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Screened Raman response in two-dimensionaldx22y2-wave superconductors:
Relative intensities in different symmetry channels
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We analyze the Raman-scattering response in a two-dimensionaldx22y2-wave superconductor and point out
a strong suppression of relative intensity in the screenedA1g channel compared to theB1g channel for a generic
tight-binding model. This is in contrast with the observed behavior in high-Tc superconductors.
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In recent years, a number of experiments have suppo
the view that high-Tc superconductors might have a ga
function of dx22y2-wave symmetry, for a recent review se
e.g., Ref. 1. There have been contradictory claims2,3 whether
the observed symmetry-dependent electronic Ram
scattering5 is consistent withdx22y2-wave symmetry. It has
been established by Devereauxet al. that the qualitative be-
havior of thescreenedRaman response qualitatively repr
duces the observed symmetry dependence in the cuprat
perconductors, a crucial point being the presence of a pea
B1g symmetry associated theoretically with 2Dmax which is
absent in theA1g channel due to screening. The origin
calculations were performed by expanding the Raman ve
ces in Fermi-surface harmonics and retaining the lowest n
vanishing terms in each symmetry channel. The relative
tensities of these couplings remained undetermined
likewise the relative intensities of the symmetry-depend
Raman response. To gain insight into the quantitative
pects, it is therefore important to analyze the situation fo
generic tight-binding band structure with given paramete
This quantitative analysis is the main purpose of our stu
and we find a discrepancy in the relative intensity of t
screenedA1g channel which is only a small fraction of th
B1g response of the same band.

According to the results of Abrikosov, Fal’kovski�, and
Genkin6 the imaginary part of the unscreened nonreson
Raman response in a superconductor atT50 is proportional
to

x09~q50,v!5E d2k

~2p!2
d„v22E~k!…

uD~k!u2

E~k!2
ug~k!u2,

~1!

if we neglect the wave vectorq of the incoming photons
compared to the extension of the Brillouin zone and if t
penetration depth is much larger than the coherence len
We denote the gap function byD(k), the single-particle en-
ergy by j(k) and the quasiparticle energy b
E(k)5Aj(k)21uD(k)u2. g(k)5eW i@]2j(k)/(]km]kn)#eW f de-
notes the nonresonant Raman vertex with initial and fi
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unit polarization vectorseW i , f . To simplify the discussion we
sete5\5m5a51 (a is the lattice constant!, hencex9 is
measured in units of energy. We assume here a quasi-
dimensional~2D! situation such that the integration in th
third momentum direction can be neglected.

The screened Raman response in the same limit has
calculated by Klein and Dierker7 and is given by

x95x9@g,g#2S x@g,1#x@1,g#

x@1,1# D 9
, ~2!

where we define

x9@a,b#5E d2k

~2p!2
d„v22E~k!…

uD~k!u2

E~k!2
a~k!b~k!* .

~3!

The first term in Eq.~2! is just the unscreened response a
the real partx8 which is needed for the second part is o
tained by a Kramers-Kronig transformation of the imagina
part x9. If we split g(k) into a sum of contributions which
transform according to the different representation of
symmetry group of the lattice, the second term vanishes
all nontrivial representations, since the remaining terms
the integrand are supposed to transform trivially under a
lattice symmetry.

In the following the single-particle energyj(k) will be
described by a single tight-binding band with squareD4
symmetry:

j~k!52m22t~coskx1cosky!24t8coskxcosky , ~4!

where t and t8 are the nearest- and next-nearest-neigh
hopping andm is the chemical potential to adjust the fillin
factor. We use adx22y2-wave gap function

D~k!5
D

2
~coskx2cosky!. ~5!
97 © 1997 The American Physical Society
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The Raman vertex for given initial and final polarizatio
angles~measured from thex axis which is defined to be
along the Cu-O bond direction! is given by

g~k!5cos~a2b!@ t~coskx1cosky!14t8coskxcosky#

1cos~a1b!t~coskx2cosky!

2sin~a1b!4t8sinkxsinky , ~6!

5cos~a2b!gA1g
~k!1cos~a1b!gB1g

~k!

1sin~a1b!gB2g
~k!. ~7!

The first term hasA1g symmetry, the secondB1g , and the
third B2g . Note thata5b5p/4 @corresponding to scatterin
configurationz(x1y,x1y) z̄ in Porto’s notation# measures
gA1g

(k)1gB2g
(k). As has been pointed out before,2 the

A1g contribution is mixed with at least one other channel
all angles. PureB1g symmetry can be achieved by choosi
a5p/4 andb52p/4. PureB2g symmetry can be achieve
by choosinga50 andb5p/2.

For a qualitative analysis we note that if the fact
uD(k)u2/E(k)2ug(k)u2 would be absent in Eq.~1! the un-
screened Raman response would be proportional to the
siparticle density of statesn(v/2). This quantity was ana
lyzed in Ref. 8 and the characteristic features ofn(v) are in
caseu2t8/tu,1 andD!t: ~i! an approximately linear densit
of states at energies belowD5Dmax and~ii ! two logarithmic
van Hove singularities at energiesED and E0. We have
ED'D and E05A(4t82m)21uDu2, E0 is related to the
tight-binding band van Hove singularity at the zone boun
ary ~see Fig. 1!. Since the other terms in the integrand~1! are
regular @analyticity of the tight-binding band
0<uD(k)u2/E(k)2<1 and zero only at nodes#, these van
Hove singularities are in general present in the Raman
sponse at 2ED and 2E0 unlessg(k) is zero for symmetry
reasons or removed by screening in theA1g symmetry.

In the YBa2Cu3O72d-like Fermi surface, displayed in
Fig. 1, the 2ED van Hove singularity lies away from th

FIG. 1. A schematic drawing of a YBa2Cu3O72d-like Fermi
surface~full line! in the first quadrant of the Brillouin zone. Dashe
curves illustrate constantE(k)!D. Fat dots mark the location o
van Hove singularities which give rise to peaks in the Raman
sponse at 2ED and 2E0. The location of the node is indicated by th
vector (kn ,kn).
r
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main axes and could, in principle, be present in theB2g
channel but sincegB2g

(k) vanishes on the whole zon

boundary, no van Hove singularity appears inB2g at 2ED .
The ‘‘normal’’ van Hove singularity at 2E0 on the other
hand vanishes by symmetry in theB2g channel.

Before we analyze the two cases numerically we der
the asymptotic behavior ofx9(v). As Raman vertices we
use:gA1g

,gB1g
, andgB2g

neglecting the dependence ona and

b. In an actual measurement one should, of course, we
those contributions with the appropriate prefactors~note that
contributions from mixed symmetries, e.g.,}gB1g

gB2g
van-

ish of course!. Following the analysis of Ref. 8 we can mak
a variable change from (kx ,ky) to (u5jk ,v5Dk). The Jaco-
bian J and the Raman vertex can be expanded in a Ta
series around the node, i.e.,u5v50. The leading terms are

J~u,v !5J01J1u1J2u
21J3v

21•••, ~8!

gA1g
5g01g1u1g2u

21g3v
21•••, ~9!

gB1g
52t/Dv, ~10!

gB2g
54t8sin2kn1•••, ~11!

where we have made use of the symmetry properties ofJ and
gA1g

which cannot contain odd powers ofv. kn is given by

the location of the four nodes at (6kn ,6kn) and
(7kn ,6kn). SinceB1g andB2g are not affected by screen
ing we immediately arrive at

x9~v!'
J0
4p

3H ~3t2/4D2!v3;B1g

16t82sin2knv;B2g ,
~12!

for v!2ED ;J051/@2D(t12t8coskn)sin
2kn#. If we use these

asymptotic forms atv'D theB1g response is enhanced by
factor (t/t8)2 over the B2g channel. Since
gA1g

52m/212t8cos2kn2u/21••• the unscreened respons

for A1g is

x09~v!'
J0
4p

~2m/212t8cos2kn!
2v;A1g unscreened.

~13!

Therefore the unscreened response at low frequencies is
ear as inB2g and forkn'p/2 we have

xB2g
9 ~v!/x0,A1g

9 ~v!
v→0
——→ 64

t82

m2 . ~14!

The low-frequency asymptotics of the screenedA1g response
is not as simple and is more conveniently determined
merically.

For comparison with YBa2Cu3O72d we take from Ref. 9
the valuest5250 meV,t852112.5 meV, a hole doping o
25% fixesm52365 meV and we chooseD520 meV. The
results for the Raman response are displayed in Fig. 2~fat
lines!. Small changes oft,t8,m,D lead only to minor quan-
titative changes. To illustrate this we have plotted in Fig
~fine lines! the Raman response with a smaller value
m52420 meV which enhances the weight of the van Ho
singularities and shifts them closer together. The 2ED peak is

-
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55 99BRIEF REPORTS
enhanced since it lies near the saddle point of the nor
band and the 2E0 peak becomes more visible since it is no
at a lower excitation energy, i.e.,uD(k)u2/E(k)2 is consider-
ably larger. Apart from these shifts and overall increase
the intensity the spectrum looks rather similar. For the s
of completeness we also plot in Fig. 2 the real part of
Raman response function which can be associated with
frequency shift of the optical Raman-active phonon mo
within an random-phase approximation.2 The important fea-
tures of the numerical results are in qualitative agreem
with earlier studies.2 They are concerning the imaginary pa
x9 of the response function: theB1g response is the only
symmetry which exhibits a peak at 2D, the screening re-
moves the corresponding peak inA1g symmetry, and only
leaves a broad shoulder as in theB2g case which has its
maximum clearly below 2D. The crucial observation is how
ever that screening is also extremely effective inreducing
the relative intensity of the A1g contribution, such that it
would almost not show up in mixture with other channe
There are three main sources of error for these nume
results:~i! the discrete lattice of momentum states,~ii ! the
accuracy of the Kramers-Kronig transform and~iii ! extinc-
tion when calculating the screened values close to a
Hove singularity in the density of states.~i! would wash out
sharp features ofx9, and ~iii ! would show up in erratic
changes of the screenedA1g response at peak values of th
unscreened response. None of those signs is observe
Figs. 2. The accuracy of the Kramers-Kronig transform
demonstrated by the absence of these signs even in the
partsx8. We are therefore confident that the numerical v
ues in the screenedA1g channel are indeed significant.

The comparison with the experimental data assumes
the orthorhombic deformations in YBa2Cu3O72d are of mi-
nor influence for the superconductivity in the CuO2 planes
which is supposed to be modeled by our choice ofj(k) and
D(k). Other possible superconducting structures apart fr
the CuO2 planes, e.g., the CuO chains in YBa2Cu3O72d ,

FIG. 2. ~a! x9(v) for different symmetries modeling
YBa2Cu3O72d with t5250 meV,t852112.5 meV,D520 meV.
Fat lines are form52365 meV, fine lines form52420 meV.~b!
x8(v) for identical parameters as in~a!. ~c! Enlarged portion of~a!
containingx9(v) for screenedA1g andB2g . ~d! Enlarged portion
of ~b! containingx8(v) for screenedA1g andB2g .
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might complicate the analysis. Figure 3 showsa-b plane
polarized Raman spectra of a YBa2Cu3O6.97 single crystal
(Tc591 K, dTc 5 0.2 K! recorded just above~95 K! and
well below ~10 K! the superconducting transition. Data fo
the scattering configurationsx8y8,xy, and x8x8 are shown
with and without phonon subtraction~except the 340 cm21

B1g mode! together with the ratio between the 10 and 95
raw data and the corresponding Bose factor ratio~dashed
line!. For clarity the curves have been shifted vertically, b
we indicate the corresponding intensity in arbitrary but fix
units on they axis. The measurements were performed in
near-backscattering geometry with 4 mW of incident rad
tion (l 5 5145 Å! focused to a 50mm diameter spot, using
a standard Raman setup~SPEX 1877 with CCD detection
resolution 4 cm21). The sample was mounted on th
cold finger of a liquid-He cryostat. In the tetragonal a
proximation x8y8,xy, and x8x8 correspond to (a,b)
5(p/4, 2p/4),(0,p/2), and (p/4,p/4), which according to
Eq. ~7! selectgB1g

(k),gB2g
(k), and gA1g

(k)1gB2g
(k), re-

spectively. In thex8y8 and x8x8 spectra of Fig. 3 a strong

FIG. 3. ~a! a-b plane polarized Raman response of a fully ox
genated YBa2Cu3O72d crystal, recorded just above~95 K, full line!
and well below~10 K, dotted line! the transition temperatureTc 5
91 K. Data for the scattering configurationsx8y8,xy, andx8x8 are
shown with subtraction of phonon contribution~no subtraction has
been performed for the 340 cm21 phonon in thex8y8 symmetry!.
The x8y8 spectrum has been shifted by 350 intensity units as in
cated for clarity.~b! The Raman spectrum ratio of the intensities
the superconducting/normal state~raw data! is plotted together with
the ratio of the corresponding Bose factors~dashed line!.
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100 55BRIEF REPORTS
redistribution of the continuum scattering intensity belo
Tc is evident; i.e., the intensity at low frequencies decrea
more than expected from the Bose population factor an
peak develops at higher frequencies. The continuum p
occur at'330 cm21'40 meV for thex8x8 geometry and at
'470 cm21'60 meV for the x8y8 geometry. The con-
tinuum redistribution is accompanied by the well-know
phonon renormalization~i.e., change in phonon frequencie
linewidths, and intensities! and both effects show up clearl
in the ratio between Raman spectra recorded in super
ducting and normal state which is plotted together with
ratio of the corresponding Bose factors. The scattering
xy geometry increases at higher frequency belowTc , form-
ing a broad peak somewhat similar to thex8x8 case, but there
is no sign for a compensating intensity decrease at low
quencies and thus no real intensity redistribution. In orde
obtain the detailed shape of the continuum response func
above and belowTc , it may be advantageous to subtract t
sharp phonon features. In thex8x8 spectra this is a fairly
straightforward, although tedious, procedure but the resul
smooth spectra does not show any new features that are
obvious also in the spectral ratio. In thex8y8 case the 340
cm21 oxygen phonon is not subtracted~a possible subtrac
tion scheme has been described by Deverauxet al.4!. We can
nevertheless clearly identify the relative size and position
the continuum peak at'470 cm21 for the x8y8 geometry.

The present data, as well as earlier studies on b
YBa2Cu3O72d ~Refs. 5,2 and 3! and Bi2Sr2CaCu2O81d
~Refs. 10 and 11! show that theB1g response is clearly mor
intense and peaks at a higher energy than theB2g response in
the superconducting state. This is in qualitative and qua
.
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tative agreement with the theoretical results. The point
want to focus on here however is that fo
(a,b)5(p/4,p/4), i.e., x8x8, the electronic scattering is
clearly more intense than for pureB2g , i.e.,xy, indicating a
largeA1g component, inquantitativecontradiction with the
theoretical results for the screenedA1g response. To invoke
that the screening is not effective does not help due to
absence of a continuum peak inx8x8 where the continuum
peak inx8y8 is located. Thus we find it difficult to reconcile
the theoretical Raman response for a 2Ddx22y2-wave super-
conductor with a generic tight-binding band with the expe
mentally observed relative intensities for cuprate superc
ductors. Better agreement may require a more realistic b
structure including all bands within an energy comparable
the incoming~outgoing! photon energy measured from th
Fermi energy and also correlation effects which cannot
included in a simple tight-binding spectrum. If the resultin
Raman vertexg(k) would have a strongly dominating bar
A1g component compared to theB1g part, the screenedA1g
Raman response could be of the same order of magnitud
theB1g response. This possibility remains to be investiga
further.

In summary we found that the electronic Raman scat
ing of a 2D dx22y2-wave superconductor in the screen
A1g channel is only a tiny fraction of theB1g response which
is not in agreement with the observed spectra of cuprate
perconductors.
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