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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 dop&i,UB3gs
(Y123) is extended to other systems. We find that the corresponding spin resonance is considerably broader in
TI,SrLCuG;., 5 (TI2201) and YBaCu,Og (Y124) than it is in BL,SLCaCyOg, s (Bi2212) and there is no
resonance in overdoped TI2201 wiih=23 K. The effective charge-spin spectral density is temperature
dependent and contains feedback effects that further stabilize superconductiVity eeduced.

For a conventional electron-phonon system an isotropicaction is very important and cannot be pinned to the Fermi
on the Fermi surface, spectral density can be introducegurfac& and there are cold and hot spots. Nevertheless, the
which is essentially temperature independent belBw!  resulting in-plane infrared conductivity is isotropic for te-
This spectral densityg?F(w), can be determined from tun- tragonal systems and E@l) can still be applied and the
neling data in the superconducting state and has been usessulting W(w) interpreted as an effective spectral density
with great success to understand the deviations from BC$or the electron-spin fluctuation exchange interactiom.
universal laws observed in many conventionalcontrast to the electron-phonon case this effective interaction
superconductorsIn principle, information ona?F(w) can  resides in the system of electrons and, due to correlation
also be obtained through inversion of optical data althougheffects, can be temperature dependent. In particular, it can
to our knowledge, this has only been accomplished fof Pb.undergo major changes when the electrons condense into the

Recently Marsiglioet al® introduced a dimensionless superconducting state. Such feedback effects are generic to
function W(w) which is defined as the second derivative of any electronic mechanisfi-*>They have been studied theo-
the normal-state optical scattering rater () retically within a Hubbard model by Dahm and Tewdrdt
=(Q3/4m)Reeoy’(w) multiplied by frequencyw. Here  who also review the work of others.

Q, is the plasma frequency andy(w) the normal state Optical conductivity calculations for a d-wave
optical conductivity. Specifically, superconductdf* within a spin-fluctuation mechanism by
Carbotteet al® established thatV(w) of Eq. (1) still gives a

1 d?°[ o good approximation to the spectral dendify(w) provided
W(w)= 27 do?| 7(w) (1) itis divided by 2 and shifted by the gajy,. Calculations of

W(w) from the data of Basoet all® in optimally doped
which follows directly from experiment, provided the data Y123, revealed strong coupling of the charge carriers to the
on on(w) are sufficiently accurate that a meaningful second41-meV spin resonance seen bel®win spin polarized in-
derivative can be taken, possibly after smoothing. Marsiglicelastic neutron-scattering experimetfts’ The coupling to
et al®> made the very important observation that within thethis resonance was found to be large enough to stabilize the
phonon rangeW(w)=a’F(w) at least for those spectral observed superconducting state. For underdoped Y123 the
densities studied. Beyond the phonon raMyéw) can be spin resonance remains in the optics even abivap to a
negative but this does not distract from the fact 4tw) pseudogap temperature, in agreement with the neutron work
can be used to get the shape and magnitude¥(w). by Daiet al1® A quantitative analysis is not attempted in this
Application of Eq.(1) to the normal-state conductivity of case, however, because of the added complications of the
K3Cqp gave ana’F(w) [provided negative regions W(w) pseudogap.
are simply ignoreflin excellent agreement with incoherent  Here we extend our previous wérto other materials and,
inelastic neutron-scattering d&faon the phonon frequency in contrast to what was done in Ref. 6, we proceed here
distribution F(w) and gave sufficient coupling strength to without any reference to neutron data. In Fig. 1 we show
obtain the measured value ©f. This leaves little doubt that results for the coupling to the spin resonance in Y124 (
K5Csp is an swave, electron-phonon superconductor, even=82K, solid line, TI2201 (T.,=90K, dashed ling and
though correlation effects are likely to be quite important. Bi2212 (T.=90K, dotted ling derived from optical data
More recently Carbottet al® have extended the method measured aff=10K. These results were obtained from a
of Ref. 3 to spin-fluctuation exchange systems and to thelirect application of Eq(1) to the optical data of Puchkov
superconducting state witd-wave symmetry. The charge et all® Shifting by the gap which is determined by the
carriers are coupled to the spin fluctuations through the spimethod discussed in detail later on, the resonances are at 38,
susceptibility which is strongly peaked at () in the two-  43%° and 46 meV, respectively with a considerably larger
dimensional Brillouin zone of the Cu(lane of the highF,  width in the first two than in Bi2212. On the other hand, the
oxides’ In this case the momentum dependence of the interspin resonance in Bi2212 was observed by Fehgl?! at
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FIG. 1. The spin resonance obtained from inversiorisoiper-
cond) optical conductivity data using Eql) for W(w): solid line = Py(o)
Y124 (T,=82K), dashed TI2201T.=90K), and dotted Bi2212 W(w)
(T.=90K). Note that the vertical scale is dimensionless. The posi-
tion of the resonance peak is shifted by the gap value on the hori-
zontal scale. : ; ; L .
0 100 200 300 400

. . . o (meV)
43 meV using neutron scattering. No neutron data exist, to

our knowledge, for Y124 and TI2201 and therefore our re- FIG. 2. The top frame gives the optical scattering rateT at
sults represent a falsifiable prediction. Another prediction=300K in the normal state of TI2201T{= 90 K). The solid curve
that we develop later is that overdoped TI2201, € 23 K) is experiments, the dashed one a fit witge=100 meV in Eq.(2),
will show no resonance. and the dotted line is fab =30 meV. The middle frame gives the

To extract more information from optical data we need toinput?x(w) (grayed solid squargsised in the conductivity calcu-
consider a more specific mechanism, namely spin-fluctuatiotations which giveW(w) (solid line) at T=10 K. The bottom frame
exchangé€:22 At the simplest level in the normal state, we gives another model fot?x(w) based on TI220Xgrayed solid
describe the corresponding spectral density by a two paranfduaresand the corresponding/(») at T=10K.

eter form _ .
cept for some oscillations at higher frequencies the normal

stateW(w) (solid curve is close to the input spectral func-
wosE tion 12y(w) (grayed squargs

o, 2 ) Normal-state conductivity data are not available at low

temperatures in the high; oxides and it is necessary to

devise an inversion technique which applies in the supercon-
where 12 is the coupling between spin excitations and theducting state. Also, the spectral density can depend on tem-
charge carriers andge sets the energy scale for the spin perature and on the state of the system. This requires a for-
fluctuations. Both parameters can be derived from a fit to thenalism which relates the spectral densly(w) to the
normal-state optical scattering rates as a function of fresuperconducting state conductivity. This was provided in the
quency. A fit for TI2201 T.=90K) is shown in the top work of Schachingeet al!? who calculated the conductivity
frame of Fig. 2. The fit to theT=300-K data withwgeg  of ad-wave superconductor within an Eliashberg formalism.
=100 meV and a high-energy cutoff at 400 meV is excellentAs previously stated, using this formalism Carbotteal 8
and loweringwsg to 30 meV does not give an acceptable fit. established that in this cad®¥(w)/2 agrees fairly well with
The formalism we use to relate spectral density to conduck?x(w) provided it is shifted by the gap amplituds,. This
tivity is standard and oy () follows from a knowledge of is shown clearly in Fig. 3 which is similar to the bottom
the self-energy2 (w). As a check on the accuracy of the frame of Fig. 2 except that now the superconducting state
inversion procedure embodied in E@.), we show in the conductivity has been employed and the material is Bi2212
central frame of Fig. 2 our results for the functifi( ) with T,=90K rather than TI2201. The grayed squares are
obtained from our theoretical normal-state optical scatteringhe input spectral density shifted by the theoretical dap
rate 7 Y(w) based on our input spectral densit§y(w) =28meV and the dashed line are the results for the inver-
given in Eq.(2) and shown as the grayed squares. We seeion W(w)/2 vs w based on the calculatets(w). A simple
that atT=10K the inversion matches almost perfectly the d-wave gap model was used, and a paramgtetroduced
input spectral density except for small wiggles in the in-giving the relative weight of the spin-fluctuation spectral
verted curve(solid line). This excellent agreement between density in the gap channel as compared to its value in the
W(w) andl?y(w) is not limited to simple, smooth forms. In renormalization channel. Details can be found in Ref. 12. For
the bottom frame of Fig. 2 we show results obtained for aBi2212,9=0.725, gives the measured valueTefwhen the
structured spectrum, namely a spectrum which is propornormal-state spectral density of H®) is used in the linear-
tional to the one used by Schachinger and CarBbtteana-  ized self-energy equations @t=T.=90 K. This value ofg,
lyze the optical properties of superconducting TI2201. Ex-which is considerably less than 1, could be interpreted as an

12x(w)=1%—
0°t oge
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FIG. 3. The top frame gives our model for the spin-fluctuation FIG. 4. The same as Fig. 3 but for the material Y124. The
spectral densitydisplaced by the theoretical gap,=28 me\) for spin-fluctuation spectral densityy(w) was displaced by the theo-
Bi2212 in the superconducting state &t=10K (grayed solid retical gapA,=24 meV in the top frame.
squares The dashed line i%V(w)/2 obtained from the calculated o
conductivity and the solid line is the resonant peak of Figddited ~ Underl?x(w) of 95meV. From application of Ed1) to the
line) used in constructing the modéfy(w). The bottom frame Superconducting state data we have already established the
shows two sets of optical scattering rates and theoretical fits t@Xistence of coupling of charge carriers to a resonance peak
these. The solid lines are experimental and the dashed lines are th& seen in Fig. 1 which gives its size and position in energy
theoretical results. The grayed lines are for the normal staie at and this is reproduced as the solid curve in the top frame of
=300K and the black ones are for the superconducting stafe at Fig. 3. To get the superconducting state spectral density
=10K. (grayed squares of the top frame in Fig tBe low-frequency

part of the normal-state response is replaced by the resonant
indication that a second, subdominant scattering mechanispeak.
(for example phononss also operative. The theoretical gap, There is no known sum rule on the spectral weight
on the other hand, is calculated from the solution of thel?y(w) and we find that the area under this function in-
d-wave Eliashberg equatiotfsfor a temperatureT=10K  creases from 95meV in the normal state to 115meV in the
and is defined as the peak in the quasiparticle density afuperconducting state. The increase is due to the appearance
states. It is to be noted that this gap is a bit smaller than thef the spin resonance. Part of this spectral weight could come
gap of 31 meV suggested from the inversion data of Fig. from a transfer from higher energies but our resolution at
for Bi2212 (dotted ling using the experimentally observed such energies is not sufficient to confirm this. In the bottom
position of the resonance peak at 43 nféWevertheless, the frame of Fig. 3 we show the fit to the superconducting state
agreement is excellent and the theoretical value of 28 meV isptical scattering rate obtained from our motfe}(w). The
within the experimentally observed rantfe. agreement is very good and since no new parameters were

The agreement betwedN(w)/2 and|?y(w) in the top introduced to obtain the black dashed curve which agrees
frame of Fig. 3 as to size and shape of the main peak isemarkably well with the black solid curve in the region 0
excellent. However, a negative piece is introducediVifw) s=w<250meV, this is taken to be a strong consistency
right above the spin resonance peak which is not part of theheck on our work.
spectral density. Nevertheless, at higher energié&yp)/2 We extend our analysis to the material Y124 (
does recover and shows long tails extending to severa:81K) where we predict from Figl a spin resonance to
100 meV although they are underestimated. Additional eviexist at 38 meV. Moreover, this spin resonance is much
dence for the existence of this high-energy background i®roader than the one observed in Bi2212 of Y123. Results
found from our fit to the normal-state data shown in theare presented in Fig. 4. The top frame of this figure demon-
bottom frame of Fig. 3. The grayed lines give the opticalstrates the agreement betwedf{w)/2 and12y(w) which
scattering rate in Bi2212 at=300K. The dashed curve is was shifted by the theoretical gdg,=24 meV which is an-
the fit to this datasolid line) and gives a normal-state spin- other prediction of our calculations as, to our knowledge, no
fluctuation frequencyvgr=100meV in Eq.(2) and an area experimental data exist for this material. The bottom frame
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of Fig. 4 presents our comparison between experimental and 200

theoretical optical scattering rates. As in the case of Bi2212 B T=3°°5 ; . A
the normal-state scattering ratgrayed liney at T=300K - ""Ef(;_:fiogf(’ =30 7
gives evidence for the existence of a high-energy back- - ——-Theory, T= 10K /

ground as the experimental ddtolid line) are best fit by a S //ﬁ

spin-fluctuation spectrum of the type described by Ej. GE’ 100fA "

with wge=80meV and a high-energy cutoff of 400 meV g T

(dashed ling The black lines compare the theoretical results ,3

(dashed lingto experimenisolid line) in the superconduct- e 90F

ing state aff =10 K. The signature of the spin resonance, the

sharp rise in7 !(w) starting around 50 meV, is correctly 0 L . L
reproduced by theory. Fon>120meV the experimental 0 50 100 150 200 250
scattering rate shows only a weak energy dependence and the » (meV)

theoretical prediction starts to deviate from experiment. This
is in contrast to our results for Bi221Bottom frame of Fig.
3) and TI2201%° and could be related to the fact that the

FIG. 5. The optical scattering rates in an overdoped sample of
TI2201 with aT,=23 K. The solid lines represent the experimental

. data and the dashed lines fits. The grayed curves apply in the nor-
19
Y124 sample used by Puchkat al:™ was slightly under- mal state aff =300 K and the black curves in the superconducting

doped, a situation not Coyered by ou.r theory. . state atT=10K. No spin resonant peak is found in this case in
To conclude, we obtained theoretical gap amplitudgs  .ontrast to the three cases shown in Fig. 1.

=24,26, and 28 meV for Y124, TI22(®,and Bi2212, re-

spectively. Experimental values are in the range of 30 meV

for Bi2212 and 28 meV for T1220% The theoretical values Which forms only in this state. No such resonance is seen in
Correspond to ratios&O/kBTc of 68’ 67' and 72’ much Ovel’dope(_j TI2201 W|tﬁ—C:23 K. These.results anﬁrm that
larger than the BCS value of4.3, and proves that feedback the coupling to the spin resonance first seen in optimally
effects, not present in BCS, stabilize the superconductinﬁOped Y123 is a general feature of several, but not all the

state asT is reduceda result also supported by the theoret- N19N-Tc oxides. The feature that corresponds to the reso-
ical study of Dahm and Teworth. nance is a sharp rise in the optical scattering rate at a fre-

Next we consider the case of overdoped TI2201 with quency equal to t_he sum of th_e gap pIu; the_spin-res_onance
—23K. The data of Puchkoet al® are reproduced as the frequency. Inversion of the optical data gives information on
solid CLJI’VGS of Fig. 5. The grayea curves ard@ at300 K in the absolute strength of the coupling between charge carriers

ind the spin resonance, and on its width. The resonance is
e normal state and te lack crves appy o he supercoff % S0 PSS, S 0 B TS SIS,

in the T=10K curve at an energy which would correspond IS in Bi221.2' In the systems consid_ered here‘!’@,t ther_e Is
to the sum ofA, plus some resonant frequency. This is in only coupling to the background spin fluctuations which ex-

striking contrast to the sharp rise seen in Bi2212 and Y12 end to high energies. BelowC a spin resonance forﬁi‘s@t
(bottom frame of Figs. 3 and 4 solid curye&or this over- ow  and this leads to increased coupling to the spin de-
doped sample no spin resonance forms. In fact, a fit of E rees of freedom which further stabilizes the superconduct-
(2) with wsr=300meV to theT=300K data whi’ch gives hg state. This feedback effect leads to a ratio of twice the
the graye(;I5 Fdashed curve in good agreement with the dafi?P tolc of o:der 6-8, fmu;h larger tha(rl the)value %redi%ted
S . in weak coupling BCS for a-wave gap (-4.3). Overdope
(grayed, solid ling¢ also gives the black dashed curve When;l;{2201 with T,— 23K provides an example for which no

used in a superconducting state calculation. The agreement” f bel d thi tem h tical
with the solid black curve is quite good. No adjustment of SPIN resonance forms be o¥¢, and this sys em has optica
properties close to those expected for a Fermi liquid.

any kind was made. Finally, we note in passing that(w)
stays finite(but very small in the limit «—0 in all calcula- Research was supported in part by NSER@&tural Sci-
tions presented here. ences and Engineering Research Council of Canadd by

Optical conductivity data in Bi2212, Y124, and TI2201 CIAR (Canadian Institute for Advanced ResearchVe
(Ref. 20 indicate that in the superconducting state thethank D. N. Basov for continued interest in this work and
charge carriers are strongly coupled to a spin resonanagdiscussions.
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