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Imaginary part of the infrared conductivity of a d,2_,2 superconductor
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We give results for the effect of Born and of resonant impurity scattering on the imaginary part of the
infrared conductivityo({2) of ad,2_,2 superconductor. Inelastic scattering is included in our work through an
electron-boson spectral density which also causes the pairing. We emphasize the proQutimes the
imaginary past otr(€2). Its zero frequency limit gives the penetration depth, while around twice the gap value
it shows smooth behavior as is observed in ¥B8a;0¢ g5, Which hasd,2_,» symmetry. This is in sharp
contrast to the case of aawave superconductor which would display a sharp characteristic dip at this energy
as seen in BaKBiO[.S0163-18206)10026-9

I. INTRODUCTION envisaged to be due to the exchange of antiferromagnetic
spin fluctuations. We have nothing new to say about this
Optical conductivity measurements in the infrared canpossibility here. Rather we will simply assurdevave sym-
give valuable informatioh? about the properties of the low metry for the pairing interaction which is taken to be sepa-
lying charge excitations in metallic systems. In particular, inrable in initial and final momentum and then proceed to the
conventional superconductors, measurements of the real pardlculation of the conductivity. We will present results for
of the conductivity, which describes the absorption, havehe infrared conductivity in a formalism which includes in-
given a measure of the size of the superconducting energylastic scattering through an electron-boson spectral density.
gap. While conventional superconductors displaysamave  This spectral density is also assumed to cause the supercon-
gap and are in the dirty limit, the highs; copper oxides are ductivity. In addition, impurity scattering will be treated in
different. Not only do they have much higher values for theirthe unitary limit(strong scatteringand in Born approxima-
critical temperaturel,, but their coherence length is suffi- tion (weak scattering™ It is now well established that Zn
ciently small that they usually fall in the clean rather than inand Ni in YBa,Cu3O¢ 95 (YBCO) can have very different
the dirty limit. A feature of the oxides different from the effects on superconducting propertfés** As an example,
conventional case, and which is not in dispute, is the facNi in small concentrations does not change the power law
that, atT,, the inelastic scattering rate is very large and ofobserved for the low temperature dependence of the penetra-
the order of T, (Refs. 1 and Ritself. Further, while the tion depth, while additions of Zn changes it fromto a T2
symmetry of the gap is not yet unambiguously established, itaw. This is what is expected for resonant scattering in the
is clear that it is not isotropis-wave. Many experimental unitary limit3’ Thus Ni may be in the Born limi{weak
data, including optical conductivity results, are consistenscattering while Zn is in the opposite limit, namely the uni-
with a d-wave order parameter, belongingt®’ thed,2_,2 tary limit.
irreducible representation of the two-dimensional Gue- The formalism employed involves generali?&dliash-
tragonal lattice. Of these various experiments, howeverberg equations in which the interaction kernel is taken to be
many require only that the gap goes through %efbat  a product of two separate functions of momentum and fre-
points on the Fermi surface and such experiments do najuency and as a further simplification, a separable model is
probe directly the phase of the gap. Others have been desed for the angular dependence of the pairing. These as-
signed specifically to probe this phasé but not all give the  sumptions lead to a gap which is proportional to ca®(2
same results and some controversy remains. The optical comhered is an angle along the cylindrical Fermi surface in the
ductivity is not a phase sensitive quantity so we expect that &wo-dimensional Cu@ planar Brillouin zone. The frequency
simple model in which the gap has an angular dependence atependence of the pairing interaction is accounted for, in the
the two-dimensional Fermi surface of the form cog2to  usual way, through an electron-boson spectral density
be representative of any case for which the gap has zeros arfF (o). The form of this function is not our primary inter-
the Fermi surface. est here and will be modeled. It is fixed for a spin function
On the theoretical side, there now exists a largemechanism throughout the calculation. Impurity scattering
literaturé®—3*on d-wave superconductivity. These works ex- enters as an extra term in both of the generalized Eliashberg
tend some of the previous calculations of superconductingquations for the gap and renormalization function. The form
properties performed for p-wave gap>>>°which were mo-  of the impurity term is different depending on resonant or
tivated primarily by experiments on the heavy fermion su-Born scattering, but the general structure of the equations is
perconductors. Much of thé-wave literature is general and not. The two coupled nonlinear Eliashberg equations must be
is quite independent of the mechanism that leads to such golved numerically by successive iteration for each impurity
gap. One of many possibilities for mechanism is the nearlyconcentration. From the solution of these equations on the
antiferromagnetic Fermi liqufd=2°in which the pairing is real frequency axis, the conductivity is computed from an
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appropriate Kubo formula for the current-current correlation Il. FORMALISM

function. The ratio of the real to imaginary part of the con-

ductivity is used to define an inelastic scattering rate as a In Nambu notation, the conductivity at frequenaoy

function of frequency which is compared with experimentalwhich is denoted byr(v), can be written in terms of the

results. 2X2 matrix Green’s functior4(p, w) in the superconduct-
In Sec. I, we present the necessary formalism. Numericaing state withp momentum andv energy. The expression

results are found in Sec. Il and a brief conclusion in Sec. IVfor o(v), the in-plane conductivity, 1§72

i 2e2vZN(0
0'(v)=|—ev+()<tr{fdepf dQ f(Q)(—%

14

IMG4(p,Q+i107)[Gy(p, Q2+ v+i0")+Gy(p,Q2— u—io+)]+ > @)

where tr denotes the trace and the bracketmdicate an average over the angesn the Fermi surface. The Fermi velocity
isvg,e is the charge on the electroN(0) is the electronic density of states taken out of the energy integral and pinned to its
value at the Fermi surface, affk}) is the Fermi Dirac thermal distribution. The integration over enesgin Eq. (1) can be
carried out and, after considerable algebra, we arrive at a formula(for of the form

i &N(0)uE | (=
0

[1—N(Q;0)N(Q+v;0)—P(Q;0)P(Q+1:0)]

v 3 2T E(Q;0)+E(Q+ v, 0)

* Q+V l * . * . * . * .
+ | dotanh = )E*(Q;0)+E*(Q+v;¢9)[l_N (Q; 0)N* (Q+v;0)— P*(Q; 0)P* (Q+1;60)]

* Q+V Q l * . . * . .
+fo dQ| tanh —= —tanr(ﬁ EaT 0 B NV (QON©Q+0;0)+ P Q0P+ v;0)]

0 Q+V 1 * . * . * . * .
+f_detan 7 | g e @tV (@ ONT Q56 =P Q0P (24 v;0)]

1

+ E(Q+V;a)_E*(Q;a)[1+N*(Q;0)N(Q+v;0)+P*(Q;0)P(Q+v;0)]}>, )

with Aiwy:0)=7TgS  cog26)N(m—n)

E(w; 0)= \F ) Ko(w) @ ><< Cos20 30 en:0) > (53

Va(iog)2+ Aoy 0')?
and and
() A2(w)
N(wi0)= g5 P@=Eaa (@) @(i0p) = wy+ 7T 2 A(M=n)
B(iwy) '

in the above, the star refers to the complex conjugate. Here, X \/~ - > o/ (5b)
wp(w)=w(w;0) and Ay(w)=A(w;6) are the renormaliza- &(iom) +Aliwm;6")

tion and pairing function, respectively, taken on the real fre'whereg is a measure of thd- to s-wave admixture in the

quency axis and written for an anisotropic state. They arg,eraction. The numerical results, to be presented in the next
solutions of the real frequency axis Eliashberg equationSsection do not depend critically on the valuegofHere we
First, these equations need to be written on the imaginary present results only fog=0.8 although we have carried

Matsurbara frequency axis wittw,=i(2n+1)7T with T ¢ cajcylations for other values. The quantitym—n) has
the temperature. For a separable pairing potential for scattefp ,sual form

ing from k to k' at the Fermi surface, which is attractive,
and of the formg cos(20) A (n—m)cos(29") (Ref. 44 in the
pairing channel and, for simplicity, assumed to be isotropic 2022F(0)d0

and equal ton(n—m) in the renormalization channel, they —m) = J' - T
are )\(n m) Q2+(wn_wm)2’ (6)
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where o?F(Q) is the electron boson spectral density in-Z(w+i8,6)
volved in the interaction. Its precise value will depend on

mechanism. Here, for convenience, we will take it to have :WTQZ cog20)[NMw—iwn) +AMotioy)]
the shape of the spectral density derived from the antiferro- m=0

magnetic spin susceptibility rather than from phondité.In cos{26’)5(i w6 !

as much as this choice is not critical to the numerical results m

obtameq, we are not commlttmg ourselv_es exm_:luswel_y to an \/Z‘)(iwm)2+K(iwm;0’)2

underlying spin fluctuation mechanism involving antiferro-

magnetic paramagnons. The form @fF(Q) chosen is a : tee 9 _
constant times ¢/ wsg)/[ 1+ (w/ wsp)?] with the paramag- i o dzcog26)a"F(2)[n(2) + (2~ )]

non frequencyws=30.0 meV>* The ratio of T,/ wgr is the

!

relevant strong coupling indeX.The absolute strength of the cos(20’)K(w—z+ i5;0")
spectral density ini6) is, of course, what determines the size X — (93
of T, which we can think of as typically 100 K for the high- \/’a”)(w—z+ i16)°—Aw—2z+i6;0")?

T, oxides. It also causes the inelastic scattering which in our
work corresponds to a rate of ord& at the critical tem- and

perature.
As written, Eqgs. £8) and 8b) do not depend on impurity =
scattering. To include this possibility, we need to add onto  Z(u+is)=w+inT D, [Mo—iw,) - Mot+io,)]
the right-hand side of () a term of the form m=0
B(iwpy) '
(Qiw,;0)) X =
+ ~r H . !
T Qw0+ (Dl 0y Vi 0m)?+ Bliom:0')?

+ oo
+i7rf dz a’F(2)[n(2)+f(z— w)]
wherel' * is proportional to the impurity concentration and -
c is related to the electron phase shift for scattering off the ,

impurity. For unitary scattering, it is equal to zero while o(w=2z+id)
c—o gives the Born approximation. The actual value of X — T~ - 5
I'* will not be specified here. As impurities are added to a Va(0—2+18)2-Mw-2+15,0')
d-wave superconductor, the valueDf is reduced below its Q(w)
pure case magnitudd{,) and the ratio ofT; to Ty will be +ial* ' (9b)
used as an index of impurity scattering insteadl'df. To c?+D?(w)+ 0% w)
complete the specification ¢¥), we have
where
—_ L2
_ Aiwy;6) )\(w)zj e F()di (10)
D(iwn;6)= (8a) o w—+i0
B(iwy)?’+A(iw,;0)?
Alw+i6;0)
D(w)= , (11
and N
Vo (0+i8)2—Awtis:0)?
and
w(iw,)
Q(iwy; 0)= — . (8b) B(w+id)
Biwy)?+A(iw,:0)? Q(w)= . (12

Vo(w+i8)2—Aw+is0)?

Note that the averageD(iw,;6)) of Eq. (7) will exactly  |n Egs. (98 and (9b), n(z) and f(z) are, respectively, the
vanish for pured-wave symmetry as we have assumed herepose-Einstein and Fermi-Dirac distribution functions at tem-
While certain quantities, such as the penetration depthperatureT. We note that in our simplified model for the
can be obtained quite directly from the numerical solution ormomentum dependence of the interaction, the renormalized

the imaginary frequency axis, i.e., froM(iw,;6) and  Matsurbara frequenc(w+i0") does not itself depend on
w(iwy), the real frequency axis solutions are needed for theangles. In principle, we could also have taken a different
calculation of the conductivity. The real frequency axis equaform for A(n—m) in the two channels of Eq$5a and (5b)
tions forA(w+i46;0) andw(w+i6) with & infinitesimal are  but this would introduce a new uncontrolled function into the
much more complicated than Eq5a) and(5b). They can be theory, which we want to avoid, and onty is introduced
written in the forn{*>° with the same form o&?F(Q).
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As we will be mainly interested in a comparison of our

results for resonant impurity scatteririgtrong scattering
with similar results for Born scatteringveak scatteringand

T/T, =
T/T, =
T/T, =
/T, =

0.995
0.9
0.7

plasma frequency, we will present results for the conductiv-
ity in arbitrary units. What is left out of our computer pro-
grams is the factor 2/8%02N(0) in formula(1). To get the
actual conductivity, it is therefore necessary to multiply the
results presented bye?/2m wheren is the electron density
andm the electron mass. Also, all our results in the super-
conducting state will be given with reference to reduced &
sample temperatuf® T, whereT. is the critical temperature

of the sample which can contain impurities. Indavave
superconductor, adding impurities, of course, leads to a re-
duction in critical temperature.

Results for the real part of the conductivity have already
been discussed by Carbotte, Jiang, Basov, and Tiffask
though the amount of inelastic scattering included in their
work was considerably less than the amount included herega)
They also employed a Pb spectrum to model the boson spec-
tral densitya®F () and the coupling strength, as measured
by the strong coupling paramef€g/w o4,°>>*was set equal
to 0.1 wherew oy is the characteristic boson energy in-
volved. Here we use instead a form fefF(Q) which may
be more appropriate to a spin fluctuation spectrum, namely

|
|
I
do not want to commit ourselves to a particular value of the l

—

Q) (arb. units)

0.01

0.00
0.0

250 — T T T—T— T

—_—— T/T,=10
—_—— /T, =01

(w/ wsp)

RO g

-
0
o

1

13

with h chosen to get critical temperature valligof 100 K
for the pure caséno impuritieg. This is typical for the ox-
ides. The other parameter, which fixes the boson energy
scale,wge, Was set equal to 30 meV so that the strong cou-
pling parameterT./wyq is now equal to 0.31. Different
choices of this spectrum could be made particularly if one
wished to model some other known and definite mechanism.
In particular, models that include enhanced low frequency
scattering, discussed below. Here we will stay with the %40
choice (13) as the actual mechanism causing the supercon-
ductivity in the oxides is not yet known. (b)
In Fig. 1(a), we show our results for the real part of the
conductivity in the superconducting staté(ﬂ) as a func-
tion of frequencyf) in meV for the clean limit, i.e.]'* =0
in Egs.(7) and(9). In this limit, inelastic scattering remains,
and at any finite temperature, there will be a finite scatterin

Eite (ilgpelndent on he.aslsumekd spe;:]tral deiélﬁ(g)s (.)f dashed-dotted curye(b) gives the scattering rate AL)) in meV
q. (13). In out numerica Wo,r , we have takegr=0.8 In vs () in meV derived from our conductivity data as defined in Eq.
Egs. (58 and (9a) and numerical results are presented for(14)’ namely Qo3(Q)/a3(Q). Light long dashed line is for

five values of temperature, namely=0.995T¢ (very near _t_(normal stateand dark long dashed fd=0.1T, (supercon-
Tc) (solid ling), T=0.9T; (dotted ling, T=0.7T; (short  gycting state

dashed ling T=0.5T. (long dashed ling and T=0.1T,

(short dashed-dotted lineOn comparison with the results case the low frequency Drude peak is so narrow that it does
presented in Ref. 40, the solid curve very néamow does  not show explicitly. On the other hand, for the long dashed
not show a region of depressed conductivity between the lowurve withT=0.5T., one can see a slight dip between these
frequency Drude peak and the boson assisted absorption revo regions with the conductivity smaller in magnitude
gion at higher energies, a feature that is in accord with th@round 30—40 meV than it is for larger or smaller frequen-
experimental data. The boson assisted process, of coursges. The reason for this difference with previous results is
remains even at zero temperature and is seen clearly in otinat, here, we have included a more realistic amount of in-
results forT=0.1T. (short dashed-dotted cupvén which  elastic scattering. In terms of the coupling strength param-

1/7(Q) (meV)

-
(=3
(=]

T

50 [

e R

200.0
Q (meV)

300.0

FIG. 1. (@) The real part of the superconducting state conduc-
tivity o3(Q) in arbitrary units as a function of frequenfyin meV.
The five temperature values aFe= 0.995T; (solid curve very near
he critical temperaturel =0.9T, (dotted curvg, T=0.7T. (short

ashed curve T=0.5T, (long dashed curyeandT=0.1T (short
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eters T/ wiog, Where o is the characteristic boson fre-
quency in the model for?F (), it has gone to 0.31 from 0 100 200 300

0.1. One characterization of the amount of inelastic scatter- 2000 IS T T T T T
: ; - YBa,Cuz0p 95
ing present is to form the ratio Ella : -
Qo3(Q) 1 L
— = (14) 1
05(Q) 7(Q) -
which we will denote by /(). In Eq. (14), both real g 1000 |- -
a3(Q) and imaginary parg5(Q) are taken in the supercon- g"
ducting state. As defined by Eql4), 1/7(Q2) has units of .
energy and would reduce to the impurity scattering rate in a L
simple Drude model of the normal state. The form given by N
Eq. (14) has its origin in the extended or generalized Drude
form written as 0 L L Ly
0 500 1000 1500 2000 2500
neZ 1 Wave number [cm]"I
—Q—|Q FIG. 2. Our experimental results for the frequency dependence
7(Q2) (Q) of the scattering rate #(Q) in cm™! as a function of wave
wherem(Q)/m is a frequency dependent mass renormalizal"umber in cm* for YBa,CuzOgg5. A pure high quality sample
tion factor given by was used and the results are for the in plargr b axis at tempera-
ture T=10 K.
a5(Q)
m(Q) né? @ duced towards zero, however, theory and experiment begin
m . m 01 () 2+ 0,(Q)2 (16)  to deviate. While both show a positive intercept(at=0,

which is somewhat smaller in the data than in the theory
and 7((2) is given by formula(14). The forms(15) and(16)  (~20 me\), the quasilinear behavior is found to persist all
are a general representation of any complex functi¢fl)  the way toQ) =0 in the data. By contrast, a saturating behav-
but 7~ *(Q) so defined, while equal to the impurity scattering jor, characteristic of a Fermi liquid approach, is seen in the
rate in the Drude model, is not easily related to the inelastigheoretical curve. This may indicate a breakdown of FL
quasiparticle scattering rate for a coupled electron-boson sygneory in optimally doped samples.
tem. This is true even in the normal state as discussed by Tyming next to the superconducting state, both theory
Dolgov, Maksimov, and Shulg.Nevertheless, we will use and experiment fall a little below th& =T, normal state

(14) even in the superconducting state as some characteristé%rve at high frequency. At lower frequencies, the suppres-

scattering rate. Co . . . . .
. . . sion in the superconducting state increasing rapidly with de-
Results for the pure cas@o impurity scattering are creasing frequency andAR) is very small below 50 meV

shown in Fig. 1b) for two temperatures, namely=T. . : .
(light long dashed curyein the normal state and=0.1T, in both theory and experiment. Theory, however, predicts

(dark long dashed curyeWhat is plotted is the ratié14) for smooth behavior for the suppression in the sup_erconducting
the rate 1#(()) in meV as a function of energg in meV. state on an energy 'scale of about 110 meV in frequency
Note that over a considerable range at the higher frequencie®- While the data indicates some threshold behavior centered
the curves nearly, but not perfectly, linear. The variation@/ound{}=90 meV. This sharp drop could be simulated in
with Q, in this region, could be changed with a different our theory if a different spectrum was used instead1d.

form of the assumed spectrufhd), but this will not be done  Also, it may well be that the spectruaF (€) is different in
here since we are only interested in a qualitative comparisofuperconducting and normal state so that a reasonable fit to
with experiments, and we do not want to do any fitting. Inboth normal and superconducting state could be achieved
Fig. 2, we show our experimental results for the scatteringhis way. Changing the shape of the assumed spedtt3m
rate(14) 1/7,(Q) in (cm)~! as a function of wave number in to gain better agreement with experimental data aif(1},
(cm™1) up to 2000 cm'* for the case of twinned, high qual- however, is not our aim here. Achieving such a fit could be
ity crystals of YBaCuzOgg5 with electric field in the misleading and obscure the need for a different explanation.
CuO, plane of the sample oriented along thexis. At high ~ What is important is that the amount of inelastic scattering
frequencies, in the normal state at a temperature just abovecluded in our work is of the same order of magnitude as is
the critical temperatureT(;), the scattering rate 4({)) ex- observed and that the overall predicted frequency depen-
hibits a quasilinear behavior over a wide range of frequencylence of 1#({1) is also in reasonable agreement with experi-
and its slope, in dimensionless units, is approximately 0.7%nent. At lower frequencies, however, we have noted some
in both theory and experiment. From this good agreemenimportant qualitative differences which could, at least par-
we conclude that our theoretical approach, which is based otially, be accounted for through appropriate changes in the
a Fermi liquid(FL) picture, is well able to describe the ab- boson spectruni13). We have chosen not to do this, how-
solute magnitude and frequency dependence of the observeder, because the differences could also be due to a break-
inelastic scattering in this region. As the frequeriyis re-  down of the Fermi liquid approach used in this work.
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FIG. 3. The product of frequenc times the imaginary part of the infrared conductivitg(Q2) in the superconducting state as a
function of frequency) in meV. Results for five temperatures are shown, narfiel.995T . (short dashed-dotted curyd =0.9T . (solid
curve), T=0.7T, (dotted curvg T=0.5T, (short dashed curyeandT=0.1T, (long dashed curye The zero frequency limit 0f)a5()
gives the inverse of the square of the penetration depth in the London limit according ta3EqThe units on the conductivity are
ne?/2m and frame(a) is for the pure case with pure crystal critical temperature valu€,ef100 K. Framegb) and(c) apply respectively
to an impure case witfi; reduced to 80 K by the elastic scattering due to impurities in Bamak scattering limit and unitary(strong

scattering, respectively.

In Fig. 3, we show our theoretical results for the imagi-
nary part of the conductivity. Instead of presenting (1), it
is convenient to multiply first by a factor of frequeney
(real energy in meV in our cageOne reason for making
such plots is that the penetration deptfw) is related to

wa(w) through

1

2N(Q) ¢

and the London penetration depth is the zero frequency

41 s
—= Qo3(Q2)

limit of (15). Herec is the velocity of light.

7

Figure 3a) gives our results for the pure case, i.e., no
impurity scattering included in the generalized Eliashberg
equationg5) and(9). Of course, inelastic scattering remains.
The top curve is foif =0.1T. (long dashed ling the second
for T=0.5T¢ (short dashed linethe next forT=0.7T (dot-
ted line, the second lowest foF=0.9T (solid line), and the
lowest for T=0.995T, (short dashed dotted lipavhich is
almost at the critical temperature,. The first thing to be
noted is that the zero frequency limit of these curves is pro-
portional to the inverse square of the penetration depth. To
obtain Fig. 3a), we have solved numerically the real fre-
quency form of the Eliashberg equations given in formulas
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(98 and (9b) and used these solutions in E@) for the

conductivity. For the penetration depth, however, a much 0 10 20"‘ev 30 0
simpler procedure is to use the imaginary frequency solu- 2500000 TR . T . . .
tions and the Matsurbara representation form for the London A 3+6.95

penetration depth, namely Ellab

1 TZ Kz(i ®m; 0) 19 2000000 |-
N\ S [0 + A0 0)]72]

which serves as a check on our numerical evaluation using a ©
real frequency axis formalism. It is quite clear from the fig- 1500000 |-
ure that optical experiments would need to be carried out at
rather low values of frequency if one wishes to get accurate
values of the penetration depth from this method because
Qo3(Q) is seen to be a rapidly varying function 9f in the 1000000 ! ! ! ! ! L
relevant region. Note that multiplication of the results of Fig. 0 100 0 300
3 by ne?/2m, as is also the case for the real part of the Wave number [om]
conductivity o5(Q) in Fig. 1, will restore units but a choice .

of the plasma frequency is still needed to compare with ex- G- 4. Experimental results for the product of the frequency
perimental quantities. This is not the case for the scattering® times the imaginary part of the conductivitg(€2) in the super-
times presented in Fig. 2 which are independent of plasmgonducting state al=10 K for a YB&,CU3O4g o5 pure high quality
frequency and are in units of energy. crystal as a function of wave numb@rin cm™*. The upper curve

We note that the largest Changesﬂrarg(ﬂ) as the tem- i_?ffgtg%_pur?rﬁas_e and the lower case after crystal irradiation with
. . «=0.91T,. The inset shows a larger frequency range.

perature is changed occurs for low frequencies below
roughly 40 meV which is between 4 to 5 tim&s. The last
curve shown in Fig. &), which applies for a temperature
very close tol ., almost reaches zero &—0. In this case,
the conductivityQ o,(Q) is not very different from its nor-
mal state value af = T,= 100 K. However, because we have
included inelastic scattering in our calculated results throug
the spectral density(13), the normal state results for

Qo5(Q) do not reduce to a simple Drude of the form

©

2
T

temperature from 100 to 80 K, i.e., by 20% of its pure value,
and increase the penetration depth.

The penetration depth increases with increasing impurity
content in analogy to ordinarsrwave BCS theory where the
I;i)enetration depth(0), at zero temperature, for a sample
with a finite mean free path ), is related to its clean value
(N\..) with | = (infinite mean free pathby

ne (Qr)? N=NoV1+E, (20)
— oo 19
m 1+(Q7)? where¢ is the superconducting coherence length.

with = some scattering time which would hold for all fre-  In Fig. 4, we show experimental results f¥o3(€) vs
quencies. This was discussed in the work of Marsiglio, Car{2 for a single crystal high purity sample of YB&u3O¢ o5
botte, Puchkov, and TimusR.These authors have found that at reduced temperatufigd T.=0.1. The upper solid curve has
only the low frequency part of the curve fero5(Q) atT, @Teco value of 93.5 K, Wherea_s the lower curve was obtf'ilr}ed
fits the Drude from(19) with m and 7 in Eq. (17) replaced by w!th the same crystgl after it was damaged by irradiation
a renormalized mase™ and =* with each of these two With low energy He ions! The critical temperature of the
quantities having a very specific form which is given in Ref. disordered material was suppressed down to a value equal to
56 but which applies only in a very narrow energy region0-91Tco. It is clear from the plot thafo3(Q) is signifi-
nearQ =0 and fails outside this region. What we are sayingcantly affected by disorder in the entire range shown up to
is that the inelastic scattering, even in the normal state, pro2 <350 cm™* and that the qualitative behavior predicted in
foundly changes the shape of the imaginary part of the conFig. 3 (long dashed curvgss confirmed in the experiments.
ductivity and no Drude form with constamt and = will fit Note that in our theoretical curve, the critical temperature of
the theoretical results over an extended frequency range. i€ impure samples is 0Ig,, while in the experiments, it is
course, the extended Drude form of form(d#) will always ~ only 0.9IT,. We also note that the low frequency limit of
produce a fit. our experimental results coincides with our estimate of the
Figures 3b) and 3c) include impurities and apply respec- penetration depth made from the sum rule analysis of the real
tively to Born scattering, i.e., the limit— in Eqs.(7) and ~ part of o3(2).%° Also, infrared experiments carried out on
(9) and unitary scattering— 0, respectively. The tempera- YBCO 124 crystals doped with Zn show the same
ture values are the same as for Figg)30n examination of tendency’® We point out that the general behavior of
the figures, it is clear that the curves far5(Q) vs Q are  Qo3(Q) vs Q shown in a larger energy scale in the inset of
least affected by the introduction of impurity scattering in theFig. 4 is also in qualitative accord with our theoretical re-
high energy region near 120 meV. At low frequencies, thesults. More importantly, however, is the smooth behavior
curves are strongly reduced over the corresponding pure capeedicted and observed f&a3(Q) vs Q in the region of
by the introduction of impurity scattering rate which is equaltwice the gap value. This is in sharp contrast to the case of an
to 3.252 meV. This is the value needed to reduce the criticat-wave superconductor with impuritigbut not necessarily



54 IMAGINARY PART OF THE INFRARED CONDUCTIVITY . ..

1271

phonon mediated for which Marsiglio, Carbotte, Puchkov, We have given results for the real part of the conductivity
and Timusk® have found that a prominent distinct dip is as a function of frequency for the pure case when the amount
expected iM)a3(Q) vs Q at twice the gap value. While this of inelastic scattering &k is of the order ofT.. The results
structure is modified somewhat with increasing impurityare further analyzed in terms of frequency dependent scatter-
content, it remains distinct and prominent and can be easilihg rate 14(Q) defined aN S (Q)/a5(Q) and when com-
used to identify a gap value. This has been observed in thgared with our experimental results are found to be in quali-
case of BaKBiO(Refs. 57—6D and leaves little doubt that tative agreement with the data on pure high quality twinned

this material is ars-save superconductor although Marsiglio, crystals of YBaCuzOg s as to order of magnitude of the
Carbotte, Puchkov, and TimuSkconclude that the amount scattering and its high frequency dependence. Differences

of inelastic scattering observed in this mate_ffabm a study between theory and experiment at low frequencies could be
of the temperature dependence of the width of the DrUd?educed with a different choice of electron-boson spectral

peak is too weak for it to be a conventional electron—phonond itv b Iso find i | ion in the breakd ¢
superconductor. By contrast, for YBGu;0 the results ensity l_Jt_ma_lyaso Ind its explanation in the breakdown o
' ’ 3~ 6.95 the Fermi liquid approach used here.

ted in Fig. 4 sh th behavi ith truc- . . ) . ;
presented in Tig. & SROW Smaoth behavior With no gap Stlc Consideration of) times the imaginary part of the con-

ture as predicted for d-wave superconductor with impuri- ey -
ties and shown in our Fig. 3. There can be little doubt thafjucwIty shows that finite frequency results can be used to

YBa,Cu;0¢ o5 iS NOt isotropics-wave and that the observed safely optain informtiqn on the impurity dependence Qf Fhe
behavior of Qa$(Q) vs Q is consistent withd-wave. It penetration depth[which strlctl_y de_pgnds on the limit
should be pointed out, however, in making this identification {292(€}), @sQ goes to zerponly if sufficiently small values

that the imaginary part of the conductivity is a quantity thatOf {2 are available. More importantly, the frequency depen-
is only sensitive to the nodes in the gap and not to its phas@ence of this quantity in the gap region is found to be quite
and so falls in the same category as the thermodynamics, ttfnooth and shows no dip in impure samples at twice the gap
penetration depth, the angular resolved photo emission, ety/alue (2) in sharp contrast to thewave case. Experimen-
tally, smooth behavior in qualitative agreement with our pre-
dictions is observed in disordered YBau;Ogq5 and
YBa,Cu,Og4 while corresponding results in BaKBiO show
Within a generalized Eliashberg formalism, which in- the unmistakable characteristic sharp minimum Atvghich
cludes an angular dependence of the gap of the forny expected for the isotropiswave case. Thu§ a»(Q) vs
cos(20) with 6 an angle over the Fermi circle in the two- () data in the infrared can be used to distinguish clearly
dimensional Brillouin zone of copper oxygen plane, we havepetween ars-wave superconductor with a definite gap and
computed the conductivity in the infrared region including one with a distribution of gaps that go through zero on the
impurities in Born and in the resonant scattering lifuiti-  Fermi surface. The method is only sensitive to the size of the
tary). In our formalism, the electron boson spectral densitygap and not to its phase, however.
appearing in the set of two coupled nonlinear Eliashberg
equations for the gap and renormalization factor determines
the inelastic scattering as well as describes the pairing
mechanism. A form was chosen for this function which was
motivated by a spin fluctuation mechanism but the results This research was supported in part by the Natural Sci-
obtained foro are not entirely specific to this case and ences and Engineering Research Council of Canada
should illustrate the effect of large amounts of inelastic scat{NSERQ and by the Canadian Institute for Advanced Re-
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