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Coupling to spin fluctuations from conductivity scattering rates
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A recent analysis of optical conductivity data which has provided evidence for coupling of the charge
carriers to the 41-meV spin resonance seen in the superconducting state of optimally doped YBa2Cu3O6.95

~Y123! is extended to other systems. We find that the corresponding spin resonance is considerably broader in
Tl2Sr2CuO81d ~Tl2201! and YBa2Cu4O8 ~Y124! than it is in Bi2Sr2CaCu2O81d ~Bi2212! and there is no
resonance in overdoped Tl2201 withTc523 K. The effective charge-spin spectral density is temperature
dependent and contains feedback effects that further stabilize superconductivity asT is reduced.
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For a conventional electron-phonon system an isotro
on the Fermi surface, spectral density can be introdu
which is essentially temperature independent belowTc .1

This spectral density,a2F(v), can be determined from tun
neling data in the superconducting state and has been
with great success to understand the deviations from B
universal laws observed in many convention
superconductors.1 In principle, information ona2F(v) can
also be obtained through inversion of optical data althou
to our knowledge, this has only been accomplished for P2

Recently Marsiglio et al.3 introduced a dimensionles
function W(v) which is defined as the second derivative
the normal-state optical scattering ratet21(v)
5(Vp

2/4p)Re esN
21(v) multiplied by frequencyv. Here

Vp is the plasma frequency andsN(v) the normal state
optical conductivity. Specifically,

W~v!5
1

2p

d2

dv2 F v

t~v!G ~1!

which follows directly from experiment, provided the da
on sN(v) are sufficiently accurate that a meaningful seco
derivative can be taken, possibly after smoothing. Marsig
et al.3 made the very important observation that within t
phonon rangeW(v).a2F(v) at least for those spectra
densities studied. Beyond the phonon rangeW(v) can be
negative but this does not distract from the fact thatW(v)
can be used to get the shape and magnitude ofa2F(v).
Application of Eq. ~1! to the normal-state conductivity o
K3C60 gave ana2F(v) @provided negative regions inW(v)
are simply ignored# in excellent agreement with incohere
inelastic neutron-scattering data4,5 on the phonon frequenc
distribution F(v) and gave sufficient coupling strength
obtain the measured value ofTc . This leaves little doubt tha
K3C60 is an s-wave, electron-phonon superconductor, ev
though correlation effects are likely to be quite important5

More recently Carbotteet al.6 have extended the metho
of Ref. 3 to spin-fluctuation exchange systems and to
superconducting state withd-wave symmetry. The charg
carriers are coupled to the spin fluctuations through the s
susceptibility which is strongly peaked at (p,p) in the two-
dimensional Brillouin zone of the CuO2 plane of the high-Tc
oxides.7 In this case the momentum dependence of the in
PRB 620163-1829/2000/62~13!/9054~5!/$15.00
c,
d

ed
S
l

h,
.

f

d
o

n

e

in

r-

action is very important and cannot be pinned to the Fe
surface8 and there are cold and hot spots. Nevertheless,
resulting in-plane infrared conductivity is isotropic for te
tragonal systems and Eq.~1! can still be applied and the
resulting W(v) interpreted as an effective spectral dens
for the electron-spin fluctuation exchange interaction.9 In
contrast to the electron-phonon case this effective interac
resides in the system of electrons and, due to correla
effects, can be temperature dependent. In particular, it
undergo major changes when the electrons condense int
superconducting state. Such feedback effects are gener
any electronic mechanism.10–12They have been studied theo
retically within a Hubbard model by Dahm and Tewordt13

who also review the work of others.
Optical conductivity calculations for a d-wave

superconductor12,14 within a spin-fluctuation mechanism b
Carbotteet al.6 established thatW(v) of Eq. ~1! still gives a
good approximation to the spectral densityI 2x(v) provided
it is divided by 2 and shifted by the gapD0. Calculations of
W(v) from the data of Basovet al.15 in optimally doped
Y123, revealed strong coupling of the charge carriers to
41-meV spin resonance seen belowTc in spin polarized in-
elastic neutron-scattering experiments.16,17 The coupling to
this resonance was found to be large enough to stabilize
observed superconducting state. For underdoped Y123
spin resonance remains in the optics even aboveTc up to a
pseudogap temperature, in agreement with the neutron w
by Dai et al.18 A quantitative analysis is not attempted in th
case, however, because of the added complications of
pseudogap.

Here we extend our previous work6 to other materials and
in contrast to what was done in Ref. 6, we proceed h
without any reference to neutron data. In Fig. 1 we sh
results for the coupling to the spin resonance in Y124 (Tc
582 K, solid line!, Tl2201 (Tc590 K, dashed line!, and
Bi2212 (Tc590 K, dotted line! derived from optical data
measured atT510 K. These results were obtained from
direct application of Eq.~1! to the optical data of Puchkov
et al.19 Shifting by the gap which is determined by th
method discussed in detail later on, the resonances are a
43,20 and 46 meV, respectively with a considerably larg
width in the first two than in Bi2212. On the other hand, t
spin resonance in Bi2212 was observed by Fonget al.21 at
9054 ©2000 The American Physical Society



,
re
io

to
tio
e
am

he
in
th
fre

en
fit
u

e

in

e
he
in
n

n
r
o

x

mal
-

w
o
on-
em-
for-

the

m.

ate
12

are

er-

al
the

For

an

s
o

t

e
-
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43 meV using neutron scattering. No neutron data exist
our knowledge, for Y124 and Tl2201 and therefore our
sults represent a falsifiable prediction. Another predict
that we develop later is that overdoped Tl2201 (Tc523 K!
will show no resonance.

To extract more information from optical data we need
consider a more specific mechanism, namely spin-fluctua
exchange.7,22 At the simplest level in the normal state, w
describe the corresponding spectral density by a two par
eter form

I 2x~v!5I 2
vvSF

v21vSF
2

, ~2!

where I 2 is the coupling between spin excitations and t
charge carriers andvSF sets the energy scale for the sp
fluctuations. Both parameters can be derived from a fit to
normal-state optical scattering rates as a function of
quency. A fit for Tl2201 (Tc590 K! is shown in the top
frame of Fig. 2. The fit to theT5300-K data withvSF
5100 meV and a high-energy cutoff at 400 meV is excell
and loweringvSF to 30 meV does not give an acceptable
The formalism we use to relate spectral density to cond
tivity is standard3 andsN(v) follows from a knowledge of
the self-energyS(v). As a check on the accuracy of th
inversion procedure embodied in Eq.~1!, we show in the
central frame of Fig. 2 our results for the functionW(v)
obtained from our theoretical normal-state optical scatter
rate t21(v) based on our input spectral densityI 2x(v)
given in Eq.~2! and shown as the grayed squares. We s
that atT510 K the inversion matches almost perfectly t
input spectral density except for small wiggles in the
verted curve~solid line!. This excellent agreement betwee
W(v) andI 2x(v) is not limited to simple, smooth forms. I
the bottom frame of Fig. 2 we show results obtained fo
structured spectrum, namely a spectrum which is prop
tional to the one used by Schachinger and Carbotte20 to ana-
lyze the optical properties of superconducting Tl2201. E

FIG. 1. The spin resonance obtained from inversion of~super-
cond.! optical conductivity data using Eq.~1! for W(v): solid line
Y124 (Tc582 K!, dashed Tl2201 (Tc590 K!, and dotted Bi2212
(Tc590 K!. Note that the vertical scale is dimensionless. The po
tion of the resonance peak is shifted by the gap value on the h
zontal scale.
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cept for some oscillations at higher frequencies the nor
stateW(v) ~solid curve! is close to the input spectral func
tion I 2x(v) ~grayed squares!.

Normal-state conductivity data are not available at lo
temperatures in the high-Tc oxides and it is necessary t
devise an inversion technique which applies in the superc
ducting state. Also, the spectral density can depend on t
perature and on the state of the system. This requires a
malism which relates the spectral densityI 2x(v) to the
superconducting state conductivity. This was provided in
work of Schachingeret al.12 who calculated the conductivity
of a d-wave superconductor within an Eliashberg formalis
As previously stated, using this formalism Carbotteet al.6

established that in this caseW(v)/2 agrees fairly well with
I 2x(v) provided it is shifted by the gap amplitudeD0. This
is shown clearly in Fig. 3 which is similar to the bottom
frame of Fig. 2 except that now the superconducting st
conductivity has been employed and the material is Bi22
with Tc590 K rather than Tl2201. The grayed squares
the input spectral density shifted by the theoretical gapD0
528 meV and the dashed line are the results for the inv
sion W(v)/2 vs v based on the calculatedsS(v). A simple
d-wave gap model was used, and a parameterg introduced
giving the relative weight of the spin-fluctuation spectr
density in the gap channel as compared to its value in
renormalization channel. Details can be found in Ref. 12.
Bi2212,g50.725, gives the measured value ofTc when the
normal-state spectral density of Eq.~2! is used in the linear-
ized self-energy equations atT5Tc590 K. This value ofg,
which is considerably less than 1, could be interpreted as

i-
ri-

FIG. 2. The top frame gives the optical scattering rate aT
5300 K in the normal state of Tl2201 (Tc590 K!. The solid curve
is experiments, the dashed one a fit withvSF5100 meV in Eq.~2!,
and the dotted line is forvSF530 meV. The middle frame gives th
input I 2x(v) ~grayed solid squares! used in the conductivity calcu
lations which giveW(v) ~solid line! at T510 K. The bottom frame
gives another model forI 2x(v) based on Tl2201~grayed solid
squares! and the correspondingW(v) at T510 K.
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indication that a second, subdominant scattering mechan
~for example phonons! is also operative. The theoretical ga
on the other hand, is calculated from the solution of
d-wave Eliashberg equations12 for a temperatureT510 K
and is defined as the peak in the quasiparticle density
states. It is to be noted that this gap is a bit smaller than
gap of 31 meV suggested from the inversion data of Fig
for Bi2212 ~dotted line! using the experimentally observe
position of the resonance peak at 43 meV.21 Nevertheless, the
agreement is excellent and the theoretical value of 28 me
within the experimentally observed range.23

The agreement betweenW(v)/2 and I 2x(v) in the top
frame of Fig. 3 as to size and shape of the main pea
excellent. However, a negative piece is introduced inW(v)
right above the spin resonance peak which is not part of
spectral density. Nevertheless, at higher energies,W(v)/2
does recover and shows long tails extending to sev
100 meV although they are underestimated. Additional e
dence for the existence of this high-energy background
found from our fit to the normal-state data shown in t
bottom frame of Fig. 3. The grayed lines give the optic
scattering rate in Bi2212 atT5300 K. The dashed curve i
the fit to this data~solid line! and gives a normal-state spin
fluctuation frequencyvSF5100 meV in Eq.~2! and an area

FIG. 3. The top frame gives our model for the spin-fluctuati
spectral density~displaced by the theoretical gapD0528 meV! for
Bi2212 in the superconducting state atT510 K ~grayed solid
squares!. The dashed line isW(v)/2 obtained from the calculate
conductivity and the solid line is the resonant peak of Fig. 1~dotted
line! used in constructing the modelI 2x(v). The bottom frame
shows two sets of optical scattering rates and theoretical fit
these. The solid lines are experimental and the dashed lines ar
theoretical results. The grayed lines are for the normal stateT
5300 K and the black ones are for the superconducting stateT
510 K.
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underI 2x(v) of 95 meV. From application of Eq.~1! to the
superconducting state data we have already established
existence of coupling of charge carriers to a resonance p
as seen in Fig. 1 which gives its size and position in ene
and this is reproduced as the solid curve in the top frame
Fig. 3. To get the superconducting state spectral den
~grayed squares of the top frame in Fig. 3! the low-frequency
part of the normal-state response is replaced by the reso
peak.

There is no known sum rule on the spectral weig
I 2x(v) and we find that the area under this function i
creases from 95 meV in the normal state to 115 meV in
superconducting state. The increase is due to the appear
of the spin resonance. Part of this spectral weight could co
from a transfer from higher energies but our resolution
such energies is not sufficient to confirm this. In the botto
frame of Fig. 3 we show the fit to the superconducting st
optical scattering rate obtained from our modelI 2x(v). The
agreement is very good and since no new parameters w
introduced to obtain the black dashed curve which agr
remarkably well with the black solid curve in the region
<v<250 meV, this is taken to be a strong consisten
check on our work.

We extend our analysis to the material Y124 (Tc
581 K) where we predict from Fig. 1 a spin resonance to
exist at 38 meV. Moreover, this spin resonance is mu
broader than the one observed in Bi2212 of Y123. Res
are presented in Fig. 4. The top frame of this figure dem
strates the agreement betweenW(v)/2 and I 2x(v) which
was shifted by the theoretical gapD0524 meV which is an-
other prediction of our calculations as, to our knowledge,
experimental data exist for this material. The bottom fra

to
the

FIG. 4. The same as Fig. 3 but for the material Y124. T
spin-fluctuation spectral densityI 2x(v) was displaced by the theo
retical gapD0524 meV in the top frame.



a
1

ck

V
lt

-
th
y
l
d
h

e

e

k
tin
t-

e

co
e

nd
in
2

E

da
en

e
o

1
he
n

n in
t
lly

the
so-
fre-
nce
on
riers
e is

n it

x-

de-
uct-
the
ed

o
l

nd

of
tal
nor-
ng
in
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of Fig. 4 presents our comparison between experimental
theoretical optical scattering rates. As in the case of Bi22
the normal-state scattering rate~grayed lines! at T5300 K
gives evidence for the existence of a high-energy ba
ground as the experimental data~solid line! are best fit by a
spin-fluctuation spectrum of the type described by Eq.~2!
with vSF580 meV and a high-energy cutoff of 400 me
~dashed line!. The black lines compare the theoretical resu
~dashed line! to experiment~solid line! in the superconduct
ing state atT510 K. The signature of the spin resonance,
sharp rise int21(v) starting around 50 meV, is correctl
reproduced by theory. Forv.120 meV the experimenta
scattering rate shows only a weak energy dependence an
theoretical prediction starts to deviate from experiment. T
is in contrast to our results for Bi2212~bottom frame of Fig.
3! and Tl2201,20 and could be related to the fact that th
Y124 sample used by Puchkovet al.19 was slightly under-
doped, a situation not covered by our theory.

To conclude, we obtained theoretical gap amplitudesD0
524,26, and 28 meV for Y124, Tl2201,20 and Bi2212, re-
spectively. Experimental values are in the range of 30 m
for Bi2212 and 28 meV for Tl2201.23 The theoretical values
correspond to ratios 2D0 /kBTc of 6.8, 6.7, and 7.2, much
larger than the BCS value of;4.3, and proves that feedbac
effects, not present in BCS, stabilize the superconduc
state asT is reduced~a result also supported by the theore
ical study of Dahm and Tewordt13!.

Next we consider the case of overdoped Tl2201 withTc
523 K. The data of Puchkovet al.19 are reproduced as th
solid curves of Fig. 5. The grayed curves are atT5300 K in
the normal state and the black curves apply to the super
ducting state atT510 K. Nowhere is there a large rapid ris
in the T510K curve at an energy which would correspo
to the sum ofD0 plus some resonant frequency. This is
striking contrast to the sharp rise seen in Bi2212 and Y1
~bottom frame of Figs. 3 and 4 solid curves!. For this over-
doped sample no spin resonance forms. In fact, a fit of
~2! with vSF5300 meV to theT5300 K data which gives
the grayed dashed curve in good agreement with the
~grayed, solid line! also gives the black dashed curve wh
used in a superconducting state calculation. The agreem
with the solid black curve is quite good. No adjustment
any kind was made. Finally, we note in passing thatt21(v)
stays finite~but very small! in the limit v→0 in all calcula-
tions presented here.

Optical conductivity data in Bi2212, Y124, and Tl220
~Ref. 20! indicate that in the superconducting state t
charge carriers are strongly coupled to a spin resona
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which forms only in this state. No such resonance is see
overdoped Tl2201 withTc523 K. These results confirm tha
the coupling to the spin resonance first seen in optima
doped Y123 is a general feature of several, but not all
high-Tc oxides. The feature that corresponds to the re
nance is a sharp rise in the optical scattering rate at a
quency equal to the sum of the gap plus the spin-resona
frequency. Inversion of the optical data gives information
the absolute strength of the coupling between charge car
and the spin resonance, and on its width. The resonanc
found to be considerably broader in Tl2201 and Y124 tha
is in Bi2212. In the systems considered here, atTc , there is
only coupling to the background spin fluctuations which e
tend to high energies. BelowTc a spin resonance forms18 at
low v and this leads to increased coupling to the spin
grees of freedom which further stabilizes the supercond
ing state. This feedback effect leads to a ratio of twice
gap toTc of order 6–8, much larger than the value predict
in weak coupling BCS for ad-wave gap (;4.3). Overdoped
Tl2201 with Tc523 K provides an example for which n
spin resonance forms belowTc , and this system has optica
properties close to those expected for a Fermi liquid.

Research was supported in part by NSERC~Natural Sci-
ences and Engineering Research Council of Canada! and by
CIAR ~Canadian Institute for Advanced Research!. We
thank D. N. Basov for continued interest in this work a
discussions.

FIG. 5. The optical scattering rates in an overdoped sample
Tl2201 with aTc523 K. The solid lines represent the experimen
data and the dashed lines fits. The grayed curves apply in the
mal state atT5300 K and the black curves in the superconducti
state atT510 K. No spin resonant peak is found in this case
contrast to the three cases shown in Fig. 1.
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