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We argue that recently observed superconductivity-induced blue shift of the plasma frequgndn
Bi,Sr,CaCyOg,s [Molegraafet al, Science 295 2239 (2002] is related to the change in the integrated
dynamical structure factor associated with the development of the spin resonanceTpelggvshow that the
magnitude ofdwy, is consistent with the small integrated spectral weight of the resonance, and its temperature
dependences closely follow that of the spin-resonance peak. We also discuss the differential optical integral for
the conductivity.
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The importance of the resonance spin mode for the physhe plasma frequency and the optical integral can be ex-
ics of the cuprates continue to be the subject of intensivglained by the interaction with the spin-resonance mode. We
debate. In a generic superconductor, the pairing of fermionargue thatbw, and 61((2) scale with the integrated magnetic
drastically reduces the damping of collective spin degrees O§,pectra| weight, and the small values &, and 8(Q) are
freedom at energies belowA2For ad-wave superconductor, consistent with the fact that only 1-2% of the magnetic
the residual interaction between spin fluctuations and fermispectral weight is transferred into resonance. We emphasize
ons gives rise to the additional effect—the development othat this effect is absent in phonon superconductors where
the exciton mode below/ (see, e.g., Ref. 1, and referencesthe spectral function of the pairing boson does not change
therein. This mode exists for bosonic momenta néarm)  pelowT,.
and is commonly called the “spin resonance.” It has been Conventional wisdom holds that at~ 1 eV, which well
observed in three different families of high- exceed the magnetic bandwidth, interaction with spin fluc-
superconductor&® This mode is not a “glue” to supercon- tyations is not the dominant mechanism for the fermionic
ductivity as it emerges only in the superconducting stateself-energy>(w). We argue, however, thakw,, scales with
(more precisely, below the pseudogap temperatiet it 53(»)=3 (w)-3,(w), and the latter comes from frequen-
affects electronic properties of the cuprates in the superconsies comparable to the superconducting gap and can be cap-
ducting state. _ tured within the low-energy, spin-fluctuation theory. We will

Much of recent works on the effect of the spin resonanceee  however, that at high, a fermion with energy 1 eV
on electrons was concentrated on whether the interactiopyeracts with the whole band of magnetic fluctuations. As a

with the resonance is capable to ex_pla_in experimental[y deresult, 53(w) scales with the integrated magnetic spectral
tectedlow-energyfeatures in the fermionic spectral function, weight transfer into the resonance.

tunneling density of states, and optical conductiVtyAn Our reasoning is the following. At plasma frequency, the
example of this pe%awor is the peak-dip-hump structure ofgq| part of the dielectric functiom(w) changes sign. The
the spectral function. _dielectric function obeyse(w)=e(*)+4mio(w)/w, where

The subject of the present communication is the anaIyS|s(w) is the optical conductivity. By Kubo formulag(w)

of the possible role of the spin resonance in the observeg 012 iy .
changes between normal and superconducting state in the wp') /(4m) IR Il{w)/(-iw)] where, Il(w) is the fully

: . . renormalized current-current polarization operator and
optical data at high frequencies,~0.5—1 eV® Recently, (02)?=4mnem is the bare Ias?na frequenc pThe lasma
Molegraafet al. reported the results of their ellipsometry ' P q Y- P

P

measurements on optimally doped and underdopeHequenCy is then the solution of

Bi,Sr,CaCuy0g, s With T,=88 and 66 K, respectiveRThey 0

observed that in the normal state the in-plane plasma fre- w |:—w;'|—\"m- (1)

quency increases with decreasifigroughly asT?, however P e ) P

below T, it increases faster, and the actual value«f(T

=0) is larger than the extrapolation from the normal state.To zero-order approximation, Il(wy)=1, i.e.,

The effect is smalll: at optimal dopingv, ~ 10 cnitis 1073 =wg|/\r’%. However, at any finite frequency 1-Réw) is

of the plasma frequency, =1 eV, but detectable by the still finite, and hencew,, is sensitive to the change of the

ellipsometry technique. They and oth¥rs also found that polarization operator upon entering the superconducting

superconductivity affects the temperature dependence of thatate. This change @5, is small as superconductivity mostly

optical integrall (Q)=h2f8<r(w)dw atQ~1eV. affects the form ofll(w) at frequencies comparable to the
In this paper, we focus on the changesagj and I({2) superconducting gap ~ 0.04w,.

between normal and superconducting states, leaving aside At high frequenciesp~1 eV, normal and anomalous fer-

the mechanism of the temperature dependence in the normaiionic self-energiest(k, w) =3 (w) and ®(k,w) are both

state. We argue that the superconductivity-induced shifts admall compared tav, and to the leading order in the self-
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FIG. 1. The temperature dependence of the superconductivittsee Fig. 2. In this regime, internal fermions and bosons in
induced change of the plasma frequency in Bi22R2f. 9 vs the  the self-energy diagram have comparable energies, i.e., a fer-
change in the resonance peak intensity for YBARef. 4. We  mijon is interacting only with spin fluctuations very n&rIf
normalized both quantities to 1 at=0. For wp, the normal state  thjs behavior was valid up te~ wp, 5wp| would be nega-
value belowT; was obtained by extrapolating t# dependence tjve, in disagreement with the data. However, we found that
from the normal statgRef. 9. Upper panel: optimally doped ¢ w>(1-2)o, where w (defined below is comparable to
YBCO; lower panel: two underdoped samples. magnetic bandwidth, Eliashberg approximation becomes in-

valid, and an “anti-Eliashberg” approximation has to be used.
energy, the current-current correlator both in the normal angn this approximationall spin fluctuations contribute to the
superconducting states is given by self-energy, and we obtained that the change of the fermionic
self-energy is proportional to the integrated change of the

Q
dw . >
Q) = ] 2 dynamical spin structure factor,
@) fo O +3(w)+2(Q - w) @
i i 3¢? ( dQd?
Vertex _correctlons to this formqla are n<_)t dangerous as the 55(w) ~ - _J ng 55(q,Q)F(q), 4)
scattering of an electron off spin excitation changes the di- Z,w 87 5

rection of electron’s velocity by almost 98°For such pro-

cesses transport time does not differ much from a S'ngleWhereg is the spin-fermion coupling constant estimated to
particle lifetime.

— 16 — ¢ _ ;
Substituting Eq. (2) into (1) we find that the be g~0.7 eV}® and 65(q,Q)=59q,2)-5'(q,Q) is the

TR : ange of the dynamical structure factoiS(q,
superconductivity-induced change in the plasma frequency gf.™ = . S S
T=0 is related to the difference between superconductin )=X"(q,Q)[1+cotw/2T)] in even(i=1) and odd(i=2)
and normal fermionic self-energie& () =35 w) -3"(w) as hannels. The_ factdf(q) decrea;es away fro@ but can be

safely approximated by(gq)=1 in the narrow momentum

owp| _ 1 range where the resonance is experimentally detectable. The
Wy - 211 (wy) experimentally measured integrated magnetic spectral weight
P e near(,) is larger in the superconducting stdtehence at
« Re ! do 2 (w) + 82 (wp — w) 3 high frequencie& ' (w) is smallerin a superconductor. Using
Wy + 0Z, + (wy— 0)Z, _ % this 6%(w) we find thatdw,, is positive, in agreement with
0 pl 1) pl Wp|~® p
Ref. 9.
where dwy, = wpi- wp), I} (w) is the real part of the polariza- ~ The momentum and frequency integral in the r.h.s(4of

tion operator in the normal state, adg=1+2(w)/w is the  yields BSS+1)/3=B/4, whereB is the percentage of the
inverse quasiparticle residue in the normal state. By all acspectral weight redistributed beloly. Only the odd channel
counts, atw~ wp, 2(w)<w, i.e., Z,~1. Hence, once the contributes t03(q,) and 1-2% of the spectral weight
integral in(3) is dominated by frequencies where eiteor  from this channel is redistributed,e., B~0.005-0.01. Sub-
wp— o are nearwy (as we later verify, the precise form of  stituting 52 (w) = -3g?B/(4wZ,,) into the expression fobawy,
the fermionic Z(w) does not matter, anddwy/w,  and approximatingZ, by 1 we obtain Syl wp~(1-2)
~ 6Z(wp)/ (2wy). X 1073, in near perfect agreement with the experimental re-
The computation obwy, therefore reduces to the compu- sult 1.3x 10°3. We emphasize that the agreement is entirely
tation of the self-energy difference between normal and suelue to the fact that the integrated weight of the resonance is
perconducting states. We present the resultd®fw) now  very small; if it was not, the blue shift of the plasma fre-
and discuss its derivation and approximations later. We founduency would be much larger. To verify the prefactor, we
that, within the spin-fluctuation scenario, there are two diswent beyond estimates and evaluated the full integréBjn
tinct frequency regimes depending, roughly, on whether ousing the normal state expression faf,® z,~1
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+(iw/ )'2, wherew~ 0.353. We obtained almost the same  Our results therefore indicate that&t0, the full optical
result for w, as above, with the extra prefactor 0-97. integral changes sign already at frequencies for which
In Fig. 1 we plot the temperature dependenced@f,(T)  Eliashberg approximation is valid, and then gradually de-
below T, together with the temperature dependence of thereases with increasing. We remind in this regard that at
resonance peak intensityThe data for the fully integrated weak coupling, the optical integral () changes the sign at
intensity are available for fewer temperatures and show)<2A and is negative at larger frequencies. Our results in-
roughly the samd dependencé We see thatwy, and the gjcate that the behavior @l (Q) does not change drastically
resonance peak follow each other, as it should be accordinganyeen weak and strong couplings—the frequency where
to Eq. (4. 81(Q)) changes sign increases with coupling strength, but still

- 9
Sa\r?tlgnréz)ﬂstyrrgettoalt?g r%%rz)critljec(:}l\/;;l)gt Nilr?leogprgrﬁta@. datl)npde d remains smaller than the fermionic bandwidth. This behavior
Bi2212, the optical spectral weight, with the condensate con'-sI (gr)nllﬁr to that_ in S Idlmfﬂsctﬁ sulperc?_nqijc%ér;'r;;e,
tribution included, integrated up to a frequency of changes sign belowA:In Ihe ciean fimit, an T

10 000 cmi! (above which one-band description fajlén- .20.66 in the dirty limit. At larger frequencieﬁ‘] (Q)) is nega-
creases belowW,. Molegraafet al. interpreted their result as tivé and gradually decreases @sincreases. o
the evidence that the one-band description of superconduc- The accuracy of our numerical Eliashberg calculations is
tivity is not sufficient, and interband transitions also contrib-not sufficient to compare the contributions &(€2) from

ute to the pairing. Bori®t al,'* on the other hand, argued, Eliashberg and anti-Eliashberg regimes. As a rough estimate,
based on their data, that the normal state optical integraie computed anti-Eliashbereg contributiondd(}) by sub-
becomes larger than the optical integral in the superconducstituting Eqs(2) and(4) into the Kubo formula. We obtained
ing state above few hundred meV. A similar conclusion fol-1(Q) = (2—4) X 103(eV)? for O~ 1 eV. Assuming that the
lows from recent measurements by Honetsal ! The dis-  (negative Eliashberg contribution is of the same order, we

crepancy between the experimental results is at least partyptain |51 | ~103(eV)? for Q~1 eV, in agreement with
related to the difficulty of extrapolating the normal state con-grats 9 and 10.

ductivity to T=0. Santander-Syret all° argued their con-

. . We now describe the calculation of the self-energy, Eq.
clusions depend on the extrapolation procedfire. gy, =9

. ; 4), in some detail. We assume that the fermionic self-energy

Our results are consistent with Refs. 11 and 12. We foun : . L :
in our calculations that at optimal doping, the full optical ; redomlr_lantly comes irom the fgrmlon—ferm!on Interaction
integral o1(Q)=1.{Q)~1(Q) is positive at smallQ, but in _the spin _channel and can be viewed as being med|alted by
changes sign af)~300—500 meV, and is negative & spin collective modeg W!th momenta n.éar,.w). The imagi-
=1 eV. In other words, the actual value of the optical inte-Nay part of the fermionic self-energy is given by
gral I(QQ~1 eV) in the superconducting state AT, is 3
smaller tharl (Q)), extrapolated from the normal state. '(k,w)=-— f@z,\/’(q,Q)G”(k +0,0+Q)

Our reasoning is based on the fact that in one-band model, 8
the f-sum rule must be satisfied, i.d({)=«)=0. Hence, w-0 QO
81(Q)=-h%[760(w)dw. Suppose thafl ~ w, i.e., it is at the X (tanh? + cothﬁ>dﬂd2q, (5)
crossover between Eliashberg and anti-Eliashberg regimes.
The integral overw> () in the optical integral is over the whereg is the fully renormalized vertexy(q,Q) is the full
range where Eq(4) is valid. Since at high frequencies, dynamical propagator of the collective mode, adk
Im[1/Z(w)]~-Im %(w)/» is negative, the high-frequency +q,w+Q) is the full fermionic Green’s function.
conductivity o(w) ~ 1/w?r(w) < 3"(w) is larger in the super- In the Eliashberg approximation, vertex corrections can
conducting state than in the normal stagfrapolated to T be neglectedi.e.,§=g), andG(k +q, w+{) can be approxi-
=0. Hence,do(w) is positive, the integral of it is also posi- mated by free-fermion propagator. The reasoning is that low-

tive, and hence’l (1~ w) is negative. ObviousI(Q) will  energy spin fluctuations are overdamped in the normal state
remam.neg_atlve for all) within the range of anti-Eliashberg and are slow modes compared to electrons. Hence, an effec-
approximation. tive Migdal theorem is vali§.By the same reason, the mo-

This reasoning implies that the optical integral shouldmentum integration in Eq5) can be factorized—the inte-
change sign already within Eliashberg approximation. Togration transverse to the Fermi surface involves only fast
verify this, we computed the optical integral(2) at 0  fermions, while the integration along the Fermi surface is
< w within Eliashberg theory?'4 We present the results in over slow bosonic momenta. Within this computational pro-
Fig. 2. We indeed obtained that({)) changes sign at some cedure, one finds th&l” jumps atA+w, that is the key
frequencyQ < w, and is negative at higher frequencies. Theelement of the peak-dip-hump behaviér.
frequency wheredl()) changes sign increases with under-  This approximation is, however, valid only as long as ex-
doping, in agreement with Ref. 18ee caption of Fig.2but  ternal fermionic frequency is smaller than a typical fre-
theoretically it still remainsO(w) even in strongly under- quency at which the momentum integral 6%"({2) con-
doped material$! Note that this does not contradict the idea verges.
that that superconductivity is driven by the decrease of the At strong coupling, this scale is the effective bosonic
kinetic energy'® as within the Eliashberg approach, the de-bandwidth w defined such that in the normal staf®(w)
crease of the kinetic energy also comes from frequenciebecomes less tham at w> w, i.e., spin-fluctuation scattering
~w.t® becomes ineffective. When spin-fermion coupliggs less

100504-3



RAPID COMMUNICATIONS

Ar. ABANOV AND ANDREY V. CHUBUKOV PHYSICAL REVIEW B 70, 100504R) (2004

0.2

FIG. 3. Left panel: the difference in the elec-
tronic self-energy between normal and supercon-
ducting states calculated explicity and using
Eliashberg and anti-Eliashberg approximations.
The frequency is measured in units ab
7] ~0.359~250 meV. Clearly, the anti-Eliashberg
R g approximation is much better at large frequen-

. | , | . cies. Right panel: the low-frequency region,
oo 6 0 1 oo 2 where the Eliashberg approximation is valid.
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than the fermionic bandwidtiV, o~ 0.35g, in the opposite The results are presented in Fig. 3. We see thaiufetw,
limit w~W?/g~J.8 At larger frequencies,w>w, G"(k Eliashberg approximation is much closer to the full result.
+0,0+Q)=Im(wZ,) ! atk=kg, and it can be taken out of However, for w>(1-2)w~250-500 meV the Eliashberg
the integral. To the same accuracy, frdependent factor in approximation is well off, while the anti-Eliashberg approxi-
(5) is approximated by 1+cotf2/2T). We then obtain mation is rather close to the full expression. This justifies our
1 402 use of Eq.(5) for optical properties above 500 meV. Indeed,
Im[ 63 (w)] = - 3g? Im{—} f 3q2 8S(q,Q)F(q), using the one-band model at these energies we assume that
Z,w 87 5 there is a frequency range abowge where anti-Eliashberg
6) approximation is valid, but interband transitions still can be
neglected. The applicability of this approximation has to be

where F(q) subject to F(Q)=1 decreases afQ-q| verified only by comparing the results of one-band analysis
=0(|Q|) and reflects the fact that the spin-fermion model iswith the data, as we did.

only valid for bosonic momenta neéir, 7). As the Kramers- To summarize, in this paper we considered the
Kronig transform of(6) is infrared convergent, the full self- superconductivity-induced blue shift of the plasma frequency
energy is given by4). and the change of the optical integral. We argued that both

We see therefore that at high frequencies o, the cor- ~ can be explained within the magnetic scenario for the cu-
rect computational procedure f@(w) is opposite to the prates. We found thadwy, and the differential optical inte-
Eliashberg approximation—instead of factorizing the mo-gral 81(2) scale with the change of the integrated magnetic
mentum integral, one can neglect the momentum dependen&®ectral weightsS(q,(). The relative magnitudes ofwp,
in the Green’s function and perform the full 2D momentumand 81(Q) are small,~107, as the integratedS(q, () ac-
integration over the bosonic momenta. We explicitly verifiedcounts for only a small fraction of the total spectral weight.
that in this anti-Eliashberg approximation, vertex correctionsVe found thatdw, is positive, and thabl ((2) changes sign
are again small, this time i/ w, such thafy=g in Eq. (5). below 0.5 eV and is negative at larger frequencies.

Obviously, there should be a crossover between Eliash- We thank D. Basov, G. Blumberg, N. Bontempts, C.
berg and anti-Eliashberg approximations as frequency inHomes, B. Keimer, H. J. A. Molegraaf, M. Norman, and D.
creases. To understand where it is located, we evaluatedan der Marel for useful discussions, and P. Dai and H. J. A.
82" (w) explicitly, using the normal and superconducting Molegraaf for providing us with their data. The research was
forms of the dynamical spin susceptibility obtained eaflier, supported by NSF Grant No. DMR 02402@8.V.C.) and by
and compared the full result with the two approximate formsLos Alamos National LaboratorfAr.A.).

1For a review, see M. R. Norman and C. Pepin, Rep. Prog. Phys®H. J. A. Molegraafet al, Science295, 2239(2002.

66, 1574(2003, and references therein. 10A, F. Santander-Syret al., Europhys. Lett.62, 568 (2003; N.
2J. Rossat-Mignoet al, Physica C185-189 86 (1991). Bontempts and A. F. Santander-Syivate communication
3H. F. Fonget al,, Phys. Rev. B61, 14773(2000; H. F. Fonget 1A, Boris, N. N. Kovaleva, O. V. Dolgov, T. Holden, C. T. Lin, B.

al., Nature(London 398 588(1999; see also C. Stockt al, Keimer, and C. Bernhard, Scien@94, 708 (2004

Phys. Rev. B69, 014502(2004). 1
4p. Daiet al, Science284 1344(1999. C. Homeset al,, Phys. Rev. B69, 024514(2004).

SH. F. Heet al, Science295 1045(2002 13Ar. Abanovet al, Phys. Rev. Lett89, 177002(2002.
. F. ” . "
6Ar. Abanovet al, Adv. Phys. 52, 119 (2003; J. Electron Spec- Ar. Abanov and A. Chubukov, Phys. Rev. Letg8, 217001

trosc. Relat. Phenoml17, 129 (200D. (2002.
7D. S. Dessatet al, Phys. Rev. Lett.66, 2160 (199]); M. R.  >J. E. Hirsch, Physica 199, 305(1992; M. R. Normanet al,
Normanet al, ibid. 79, 3506(1997; A. V. Fedorovet al, ibid. Phys. Rev. B61, 14 742(2000; M. R. Norman and C. Pepin,
82, 2179 (1999; S. V. Borisenkoet al, ibid. 90, 207001 ibid. 66, 100506(2002).
(2003; A. D. Gromkoet al, cond-mat/020538%unpublishegl 16R. Haslinger and A. Chubukov, Phys. Rev. B7, 140504
8For a review, see D. N. Basov and T. Timusk, Rev. Mod. Ptiys. (2003.
be published 17A. Chubukovet al, Phys. Rev. B68, 024504(2003.

100504-4



