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Resonant properties of Raman scattering in the superconducting state df.fégprates are considered. It
is shown that the resonance between the incident light and the electronic interband transitions strongly influ-
ences the relative intensities and shapes of the Raman spectra measured in different scattering polarizations.
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A Raman experiment measures the spectral density of theontroversy® can be attributed to tha,4 scattering by spin
scattered light as a function of the shift between the frequenfluctuations. Since the screening is directly related to the
cies of the incident®) and scatteredd— ()) photons, aris- anisotropy of the Raman process matrix elemgitiw), the
ing due to the excitation of a quasiparticle. Since the interratio of the Raman intensities in different polarizationsvis
action between matter and light depends an the dependent if the anisotropy of(w) depends onw.
probability of the excitation beings dependent increases  The purpose of this paper is to consider resonance effects
when the light is in resonance with electronic interband tranon the Raman peaks indz_y2-gap superconductor. We will
sitions. Phonon Raman scattering in higheuprates clearly show that the experimentally observed intensity ratio in dif-
demonstrates resonant behabiboth above and below, . ferent polarizations can be explained by resonances. Below
Below T, the Raman continuum of electronic excitationswe puth=1.
shows wide peaks, arising due to the Cooper pair-breaking Since Raman scattering is a dissipation of the external
Raman proces%.® Different maxima positions in different perturbation due to the creation of excitations, the scattering
scattering polarizations are a manifestation of the anisotropiefficiency is proportional to the imaginary part of the Raman
superconducting gap. At the same time, the shape and thgisceptibility y, given at temperatur@ in the Matsubara
maximum position of these peaks in ,Bg,CuQ;, 5,’ representation by
HgBa,Ca,Cu;0g, 5,% and BLSKL,CaCyOg., 5 (Ref. 9 de-

pend onw. The part of the spectrum &t ~4000 cm?! . = A -

shows resonances t6dThe electronic structure of the high- XR(1vn) = —Ttr% J V(@) Giliom) v (@)

T. cuprates reveals a high density of bands between 2 and 3

eV below the Fermi level which are in resonance with the . ~dédlg

light used in Raman experiments. These theoretical and ex- XGk(lwm_an)W- 1)

perimental observations support the importance of resonance
effeCtS. The inVestigation Of the normal'state Raman Scattef)-,k(w) is the Raman vertex “dressed” by the interactions
ing in YBaCuO; on the basis of first-principles \jthin the systemw,,= #T(2m+1) andv,=2xTn are the
calculations” revealed anv dependence of the continuum. fermionic and bosonic Matsubara frequencies, respectively,
Resonances in two-magnon scattering observed iBnd tr is the traceé=k—Kkg, ke is the Fermi momentum,
gBaCQEubgolfl3 an(:j EVBQISLFO71; \l/)verlsl treategéme%fega"y and dl; is the Fermi-line element. The Gorkov-Nambu
y Chubukov and Frenkel, and by Morr an ubukbv. LA

The background of the current understanding of Ramar?reen functionGy(iwm) has the form
scattering in BCS superconductors was established by Abri-
kosov and Fal'kovskit® Tong and Maradudif! Tilley,'® Glioy) =— —=
Cuden® and Klein and Dierkef’ A theory of Raman scat- wntvEE+ AR
tering in d-wave-gap superconductors was proposed by De- A . . . . .
veregux and Eingéﬁ It V\F/)as recognized that Fi)nte?rband t?/an- where; are the Pauli matricesy: IS the Fermi velocity, the
sitions play an important role in forming the Raman matrix 'enormalized Matsubara frequenay,= wm+i2(wpy), with
element(vertex;'***however, no analysis of the resonancess (w,) being the self-energy, ang(w)="7(w)7s. As the
was given in these papers. source of the self-energy we consider the scattering by short-

An unsolved problem relevant for the resonance is thgange impurities in the channel with® (w,,) satisfying Dys-
intensity in the fully symmetrical,y polarization. The re- on’s equatiorf*~2°
sponse to the\;, perturbation is diminished by screening,

iZ)m;0+UF§;3+ Ak;l

; @

while for other symmetries the effect of screening is negligi- Il imp on de¢
bly small?>22 Therefore, a relatively weak Raman intensity >, (@) =i 5 Im= f ——
in the A;4 channel in comparison to others is expected, con- COS 5o+ Jsirt & Vo2 +AZ 2
trary to the experimental observatich# solution of this 3)
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where we assumé\,=A,cos(2p), where A, is the gap 28] ,
maximum,I';,,, is the relaxation rate due to impurities, is 2.7 VRN
the phase shift, ang is the angle betweek counted from _ 26
the (m,7) point and thex axis. The screening can be taken > 2.5 / \
into account within the random-phase approximation: é 241/ o \
2 23{ N
(ivn) X1 (i ) 22" ‘-
~ . . Xyl n) X1y* n $3] ’
(ivy)= (ivy)— - , (4) 2.1
ARV = Xyl Pn X11(ivy) 20
wherey ,«(ivn), x51(ivn), X1+ (ivn), @andya(ivy) are de- iz
termined by the right-hand side of E@lL) with one or both :

vertices substituted by 1, and not renormalized by the Cou- ge o1 e 3 s 15

lomb interaction. The analytical continuatiom,— € +i0 o/
has to be done in Eq1), which can be performed numeri-

cally with the Pad&approximant§.7 At T=0 and Fimpzo, FIG. 1. The interband distande:-—E;(k) and the probed re-

. . ~ gions(shown in the insetnear the Fermi line. The regions near the

Eq. (1)A yI(EIdS the reSU'E for Athe polarizationBy4 (&/x gap maximum(probed atw=2.25 eV) and the gap nodégrobed

+y,edlx—y) andB,q (e, edly), whereg (es) is the po-  atw=2.75 eV) are marked by the gray and white ellipses, respec-

larization of the incidentscatteredllight, andx andy are the ~ tively.

crystal axe<%?

are in resonance with the states near the gap nodes. The

components of the tight-binding wave functiohy,)

= (i 7192 5% correspond to atomiclike orbitals. The

matrix elements op, bilinear in », were described in Ref.

Here N is the density of states at the Fermi level and29. Figure 2 showsy?(w)| calculated for different polariza-

(---) denotes averaging over the Fermi surface. In &). tions and photon energies.

the B,y response diverges atA3 since yg(1—2A) The results foryg(Q) in the unitary limit 5,= /2 are

~In[Q—2A,|. o presented in Fig. 3. The parametgy,, was chosen to give a
To model the resonant Raman scattering in the £uOyejiable fit to the experimental data for tiy, peak, in

plane we use the two-band approximation for the Rama; sy, cacyOg,, (T.=89 K) obtained atw=1.95 eV

vertex: with a very low noise/signal ratidTo get the low-frequency

2
Ne [Yk(@)A > _ 5

"0)= —Rg 227K

Yo9(w) (P2 -+ P2 ) (0 — w),

Y19 ) (P2 —P2 ) (w,— w), (6)

7.2 ) % 2Py Py k[ (0 — ).

Herep, « andp,  are the components of the interband ma-

trix element of momentum between the init&l(k) and the 0

final band states near the Fermi line, atag=Er—E;(k) 4 2%

—iT'y is the interband distance taken at the Fermi line in- ~ Blg )

cluding the broadening’, . Typically, the damping of the —~

interband excitation is chosen to leindependent with §, 2 250

=0.1 eV? The momentum dependence gf(®) is due to N "

thek dependence gb, , andp, , and the interband distance - 275

wy . A photon probes a region whesg, is close tow with an 1 g

enhanced efficiency. . B2 275
To obtainw, and py ,py,k we employ the tight-binding &

model, which includes Cu-G®@3) hopping t=1.1 eV, 1.0

02-03 hoppingt’=—0.40 eV, and zero energy difference 230

between the Cu and O orbitals. The parameters chosen allow 0.5 295

to model simultaneously the shape of the Fermi line and the

resonant properties of Raman scattering. The Fermi level in- 000 010 020 030 040 050

tersects the upper antibonding band. The nonbonding band ¢'/75

formed mainly by the oxygen orbitals is the initial state

Ei(k), with the interband distandég — E;(k) shown in Fig. FIG. 2. |y (w)|? for different light polarizations and photon

1. The photons withw~2.25 eV are in resonance with the energies. Photon energiéis eV) are indicated near the lines, the
states near the gap maximum, while those witly2.8 eV lifetime is chosen to b&=0.1 eV.
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in resonance with the interband transitions, the low-

frequency behavior ofz(€2) and the position of the cross-
over are determined by the dependence of both, the gap
and the Raman vertex. This occurs whg'j%g(w) is strongly

k dependent near the nodes in the interval of angtgs
—7l4|< \T'imp/Ag. The angle near the Brillouin-zor(B2)
diagonals, where the dependence of the Raman vertex is
weak, is of the order of yI'/8W, where W

= Wy|(0,7)— @K||(m,m) - Therefore, the) <A, region becomes
sensitive to the details of the Raman vertex \T'/W
<2{I'imp/Ao. When the resonance is achieved near the in-
tersection point of the BZ diagonals and the Fermi line, the
linear part ofX;;(Q) extends.

The evolution of the shape of tH#&,; peak corresponds
well to the experimental data on,Ba,CuQ;, 5 (Ref. 7) and
Bi,SKL,CaCyOs, 5.° In these studies the region gf;(Q2)
linear in Q) increased, the peak became broader, and the
maximum position was shifted by about Agwith increas-
ing w. However, in Ref. 9, where the maximum position was
quantitatively investigated, the maximum was shifted to
lower frequencies, in contrast to our results. The reason for
this discrepancy will be discussed later. At the same time, the
results on HgBsCaCu;Og., 5 (Ref. 8 show a behavior cor-
responding to our approach: with the extension of the linear
region and broadening, the maximum shifts to lower fre-

W

fos[ 195
27

00 05 10 LS

Raman intensity (arb. units)
OS—LNWARAULUANOS = N

0.0 0.5 1.0 L5 quencies. However, this occurs WheR (o > w||(x, ») COI-
responding ta’/t>0 in the tight-binding model. One may
QQA) conclude that in this compound, the states that have large

. . o . |pi| for the transitions to the Fermi line have a different

FIG. 3. Raman intensity for thé,q,B,4,B;4 polarizations in  dispersion than those in the Bi- and the Tl-based materials.
the unitary scatt_ermg limit. The photon _energ(m; eV) are indi- (iii ) Close intensities in th®,4, Byg, andAy, polariza-
cated near the lines arld=0.1 eV. The insets show the weakest tijons observed experimentally can be achieved at the reso-
intensities for theB,4 polarization and the strongest for tBg, one. nance near the BZ diagonals. Th@g intensity is expected

, _ to be smaller than th&,4 one due to the screening, which

slopex(€2)/) and the width of the measured peak, one hassuppresses thé, response up to an order of magnitude.
to assume a high relaxation ratg,,/Ao=0.35. Figure 2 TheB,, scattering is diminished sincg 2(w) =0 at the BZ
demonstrates thate(€2) strongly depends om in all polar-  poundaries, where the density of states for the pair-breaking
izations. Therefore a few conclusions can be drawn. excitations is maximal. Due to the resonance, the peak inten-

(i) The peak positiong), for the A, (leg) and By sities can get closer. For the 4 polarization the intensity is
(ngg) channels vary as 14§< leg< 2A, and 1.3A, enlhance_d by tr:e anisotropg of the fRahman vertex. FoBrg]lae
<Q§29<2Ao- The By, maximum positionﬂslg is robust P° arization a large contribution of the states near the gap

with respect taw since this polarization measures effectively nodes enhancegy((2). The Raman vertex can be expanded

the density of states of the pair-breaking excitaticmgiLg is the sum of the Fourier harmonics ~ag(w)

) 0 =2,v(w)cosl¢ or y(w)=Z,v,(w)sinl¢. If the resonance
larger than A, due to the damping of the excitations. A is 5chieved near the high-symmetry directiorigkj or
maximum shift of ~0.1A, from =27 eV t0 w

(k,0), the sum contains components up lig,~VWIT,
: > Qvhile for the resonance far from the high-symmetry lines
nance with the states near the gap maximum ( | WIT

max .

A B B
=2.25 eV),04", 04, and()* become closé’ TheBy Now we can address the role of the lifetifie Analysis

peak is getting sharper under this condition. _ of the Raman process shows that the dependengg(@®)

_ (i) For the By, spectra thel <A, region is of special  on " hecomes considerable if the resonance is achieved near
interest since it is expected to clarify the gap symmetry. Figine gz diagonals, and the maximum position can be shifted
ure 2 shows that this part strongly depends@nin the  q,e thek dependence oF . Therefore, the experimentally
unitary limit a crossover fromye~ () to yg~ Q® behavioris  observed shift in the peak position to higher frequencies with
supposed to occur &* ~\T;pA0.2* The linear behavior at  the increase inw can be due to thé& dependence of the
—0 arises due to a finite density of state®Ng\I'jmp/Ag lifetime, which was not taken into account here. Another
at zero excitation energy. If the states near the gap nodes areason can be more fundamental and related to the gap maxi-
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mum achieved not at the BZ axes but at otkedlirections,
which does not contradict the,2_,2-gap symmetry. In this
case|A,| should have eight equivalent maxima.
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Raman scattering in d,2_2-gap superconductor on the ex-
citing light frequency. The position of th#, 4 peak is robust
with respect to the photon frequency with a possible shift of

We assumed above that the pair-breaking process is a mihe order of 0.1 . The experimentally observed close inten-

jor contribution to theA;4 scattering, which under resonant

conditions has an intensity close to that of #ig, channel.

However, this contribution might be not unique. For ex-
ample, the nonscreened spin fluctuations can contribute

sities in theA,q, B1g, andB,4 channels hint on the inter-
band resonance achieved near the gap nodes. The systematic
studies of the resonant dependences in the absolute values of

t@e intensities are crucially desired in this field.

the A4 response, shifting the observed peak position to a The authors acknowledge support from the Austrian Sci-
frequency close to that observed in the inelastic neutronence Fund via Project No. M591-TPH.Y.S) and from the

scattering experiments.
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