the superconducting state, the two effects cannot be clearlg of course very different. If instead of using(k) we had
separated. Nevertheledt/(w) remains a valuable interme- used a constartt for the c-axis transport, the out-of-plane
diate step in the construction of a charge carrier-exchange;.(w) would mirror the in-plane case;(w). This would
boson interaction spectral density from optical data. also hold in the more complex Eliashberg calculations. Only

We next turn to thec-axis dynamics and present results the magnitude is different between in plane and out of plane
first for a BCS model. To proceed we need to specify than this case because of differences in over all multiplicative
transverse coupling. We have presented in the theory sectidactors in front of the expression for the conductivity. The
two possible models. The first one is coherent tunneling witHinal curve in Fig. 5, dash dotted, is for the incoherent case.
the matrix element, (k) conserving in-plane momentum We see that it too is near zero at smalblthough it rises out
and probably equal to, cog(2¢) where ¢ is the angle ok of zero more rapidly than does the solid curve. It shows no
in the two-dimensional Cuf Brillouin zone. The other structure whatever at the gap or at twice its value. The main
model is incoherent tunneling for which momentum is notrise is accomplished within the regien<2A,. At high w it
conserved. To be definite we will u$¥;/Vy|=1 [see Eq. saturates to a constant value of one. This is because we have
(5)] in the impurity potential. Other values ¢¥,/V,| have  normalized our results to the normal state conductivity and
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FIG. 6. Comparison betwee(solid) in-plane and out-of-plane FIG. 7. Comparison between in plafgotted and out of plane

(dashedl real part of thec-axis conductivityoye(w) VS @ in an  (sojig) for the real part ofoy(w) Vs . The data is from Homes
Eliashberg model with our model carrier-boson spectral density,, al. (Ref. 16.

I2x(w) which includes the 41 meV spin resonance. The dotted

curve iso.(w) for a BCSd-wave model with the same gap value

as in the Eliashberg work and is included for comparison.
pressed. This favors thig co(2¢) matrix element for the
c-axis dynamics as we have just seen. Further, in the boson

the curve becomes very flat. The corresponding normal stat%ss'Sted region the two curves show almost perfect agree-

conductivity would be a horizontal line at this saturatedment.wIth gach other., which again favors thia:os'z(2¢)
value, constant for all». This behavior bares no relation to cpuplmg as illustrated in the t.heor'etlt_:al curves of Fig. 6. One
the in-plane coherent result difference is that the main rise, indicating the onset of the
The results foroi.(w) presented so far are for compari- boson a_sssteql incohere(in-plang Processes, appears to
son with those based on solutions for the Eliashberg equaﬁave shifted slightly towa.rd Iowgr frequgnmes n tham; .
tions given in the previous section and which properly in_data as opposed to a shift to slightly higher frequenclles in
clude inelastic scattering through the spectral densit)?ur theo.ry. It should be remembered, hqwever, that n t_he
12y(w). Before presenting our-axis results in this case we raw c-axis data, large structures appear in the conductivity

stress again that, the boson exchange kerfg{w) is an due to direct phonon absorption and these need to be sub-

in-plane quantity and is taken from our discussion of thetracted out, before data for the electronic background of Fig.

in-plane conductivity. It is not fitted to angraxis data. It is
to be used unchanged to calculate the out-of-plane conduc 27
tivity assuming coherent hopping with (k) =t, co(). 180 -
The solid curve in Fig. 6 are the in-plane Eliashberg results 160 |
which are included for comparison with the dashed curve [
which is for thec axis. In the boson assisted region, which
would not exist in a BCS theory, both curves have a remark- f‘g or
ably similar behavior. At very low frequencies, a region - 100
which comes mainly from the coherent delta function part of 5 I
the carrier spectral density, and which is the only part in- %
cluded in BCS, we note a narrow Drude-like peak in the
solid curve. This part is suppressed in theirection(dashed
curve because the contribution from the nodal quasiparticles 20 k
are effectively left out by the, co(¢) weighting term. o &7, L . L . I : :
Also, shown for comparison are our previous BCS results for 0 % 100 1% 200 290
coherent hoppinddotted curve These results show no re-
semblance to our Eliashberg results and also do not agree
with experiment. What determines the.”.‘a'r.‘ rise in the regiohe c-axis conductivity(black solid curvg The theoretical curves
beyond the: Drude part of the condyctlyltymc(w) are Fhe were obtained in a BCS theory, solid grégohereny, dotted gray
boson assisted proce'sses and this rise does not signal th'ﬁ't:oheren) and the others in Eliashberg theory with MMP model
value of the gap or twice the gap for that matter but rather g g impurities* =0.311 meV. The black dotted curve is for inco-
combination ofA, and the resonance energy . herentc axis with |V, /Vo| =1, the dashed curve for coherenaxis

In Fig. 7 we compare the data from Hometsal’® on the  with t, () =t, co2(24) with ¢ an angle in the two dimensional
same graph for in-planédotted and out-of-plane(solid) CuQ, Brillouin zone, and the dash dotted curve is a fit to the data
conductivity o1(w). It is clear that in thec direction, the provided by a mixture of coherent and incoherent. We stress that
nodal quasiparticle seen in the dotted curve are strongly suphis last fit is for illustrative purposes only, and is not unique.

Experiment
- - —cos*(29)
----- incoherent
—-—--0.8*cos*(2)+0.2*incoherent
BCS-cos*(2¢)
BCS-incoherent

o (meV)

FIG. 8. Comparison with the data of Homesal. (Ref. 16 for
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7 can be obtained. In view of this, it is not clear to us how In this approach the coherent delta-function-like part of
seriously we should take the relatively small disagreementthe electron spectral density which is sharply peaked at the
that we have just described between theory and experimenquasiparticle energy leads to a Drude type response in the
With the above reservation kept in mind we show in ournormal state and a BCS type response in the superconducting
last Fig. 8, a comparison of various theoretical results withstate. The dominant incoherent background of the electron
experimentat-axis conductivity(black solid ling. There are  spectral density provided by the coupling to the spin fluctua-
five additional curves. The black ones are obtained from ations, however, leads to an additional boson assisted region
Eliashberg calculation based on the MMP modellfoy(w) for the conductivity which is not strongly changed by the
with impuritiest™ =0.32 meV included to simulate the fact onset of superconductivity except that it is a shift by roughly
that the samples used are not perfect, i.e., are not completelyo. This part of the conductivity, not included in BCS, con-
pure, but this parameter does not play a critical role in outtains the largest part of the optical spectral weigdftorder
discussion. Incoherent-axis coupling is assumed with 75%) and can be used to get information on the underlying
|V1/Vo|=1 (black dotted. It is clear that this curve does not [nelastic processes that presumably cause superconductivity.
agree with the data and that the coupling alengannot be The in-plane conductllwty reveals _couplmg to the 41 meV
dominated by incoherent hopping between pldfie@n the resonant peak seen in spin polarized neutron scattering as
other hand, the fit to the black dashed line is good in com¥ell as to the spin fluctuation background extending to high
parison. It uses the same MMP model but with coherent couENerges. For coheremtaxis hopping the boson region in

oling of the formt, (k)=t, co2(2¢). This fit may already be 01c(w) has the same form as it does in the in-plane case and

judged satisfactorily but it should be remembered that if wethls fact is largely bom out in the experimental data. This

had used the model dfy(w) with the 41 meV peak in- would not be the case if theaxis coupling were incoherent.

: . Assuming pure incoherent coupling gives no agreement with
cluded instead of MMP, the agreement would have deteriog,s jata although a best fit is obtained with a small subdomi-

rated. This is troubling since one would expect that coupling,ant jncoherent part in addition to a dominant coherent part.
to the 41 meV spin resonance would be stronger in thexn jmportant conclusion coming out of our analysis is that
c-direction data than itis in the in-plane data. This is becausghe c-axis conductivity data gives independent confirmation
the ¢ axis emphasizes the hot spots around the antinodaby the form of the charge carrier boson spectral density ob-
directions which connect best tar(w) in the magnetic sus- tained solely from in-plane infrared optical data.
ceptibility. This is the position in momentum space where \While the infrared conductivity at higher energies is
this spin resonance is seen to be located in optimally dopedominated by the inelastic processes and not much affected
YBCO. On the other hand, recent ARPES d3t&which fit by a modest amount of elastic impurity scattering, the low-
well the MFL (marginal Fermi liquidl phenomenology show energy part is much more sensitive to impurities and depends
little in-plane anisotropy for scattering around the Fermi surdess directly on the inelastic scattering. In this sense, this
face and this is consistent with the findings here. frequency region can be partly understood within BCS
The dash-dotted curve in Fig. 8 illustrates the fit to thetheory at least at low temperatures. One needs to remember,
data that can be achieved with a dominant coherent piece afpwever, that the spectral weight under the Drude-like curve
subdominant incoherent contribution. It is not clear to us thats only a fraction of the entire spectral weight and comes
such a close fit is significant given the uncertainties in theonly from the delta-function-like part of the electron spectral
data and the lack of uniqueness in the fitting procedure. Iflensity. Also even in this energy region there are other pro-
does, however, illustrate the fact that a small amount of infound modifications introduced by the inelastic scattering off
coherent-axis hoppmg cannot be Comp|ete|y ruled out from the spin fluctuation spectrum. For example, all traces of the
consideration of the infrared data and that this data can beémall structures expected &y (w) at the gap and twice the
understood quite well within Eliashberg theory. The last twogap values are smeared out because, at such higher frequen-
curves(solid gray and dotted grare based on BC&wave  Cies, the inelastic scattering rate is already large. Structures
theory and are reproduced here to illustrate the fact that suc#P appear in the data, however, at the energy of the gap and
a theory is unable to explain theaxis data. The solid gray Of twice the gap plus once or twice the energy of the spin
curve is witht, (k) =t, cof(2¢) and the dotted gray one for resonance peak which is seen by inelastic neutron scattering
incoherentc-axis transport. Compared with our Eliashbergat 41 meV in optimally doped YBCO.

results the agreement with the data is poor. Finally, we point out that the spectral density for the ex-
citation spectrum that causes the superconductivity in our

approach which consists of a peak at 41 meV plus a long
IV. CONCLUSION nearly constant background extending to very large energies
while consistent with NAFFL of Pines and co-worké&r4?

We have considered the-axis charge response as re- could also arise in other microscopic mechanisms. Recently,
vealed in the real part of the frequency dependent opticathe marginal Fermi liquid model, proposed early 8! in
conductivity o4.(w). Results for a pure BCS model, which the development of our understanding of the cuprates, and
includes only elastic impurity scattering, show no agreementound to reproduce very well many of the observed anoma-
with the data in- or out-of-plane. A generalized Eliashberglous normal state properties, has received new attention be-
approach based on a spin fluctuation mechanism leads tause it also fits well the ARPES data. The excitation spec-
much better agreement. trum of the MFL is quite similar to the one of NAFFL and
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