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We studyB,4 Raman intensityr({2) and the density of staté¥(w) in isotropic two-dimensionad-wave
superconductors. For an ideal gB$()) andN(w) have sharp peaks &=2A andw=A, respectively, where
A is the maximum value of the gap. We study how the peak positions are affected by the fermionic damping
due to impurity scattering. We show that while the damping generally shifts the peak positions to larger
frequencies, the peak iR({}) still occurs at almost twice the peak positionN{w) and therefore cannot
account for the experimentally observed downturn shift of the peak frequey{lh in underdoped cuprates
compared to twice that ilN(w). We also discuss how the fermionic damping affects the dynamical spin
susceptibility.

The unusual physical properties of cuprate superconductncoherence, which generally shifts the positions of both the
ors have continued to be of high interest to condensed-matté&aman peak and the peak in the DOS. In this paper, we show
physicists for more than a decade. In recent years, mucthat the shifts in the peak positionsR{(2) andN(w) due to
attention was devoted to the study of collective bosonic exfermionic damping arecorrelated such that without final-
citations in the superconducting and pseudogap pHases. state interaction, the peak R(Q) is still located at almost
The most notable experimental observation is the discovergxactly twice the peak frequency M(w). This result im-
of the resonance mode in the dynamical spin susceptibifity. plies that the experimentally observed relative downturn de-
This mode is centered at the antiferromagnetic momenturaiation of the peak in the Raman intensitgnnot be ex-
Q= (m,m), and physically reflects the fact that near antifer-plained by purely fermionic self-energy effects, and leaves
romagnetic instability, collective spin excitations idavave the resonance mode scenario as the most probable one.
superconductor are undamped, propagating spin waves at en-We begin with the general expressions fR((}) and
ergies smaller than 2.8 Less attention is devoted to the N(w) in a superconductor. The DOS is the imaginary part of
study of possible resonance bosonic excitations at zero mahke local normal quasiparticle Green’s function, and the Ra-
mentum transfer. These excitations are probed by Ramaman intensity without final-state interaction is the imaginary
scattering which generally measures the imaginary part opart of the fermionic polarization bubble with a zero momen-
the fully renormalized particle-hole susceptibility at vanish-tum transfer, weighted with Raman vertic€$°We have, up
ingly small incoming momentum, weighted with Raman to an overall factor
form factors which depend on the scattering geometfy.

The experiments relevant to our discussion were performed

in B4 geometry where the Raman form factors are the larg-  R(Q)= Imj dk dw Vélg(k)(Gsc(k,w+)GSC(k,w_)
est for fermionic momenta near ¢f), and symmetry related

poirlr[lsé where thed,2 2 gap A(k) is near its maximum +F(k,w )F(k,w_));

A

In a BCS theory for @-wave superconductoB;, Raman
intensity R(Q2) logarithmically diverges at 2 and rapidly, N(w)= |mJ' dk Gk, ). (1)
asw®, decreases at smaller frequencieExperimental data
for overdoped Bi2212 are qualitatively consistent with this .
behavior**® Furthermore, the & extracted fromR(Q) is  Here, Ve, (K)>cosk—cosk, is the B,y Raman vertexpw..
almost exactly twice the gap extracted from superconductor=w=* /2, and Gs(k,») and F(k,w) are normal and
insulator—normal metal junctiongSIN) tunneling data, anomalous quasiparticle Green’s functions given by
which measure a single particle density of sta(B©S)

N(w).** With underdoping, however, the peak frequency inG_ (k,w) =G, X(—k,— )/(G (k)G X(—k,— w)+A2)
R(Q) progressively deviates down from the\ 2extracted
from the tunneling experiments. _ . . 5

Blumberg, Morr, and one of uCBM) (Ref. 15 attrib- F(k,w)=iA /(G (K,0)G, " (—k,—w)+A)). (2
uted this deviation to a final-state interaction between scat-
tered quasiparticles. They argued that the magnetically mdﬂere,G;l(k,w)=2(k,w)—ek, where (k,w) is the fermi-
diated final-state interaction B,4 geometry is attractive and onic self-energy(which also absorbs a baweterm), andA
gives rise to a pseudoresonance R(()) at a frequency is the superconducting gap, which fordg._,2 supercon-
Qes, Which with underdoping progressively deviates downductor behaves a& . cosk,—cosk, .
from 2A. In an ideal gas, the fermionic self-energy is absget,

An alternative to the resonance mode scenario is one il (k,w)=w). To simplify the discussion, we assume that the
which the final-state interaction is irrelevant, and the discrepFermi surface is circular, for which botR({2) and N(w)
ancy between Raman and tunneling data is due to fermionican be evaluated exactly Substituting the momentum inte-
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N b) primary source for the fermionic damping is impurity scat-
1 tering. We consider the fermionic self-energy in the self-
consistentT-matrix formalisnt®!” and neglect subtle two-
dimensional(2D) effects beyondr-matrix approximatiort®
Hirshfeld, Wolfle, and Einzé? demonstrated that for a
d-wave superconductor with a particle-hole symmetry and
T k-independent scattering potential, > (k,w)=w+iy,

; 4 3°’—/é sign(w), where y|,| is a solution of the self-consistent
equatiori®t’
08 C) (| |)
Jol|w
Yol =Y 5, 27 10 )
c*+gg(|w])

R(Q, N(@

Here,y is proportional to the impurity concentrationis the
cotangent of the scattering phase shift, agg(|w|)
=(i/7Ng) 2, Gs(k,w) sign(w), where N¢ is the normal-
state DOS at the Fermi surface. The self-consistency of Eq.
(5) is in the fact thatG(k,w) given by formula(2) by itself
FIG. 1. The behavior of the Raman intendRg(2) and the DOS  depends ony(w) throughX (w). Physically this means that
N(w) in d-wave superconductor&). (b) Fermi-gas results ¥  the fermionic self-energy due to impurity scattering is by
=0) Solid lines:d-wave results, dashed lineswave results shown jtself affected by a superconductivity.
for comparison. The inset shows the behavioR¢f)) close to the For a circular Fermi surface, the momentum integral over
threshold frequency 2. (c) The results_fory=0.2A [Eqg. (8)] The G(k,w) can be performed exactly and yieldgo(|o|)
normalized frequencies ate= w/A andQ=Q/(2A). Observe that =(2/m)K(A?/3?(w)). In the normal stategy(w)=1, and
for d-wave superconductors, the peak in the Raman intensity is}’|w\ reduces to a ConStal’mw|:7/(1+Cz)- In a supercon-
located at larger normalized frequency than the peak in the dens"ducting state, howevery|, is complex and frequency de-
of states. pendent. Still, one can easily demonstrate thgt remains
) _ ) o finite for all frequencies. Below we will neeg, andy, . For
gration by integration ovede,, and approximating th&  ynitary scattering¢=0), we solved Eq(5) at these frequen-
dependences m‘Blg(k) andA, by cos®, one obtains fof),  cies and fory<A obtained with logarithmical accuracy,
w<1 (Ref. 13 = (2/7) ylog(Aly) and yo= (ryAllog(A/y)*2.
' We now proceed with the calculations of the DOS and
_ 37— (15 — 2 _ Raman intensity. As the self-energykisndependent, we can
R(Q):1—603F(§,§,3,02), N(w)=—wK(w), (3) use the same trick as in earlier studiés?! and first inte-
a . . .
grate over momenta in E@l). Substituting the momentum
and for(_l, w>1 integration by th_e integration ovef, and evaluating the in-
tegrals, we obtail?

Q/2A.w/A

15 1 — 2 /1 (2, S(w)
5,5,3,§ , N( )—;K =1, (4) N(w)—ImJO d@m,

w

— 37
R(Q)= _2F
16Q

wherew=w/A, Q=Q/(2A), andF(a,b,c,x) andK(x) are

hypergeometric and elliptical functions, respectively. The re-

sults forR() andN(w) are plotted in Fig. (a) and(b). At

the smallest frequencieB(Q)x Q3 andN(w) = w. At larger = (3,-3_)>+(D,—-D_)?

frequencies, the Raman intensity and the DOS diverge loga- Xf wd“’ 4D.D (D,+D_)

rithmically at o=A and Q)=2A, respectively. At even

larger frequencies, the momentum dependence of the gdpere, w.=w*Q/2, 3.=%(w.), D.=D(w.), and

progressively becomes less relevant, and bR()) and D(w)=VA%2c0S0—3(w).

N(w) acquire the same forms assrwave superconductors:  As a warm up, consider the limit of small frequencies.

R(Q)=1/(QVQ2-1), N(w)=w/\w?-1. Observe that SubstitutingZ(w)=w+iyesign(w) into Eq. (6) and ex-

R(Q) crosses over to theswave behavior immediately Panding in frequency, we obtained

above 2. [see inset in Fig. @)]. - _ _

Our goal is to study how the peak positions and, more R(Q) =05 log 1y +0(Q3);

generally, the functional forms d®(2) and N(w) are af-

fected by the fermionic self-energy. In general, the fermionicN(w)

self-energy comes from various sources, and at least part of - o

it, associated with the scattering by the same bosonic excita- ﬂ 2 y0> 2y,
=N(0)+w 1-—tan 1= -——

/2
R(Q)=— Ref d® cos0
0

(6)

tions which give rise to superconductivity, has to be deter- log\/1+|=

mined fully self-consistently from the Eliashberg-type
equations. In this paper, we assume for simplicity that the )

w a
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where N(0)= (2/7) yolog 1/yo, and yo=17y,/A. At w<1,  substituted by the peaks at higher frequencies for whigh
N(w)=N(0)+ w?/ (). =1/2\/3. At the same time, the functional forms B{(Q)

We see that fermionic damping) yields a linear fre- andN(w) areidentical This implies that in a dirtys-wave
quency dependence &((2), and(ii) yields a finite DOS at  superconductor, the peak in the Raman intensity is also lo-
zero frequency, and the quadratic frequency dependence ghted exactly at twice the peak frequencyNiw), though
N(w) aboveN(0). Both of these results agree with earlier both peak positions shift from the Fermi gas values.
studies'®’ For completeness, we also discuss how fermionic damp-

We now consideR({) and atQ)~2A andw~A, where ing affects the spin-polarization operator at the antiferromag-
the Raman intensity and the DOS diverge in a Fermi gasietic momentun®@. The form of this polarization operator is
The Raman intensity nearA2has been previously evaluated relevant for the interpretation of neutron-scattering and
numericallyl” We present the analytical results which allow angle-resolved photoemission spectroscopy 8afta.
us to compare the peak positionsRifw) andN(w). The spin-polarization operator is related to the dynamical

Simple estimates show that neak 2the integral inR(2)  structure factor aSo(Q)xIm(&2—T1o(Q)) "%, where¢ is
is dominated byD.<1, i.e., w.~=*A. Substituting%(w  the magnetic correlation lengfhit is formally given by the
~A)=w+iy,sign(w) into Eq.(6) and expanding the inte- same set of particle-hole bubbles made of normal and
grands to first order if) —2A and w—A, respectively, we anomalous Green’s functions as the Raman intensity, but dif-

obtain after lengthy but straightforward calculations fers fromR(Q) in two aspects. First, the antiferromagnetic
_ spin polarization is a finite momentum probe, and the contri-
(1 1 -2 ) bution to low-frequency Inbl4({2) only comes from the
Fl - -2 momentum range in the Brillouin zone where both particles
T 22 0-1+iy, in the bubble are near the Fermi-surface hot spots. Near hot

R(Q)= Re] — ; spots, the superconducting gap is finite and closé tdn
4\/5 VQ—1+iy, other words, the regions near the nodes ofdhe ,2 gap do
not contribute to the dynamical spin susceptibility n€ar

B 5 Second, the vertices fdil4({2) contain Pauli matrices. For
Kl i the anomalou& F term, the summation over spin projections
2 w—1+iy, yields an extra factor-1 compared to the Raman bubble.
N(w)=—Re . (8 Performing the momentum integration in ti&G and FF
™ L Vo—1+iy, bubbles in the same way as before, and using the fact that

AA ;o= —A?, we obtair

Here yo,= v /A.
e : (* 2,3 _+D,D_—A?
We now analyze these results. N€drw=1, we find HQ(Q):|f dow 55 D
e .D_

from Eq. (8 R(Q)~(—1/8)lod(Q—1)>+72], N(w)~
(— 1/4m)logl (w—1)*+3]. We see that the logarithmical di- The overall factor is chosen such that in the normal state,
vergencies are cut by the fermionic damping, but, to a IogaﬂQ(Q):i|w|_

rithmical accuracy, the peaks remain at the same positions as For an ideal gas, the frequency integration in Etp)

in a Fermi gas. In other words, fermionic damping gives rise ields ImITo(©2)=0 and ReHQ(Q)ocQZ at Q=0/(24)

to a broadening of the peaks in the Raman intensity and th . ; . .
DOS, but still, the peak ifR((2) is located at twice the peak =1. For large enougs, j[hls bEhawor offlg(€2) gives rise
frequency of the DOS. to a resonant peak_lrSQ(Q) at a frequency where

Calculations beyond the logarithmical accuracy show thaReHQ(Q):(ZﬁB At =1, ImIIy(Q) jumps to a finite

the peak positions do shift to higher frequencies but the relayalue, and Rélo(Q) diverges logarithmically. This behav-
tive shift is op@site to the one detected in the experimentsior is shown in Fig. 2a).

the peak inR(Q) shifts to higher frequencies for arbitrary ~ SubstitutingX (|w|~A) into Eq.(10) and performing the
Ya (ﬁpeak—lc";i for ;A< 1), while the peak inN(Z) same cal_culations as before, we obtain fearl and to first
shifts to high frequencies only if the damping exceeds arder iny,

threshold value ofy,~0.77. Obviously, the magnitude of

(10

the shift inN(w) is smaller than that iR(€2). This behavior —  Amw 2 ag
is illustrated in Fig. 1{c). ImIlo(Q)=—| 1+ —arcsi——
Note in passing that fas-wave superconductors, the same 2 m \/a%Jr 1

calculations which lead to E¢8) yield

V1t a/)2(+ ay

(1+a)ya

1/2

: 11
, 9 b

— 1
Rell5(Q)= A( log=——¥(agq)
vA

R(X),N(X)N(

— — — where, as beforea(}:(ﬁ— 1)/(;A), and in the limits of
where a,=(x—1)/(ys) andx=Q for R(x) andx=w for  gma|| and larger, ¥(a) behaves ad (a<1)=a?2, and
N(x). Again, the divergencies &=w=1 are gone and W (|a|—>)=log|q|.
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HQ(Q):gQZ+2i§§|Q|. (12)
Again, similar to the result foR()), the inclusion of a finite
fermionic damping yields a nonzero lif(€2) down to the
lowest frequencies. This result implies that in the presence of
impurity scattering, the resonance peakSi({2) has a finite
width. This effect may account for the width of the reso-
nance neutron peak near optimal doping. We, however, do
not believe that fermionic damping is responsible for the
increase of the peak width with underdoping—this last effect
is likely to be caused by the frequency dependence\ of
associated with the pseudogap effects, which we do not con-
sider here?

To summarize, we have considered in this paper a simple
model form of the electronic damping and analyzed how it
affects the forms of the Raman intensity, the DOS, and the
spin-polarization operator at the antiferromagnetic momen-

FIG. 2. The behavior of the spin polarization operator in thetum. We found that a finite damping eliminates artificial di-

Fermi gas(a) and at a finitey (b). Solid line: Rello((2), dashed
line: ImIIo(Q).

vergencies found in a Fermi gas consideration. Still, how-
ever, without final-state interaction, the peak’(()) occurs
at or beyond twice the peak frequency for the DOS, in con-

We see, similar to what we found for the Raman intensitytradiCtion with the experimental observations. This negative
and the DOS, the inclusion of the fermionic damping elimi- result implies that fermionic damping alone cannot account

nates the singularities in the spin-polarization operator

ImIlo changes continuously through=1, and Rdlg, is

peaked but does not diverge a1 (to first order in;A,
the peak does not shift to higher frequenti@shis behavior
is shown in Fig. 2b).

At small frequencies, the expansion @ in Eqg. (10
yields

for the data, and supports the explanation of the downturn
shift of the Raman peak with underdoping in terms of a
midgap pseuoresonance mode in the Raman intelsitje
also found that fermionic damping gives rise to a finite width
of the resonance neutron peak.

It is our pleasure to thank G. Blumberg, A. Finkel'stein,
D. Morr, and M. Norman for useful conversations. The re-
search was supported by NSF DMR-9629839.

IH.F. Fonget al, Phys. Rev. B54, 6708(1996; P. Daiet al,
Science284, 1344(1999.

2H.F. Fonget al, Nature(London 398 588(1999.

5G. Blumberget al, Science278 1427 (1997; J. Phys. Chem.
Solids59, 2196(1998.

4K. Maki and H. Won, Phys. Rev. Letf2, 1785(1984); D.Z. Liu,
Y. Zha, and K. Levin,ibid. 75, 4130(1995; I. Mazin and V.
Yakovenko,ibid. 75, 4134(1995; A.J. Millis and H. Monien,
Phys. Rev. B54, 16 172(1996; N. Bulut and D.J. Scalapino,
Phys. Rev. B53, 5149(1996.

57-X. Shen and J.R. Schrieffer, Phys. Rev. L&8, 1771(1997).

®M.R. Norman and H. Ding, Phys. Rev. &, R11 089(1998.

"Ar. Abanov and A. Chubukov, Phys. Rev. Le88, 1652(1999.

8D.K. Morr and D. Pines, Phys. Rev. Le&l, 1086(1998.

9A.A. Abrikosov and V.M. Genkin, Zh. Esp. Teor. Fiz65, 842
(1973 [Sov. Phys. JETBS, 417 (1974].

OM.V. Klein and S.B. Dierker, Phys. Rev. B9, 4976(1984).

11B.S. Shastry and B.I. Shraiman, Phys. Rev. L&%.1068(1990:
R.R.P. Singh, Comments Condens. Matter Ph$s241(1991).

12T p. Devereaux and D. Einzel, Phys. Rev5B 16 336(1995;
H. Won and K. Maki,bid. 49, 1397(1994). See also, D. Branch
and J.P. Carbottebid. 52, 603 (1995; T. Strohm and M. Car-
dona,ibid. 55, 12 725(1997 and references therein.

B3R, Hacklet al, J. Low Temp. Phys105, 733(1996; R. Nem-
etscheket al,, Phys. Rev. Lett78, 4837(1997.

14Ch. Renneet al, Phys. Rev. Lett80, 149 (1998.

15A. Chubukov, D. Morr, and G. Blumberg, Solid State Commun.
112, 183(1999.

16| P. Gorkov, Pis'ma Zh.,Esp. Teor. Fiz40, 351(1984) [JETP
Lett. 40, 1155(1984]; P.J. Hirschfeld, P. Wolfle, and D. Einzel,
Phys. Rev. B37, 83(1988; L.S. Borkowski and P.J. Hirschfeld,
ibid. 49, 15 404(1994; A. Zawadowski and M. Cardonahid.
42, 8798(1990; Ye Sun and K. Makijbid. 51, 6059(1995.

17T.P. Devereaux and A.P. Kampf, Int. J. Mod. Phys1B 2093
(1997; T.P. Devereaux, Phys. Rev. Lef4, 4313(1995.

18p A, Lee, Phys. Rev. Letf71, 1887 (1993; A.A. Nersesyan,
A.M. Tsvelik, and F. Wengeripid. 72, 2628(1994; T. Senthil
and M.P.A. Fisher, Phys. Rev. &), 6893(1999.

193 R. SchriefferTheory of SuperconductivitfFrontiers in Physics
(Benjamin/Cummings, Reading, MA, 1964A. Bardasis and
J.R. Schrieffer, Phys. Rew21, 1050(1961).

20H. Monien and A. Zawadowski, Phys. Rev.#, 8798(1990.

2IA.V. Chubukov and D.K. Morr, Phys. Rev. Le&1, 4716(1998.

22pr. Abanov, A. Chubukov, and A. Finkel'stein,
cond-mat/991144%unpublishegl



