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In a two-dimensional band-structure model, the effect of doping on the Raman electronic background of a
superconductor witll,2_ > gap symmetry is studied. Emphasis is placed near optimum doping and on the role
of the van Hove singularity. The relationship between peaks in the Raman spectrum for three often discussed
photon geometries and the gap is studied. No simple relationship exists, altholgyfy thede can show many
of the features of the quasiparticle density of staf66163-182896)03842-9

I. INTRODUCTION .
Xro{Giive)=—T> tr{T(q+k;iv,)G(q+k;iv,
The broad featureless background electronic Raman con- K
tinuum observed in the higl; oxides°is found to readjust +iwmn) Y(K)G(K;iom}, (1)
its intensity as a function of frequency in the superconduct- ) .
ing state leading to the appearance of gaplike feafti®ds. Where tr stands for tracey, (v,) is the fermion(boson
Such features have recently been interpreted in terms of Matsubara frequency given by i2-1]#T (2n#T) with T
superconducting energy gap Wilﬂl(z_yz symmetry‘:9 The the temperature in energy units anet0, £1, £2,... .In
theory of Raman scattering in metals is well developed®  Eq. (1), I'(k;iv,) andy(k) are, respectively, dressed and bare
Klein and Dierket’ showed that the Raman vertices in vary- Raman vertices which arex2 matrices. In terms of the
ing photon polarization geometries can lead to different RaPauli matricesr, the bare vertexy(k) = y(k)r; is
man spectra in anisotropic superconductors. In a recent
publication?® the present authors gave results of calculations | Pex
of the electronic Raman-scattering susceptibility for Bhg, y(k)= % €, Ik oK
B,y andA, 4 photon geometries ind-wave superconductor.
The Raman vertices were calculated from a realistic twowhereée (€°) is the initial (scattereyiphoton polarization vec-
dimensional band structure used to model the copper-oxidgr ande, is the electron energy dispersion so that the second
plane. The electron pairing was assumed to proceed througferivative ofe, in Eq. (2) is the inverse of the effective mass
the antiferromagnetic sépin-ﬂuctuation model of Millis, Mon- tensor. For a two-dimensional copper-oxide plane, we will
ien, and Pines(MMP).?® The superconducting state was tgke for ¢, the form
characterized through numerical solutions of the BCS gap
equations using fast-Fourier-transform methods. In this ar- ¢,= —zﬁ[cogkxa)Jrcos{kya)]—ZB cogk,a)cogk,a)
ticle, we follow the same procedure, extending our previous
work to study doping effects. Particular emphasis is placed —(2-2B—pu)}, ()]
on the rule of the van Hove singularity. When the van Hove — ' . . .
singularity falls at the Fermi surface, the critical temperatureWheret is the flrstjneares_t-nelghbir hopping aBd!s the
will be maximum(optimum doping. In our work, we fit the seqond—nearest—ngghbor I units t_ofln Eq. (3), a is the
only parameter entering the gap equation, namely théaFt'CE_ parameter in th_e square Iattlce and can be taker_1 to be
strength of the electron coupling to the spin susceptibility, sot IN dimensionless units. Finally, is the chemlca! potential.
as to get al,= 100 K at optimum doping which is a value N Eq.(1), G(Kiiwy) is the 2<2 Nambu Green’s function
that can be taken as characteristic of the oxides. Once a baéiven by
structure is specified, there remains no adjustable parameters
and the gap follows. In all our numerical solutions, we find G(K:iwy)=—
d,2_,2 symmetry although many higher-order harmonics are v ee+ AL+ wf
present besides the lowest one for the - irreducible rep-
resentation of the two-dimensional tetragonal point group o
the CuQ lattice.
In Sec. Il, we present the necessary formalism and discuss _ A
results for the quasiparticle density of state. Section Ill con-  T'(q;iv,)=3(q)—T>, t{I(K+q;ivy+iwm)

ez, @)

iw,Tot+ €T3+ Ay

: 4

yvhereAk is the gap in the superconducting state. Finally, the
dressed Raman vertex in E() is to satisfy the equatidh

tains our numerical results for the Raman scattering as well m.k
as some discussion of these results. In Sec. IV, we draw - . . .

. ' XG(g+k;iv,ti V(q;iv,)G(k;i .
conclusions. (g vption)V(Q,iv,)G(Kion)}

(5

For a static screened Coulomb potentidl;iv,) to lowest
The Raman cross section is related to the Raman responseder ing, i.e.,g—0, we can write(a result given by Klein
function i, given by~ and Dierkey'’

Il. FORMALISM AND T. VALUE
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Xyl(q;iVn)le(q;iVn) 50:""

X11(d;1vp) 4SE
where x,,, is given by Eq.(1) with I' replaced byﬁzi X1y ]
with I' replaced by 1,y,; with I' replaced byy and y re- 3
placed by 1; and;; with bothT" and vy replaced by 1. The - 30F
response functiory,,(q;iv,) can be worked out from the E sk
definition of the Green'’s functiof¥) (B is the inverse tem- g
perature to be

Xry(qll Vn):Xy‘y(q;i Vn)_

) 4 |y 2A% BEx
ny(q—M'Vn):_ﬁ; Ek[4EE+Vﬁ] am’( 2 )’ 5;. -:70
@ T R T ¥ R
where E,=\/e2+AZ and Q) is the volume. Similar expres- -
sions hold fory,,, y1,, andy; in which one or both factors FIG. 1. The critical temperaturesolid squaresis plotted as a

of % in Eq. (7) are replaced by 1. The Raman-scatteringunction of filling for a band structure model witB=0.16 and
cross section then follows from the analytic continuation oft=100 meV. Also plotted are the frequenci@s meV) for maxima
Eqg. (6) to the real frequency axis through the analytic con-in the different Raman geometries. The notatioriG8 A, mode,
tinuationi v,— w+i0". Because of symmetryg,, vanishes  (0) By, (A) By, The solid circles are twice the frequency of the
for the B4 and B,y modes but is finite for thé\;; mode so  gap maximum in the quasiparticle density of states as shown in Fig.
Coulomb effects only renormalize th,4 channel. For the 2.
other two channels, the simpler expressi@h applies, and
we are only interested in the imaginary part of first results will be forB=0.16. Later, we will varyB as
Im x,(q=05iv,= o+i0") which we will denote by well. The chemical potential is determined for a given filling
Im x.,(w). We will use this same notation even when a Cou-(n) through the equatich
lomb renormalizatiofisee Eq.(6)] is applied.
To proceed, we need some model for the dgpas a 11 € Ex
function of momentum in the first Brillouin zone of the two- (= 20 < 1 Ey tan)‘( m)
dimensional copper-oxide plane. Here we will use the same
procedure as in our previous wotkTo be definite, we solve  One of our interests in this paper is an understanding of
a BCS gap equation appropriate to the nearly antiferromaghe role played in the Raman-scattering cross section of the
netic Fermi-liquid model of Millis, Monien, and PinéSIn  van Hove singularity in the electronic density of state. When
this model, the pairing is thought to occur through the phethe chemical potentiagk in Eq. (3) is such that we are near
nomenological electron-spin susceptibffty®> xy,: given by  the maximum in the normal-state density of states, the value
MMP as of the critical temperature is enhanced. This is illustrated in
Fig. 1 whereT ;. is shown as a function of fillingn) given by
N XQ Eq. (10) for t=100 meV,B=0.16 andg? in the BCS equa-
Xwmp(k—K")= 1+ 6%(q—Q)?%’ ®  tion (9), set so that a¢n)=0.44 the critical temperature has
a value of 100 K at optimal doping. On either side of opti-
where §=2.25 A, Xo= 10 states/eV, and the commensuratemum doping, under doped with lower value(af) and over-
wave vectorQ=(m/a,m/a). The BCS equation is doped for higher value dfn), the value ofT, drops in quali-
tative agreement with experiment although the precise
A _ 1 S ¢ (K—K") A—ktan BEy © relationship between doping and filling is not well known
Ko s 9" Xump = 2 and our model is certainly too simple to expect quantitative
agreement with experiment. It does, however, allow us to
where the coupling constagtis arbitrary and varied to get achieve some understanding of the effect of filling on various
the desired value of the critical temperature. Here we willsuperconducting properties.
take T, to be 100 K, a value representative of the copper-

. (10

oxide supercondu_ctors. No parametgrs remain in(E)qand_ IIl. NUMERICAL RESULTS
a numerical solution by a fast-Fourier-transform technique o _ _ o _
gives us the momentum-dependent gap functipnFor the We begin with a discussion of the quasiparticle density of

model susceptibility given by Eq8), the solutions exhibit ~stateN(w) as a function of energy in the superconducting
dy2_2 symmetry although they involved a superposition ofstate. It is given by
lowest and many of the higher-order harmonics in this irre-

ducible representation for the two-dimensional copper-oxide N(w)= lim i 2 I (11)
tetragonal lattice. We refer the reader to our earlier work for oo Q% (Ex—w)2+T2

details?® Once the gap is known, the Raman cross section
Eq. (7) can be calculated. Of course, the results will dependvhere the Lorentzian form is just a convenient representation
on band structure through our choice of dispersion relatiof a dirac ¢ functions useful for numerical work on a lattice
Eq. (3). In Eq.(3), we will taket=100 meV and many of our of finite size. In Fig. 2, we show a series of results for the
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the density of state at maximum has risen to a value of 30 in
our units and gap and van Hove peaks fall at the same en-
ergy. The final framde) is for the overdoped situation with
filling (n)=0.46 andT reduced slightly to about 98 K. We
see that the position of the gap peak has lowered somewhat
from its value in frame(d) for optimum doping and that a
second peak due to the van Hove singularity is now resolved.
Also, the overall height of the density of state at maximum is
reduced in comparison with framd).

We now want to trace the effect of the van Hove singu-
larity on the Raman-scattering cross sectionyjy(w) de-
fined in the previous section and compare this with what we
have just learned about the behavior of the quasiparticle den-
sity of state. Figure @) shows our results for the case of the
B4 channel. As for Figs. 1 and 2= 100 meV,B=0.16, and
g is fixed by insisting thal . at optimum doping be 100 K.
The filling is changed through optimum doping frofm)
=0.4(solid curve to (n)=0.41(narrow dashed =0.42(in-
termediate dashed dotied=0.43 (short dashed =0.44
(dotted, =0.45(long dashed-triple dottedand=0.46 (long
dashedl First note that we predict a single peak at approxi-
mately 40 meV for the case of optimum dopiridotted
curve, exactly as seen in the quasiparticle density of state
[Fig. 2, frame(d)]. The peak is, however, at twice the gap
value seen ilN(w). This is expected since the expression for
the Raman cross section can be written in the fisee Eq.

]

T
<n>=042

20 0 20 40
o (meV)

- |nd®Ak [ BEy
FIG. 2. Quasiparticle density of statdf ) in the supercon- Im xy (@)= ) Im ; TEZ tan N
ducting state as a function of frequeneyin (meV). In all frames, k
the next-nearest-neighbor hoppin=0.16, nearest-neighbor 1
t=100 meV. The filling(n) is changed and is 0.4, 0.42, 0.43, 0.44, X — + 7
0.46 for frameda)—(e), respectively. The van Hove singularity in 2Bt o+i0 2B~ o—i0
the band structure falls at 22 meV fan)=0.4.

(12

with the denominator vanishing fap= = 2E, rather than
w=*E, in the density of state expressighl). When we
quasiparticle density of state for five different values of fill- move off optimum doping on either side, the peak in the
ing in the casee=100 meV,B=0.16 andT. at optimum Raman intensity is reduced in magnitude, see dashed triple
doping equal to 100 K. Framéa)—(e) are, respectively, for dotted curve with(n)=0.45 overdoped case and the short
(n)=0.4, 0.42, 0.43, 0.44, and 0.46. In frant@ for (n)  dashed curve witl{n)=0.43 slightly under doped case. No

= 0.4, which falls in the under doped region witifavalue  second peak is resolved in these two curves. For the long
of about 84 K(see Fig. 1, we note first that the density of dashed curve witfn)=0.46 and the intermediate dashed-
state N(w) is shown with zero placed right at the Fermi dotted curve with(n)=0.42 displaced to either side of opti-
energy(as will be the case for all other framjeand that it mum doping at(n)=0.44, a second peak, due to the van
rises linearly from zero as& increases. The first peak, which Hove singularity at higher energy, is clearly present as it was
falls around 13 meV, is the gap peak which is followed byin N(w) and this is even seen more clearly in the last two
the van Hove singularity peak at about 22 m#\Note that  curves for which(n)=0.40 (solid) and (n)=0.41 (narrow
both these features appear on either sideeD in the den- dashedl In these curves, the intensity of the Raman profile is
sity of state, but that the figure does not have full inversionower at the gap maximum than for the other cases and
symmetry because f@+0 the van Hove singularity is not broader in energy with a second maximum clearly seen at
at w=0. As the filling is increased towards optimum doping, higher energy. As we have stressed, this peak has its origin
T. increases and we see in frartt® that the gap peak has in the van Hove singularity in the electronic density of state
also moved up in energy and is now closer to the van Hovef the two-dimensional tight-binding band. It is clear that the
peak than was the case in frar@. The absolute value of Raman electronic background, in principle, will give much
the density of state at maximum has also increased. The ethe same information as tunneling, a technique which should,
fect is even more pronounced in frar® for (n)=0.43 in  in principle, yield N(w) although, in practice, there some-
which case the gap peak and van Hove singularity fall verjtimes appears to be severe problems with this method and
near each other and are not resolved within the resolution ainambiguous results are not always obtained. This perhaps
our numerical work. Note that in our numeridsjn Eq. (11) may be because, in the high-oxides, the coherence length

is finite. Both gap and van Hove singularity now fall near 20is so short that only a few surface layers are probed and that
meV. At optimum dopingn)=0.44[frame(d)], the value of  these are not completely representative of the bulk. While
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show results for Iny,,.(w) for the B,y mode as a function of
doping with(n) ranging from an under doped sample with
filling 0.4 to an overdoped one with 0.46. As befd¢re =0.4
(solid line), 0.41 (narrow dashexl 0.42(intermediate dashed
dotted, 0.43 (short dasheq 0.44 (dotted (near optimum
doping, 0.45 (long dashed-triple dotted and 0.46 (long
dashedl In this case, the peak in the Raman profile is not

20 [T T T T T just described. The Raman profile is further weighted by the
[ B, o ,4,/@:0'44 ] vertex factor|y|> which does not appear in the density of
’ <n> = 0.45 ; states. At zero temperature, the thermal factor in(&8g) is,
sk /ﬁ/ ] of course, gone. This vertex factor _selectively weights certain
I <n>= °~42\ “/ <n> = 0.46 1 parts of the Brillouin zoné® For a different Raman channel,
<n> = 0.41 f\“\ ] the vertexy, | can be quite different and the resulting profile
o> =04 \ PN — -<>=046] can have a very different shape as seen in Hig. ®here we

nw

Imy_(v) (arbitrary units)

(a) 80 even close to falling at approximately twice the value of the
gap peak in the density of states seen in Fig. 2. Also, the
0,035 [T T T T Tt curves order simply according to increased doping and show
B, ] no sign of the decrease . and by implication of gap value
0.03F — ] fo_r the qnderdopeq and overdoped regime When cc_Jmpared
2 ; —eeecn> = 045 ] with optimum doping. The maximum of the intensity in-
‘50,025:. \\\ g s . creases slightly with increasingn) and its position also
gt TIIea ] shifts very slightly towards higher energies. This behavior is
% ook <n> =04 . completely different from that of thB,, mode which, as we

] have discussed, reflects much of the properties of the density
. of states. TheB,, mode in no way resembles a density of

] state curve. For example, there is no trace of the van Hove
h singularity in Fig. 3b) yet it is quite prominent in Fig. &)

] for the B;; mode. The only difference between these two
] Raman geometries is the vertex fadtgi® in Eq. (12) which

] obviously can have a profound effect on the resulting profile.
T In Fig. 3(c), we show our results for tha,, mode with
screening included according to E(6). These profiles,
which would look more like those of Fig. 3 for thi# ; mode

R AL LU AL L if screening was not included, actually look more like those
for the B,y mode except that they are generally lower in
intensity and significant in magnitude over a larger energy
] range. They show a second peak at higher energies besides
that around 10-20 meV. As was the case for g mode,

the profiles order according to value of filling and do not
show a reversal of trends about optimum filling as did the
B4 mode of Fig. 8a). It is clear then that the only spectrum
that is easily interpretable as a weighted density of states is
i ] the B;4 mode.

ooosk I STl i It is important to note that in our calculations the screen-

I ing of theA;4 mode has reduced its intensity enormously so
that it is almost three orders of magnitude smaller than the
B,y mode. The screened,, response, however, is enor-

PP Y S, o P mously sensitive to the assumed underlying band struéfure.
© v{meV) This suggests that quantitative predictions for a particular
FIG. 3. Raman-scattering cross section as a function of fre-mate"ial will need to await re"ab!e band infqrmation. Here

quencya in (meV) for the (a) Byg, (b) B,g, and(c) Ayg modes. In W€ have presented results for a simple generic band structure
the calculation, the second-nearest-neighbor hoppirg.16 and ~ @nd should not be thought of as describing a particular sys-
first neighbort=100 meV. The fillings considered af@)=0.4  tem.To illustrate the sensitivity of the screeneq, to band-
(solid curve, =0.41 (narrow-dashed =0.42 (intermediate dashed Structure effects, we consider dispersion relation(8gwith
dotted, =0.43 (short dashexl =0.44 (dotted [near optimum dop- an additional term of the fornC[cos(X,a) +cos(X,a)] in
ing], 0.45 (long dashed-triple dotteédand 0.46(long dashed the curly brackets. This has been suggested in band-structure
calculationd®®® and angle-resolved photoemission spectros-
the B;; Raman spectrum is very similar in appearance to theopy experiments for Y-Ba-Cu-O. In Fig. 4, we compare
density of states, Eq12) for Im x,,(w) and Eq.(11) for the  results for theB,; andA,, modes with filling(n)=0.4 for a
density of states do differ by more than the one having a&ase withC=0.25. The dashed curves are for comparison
two-8, while the other has a on&gap feature as we have and apply to the cas€=0.0 previously presented in Fig. 3.

Imy
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0.005F

(b)

<
<
%

]

w
&
=3

T

Im x_(v) (arbitrary units)




13 292 D. BRANCH AND J. P. CARBOTTE 54

70.035

- 0.025

1
g
o
2

(j‘g « 'v PauaaIas)
Ausuaiuy yeaq

Peak Intensity
(A, B)

9 0015

v

Imy_(v) (arbitrary units)

0.005

0 MR R | ST T T NI S b S b s ot 0
0 10 20 30 40 50 60 70 80 039 04 041 042 043 044 045 046 047
v (meV)

filling <n>

FIG. 4. Comparison of results for tH#,; (higher curvesand FIG. 5. Intensity of Raman-scattering cross section at maximum
screened\, (lower curves for a band structure witt =0 (dashed  as a function of filling(n). The notation ig¥O) A;4 mode with no
curveg and C=0.25 (solid curve$ wherec is defined in the text  screening(¢) By mode,(®) A4 screened, ande) B,g. Right-
and multiplies a term of the form coskga) +cos(Z,a) whichis  hand scale applies @, screened anB,,, and left-hand scale for
added to the dispersion relation E@) for the two-dimensional A, unscreened anBl, 4. Detalil line shapes are found in Figs. 3-5.
band structure. Note that for t#g 4 case(lower curvg the dashed
curve has been multiplied by a factor of 200. value in these cases. Again, the general conclusion is that it
is only theB, 4 profile that behaves similarly to a density of
states. Some of the features predicted here have not yet been
confirmed and some experimental results are in conflict. We
now focus further only on this particular case,().

Based on the dispersion curve of Eg), the bare Raman
rtex for theB,, mode is independent of second-neighbor
ppingB and is given by

The solid curves differ only in tha=0.25 yet the results
are very different. The two upper curves are By. We see
that the curves are different in shape but very similar in
magnitude. The situation for th&,; mode is completely
different. Screening has reduced the intensity of the dashe\gle
curve by a factor of almost 1000, while the solid curve ISho
reduced by much less, a factor of about 10. It is clear then
that no quantitative predlctlof’fsof screening effects can be
made with confidence at this stage because the details of the

band structure of a particular material are not yet confidentl)(NhiCh is zero alona the two main diagonals and largest at the
established. 9 9 9

We now return to our main theme and all calculations/Ur PONts(0, =) and(=,0). A plot °f|7’lgBlg| as a function
from this point on will be forC=0, i.e., the simpler band- of k in the first Brillouin zone is shown in Fig.(&), while
structure model of Eq(3). In Fig. 1, we plot the frequency at the corresponding constamty '9| contours are given in
the first maximum of the Raman profile as a function offrame(b) of the same figure. This holds for any valueBin
filling (n) for the three modes considered in Fig. 3, namelycontrast to theA,; andB,4 case in which instancB would
By (open diamonds B,, (open triangles and A;4 (open  enter the Raman vertex. In Fig. 6, we show the Fermi-surface
circles. Also, shown for comparisofisolid circleg is the  contours for three different values d, namely B=0,
position of twice the frequency at the gap peak in the quasiB=0.3, andB=0.45 all at fixed filling set a{n)=0.4. The
particle density of states of Fig. 2. It is quite clear that onlyintegrand in Eq(12), of course, strongly weights the Fermi
the B, mode reflects fairly directly the information on gap contour in the sum over the first Brillouin zone of the two-
amplitude. The screened;, and theB,, profiles weight dimensional copper-oxide plane. FBr=0, the Fermi con-
portions of the Fermi surface which overlap the nodes in theéour does not pass close to tt&= ), (=,0) points where
dy2_,2 gap. These spectra are sensitive to excitation in th¢he gap is maximum and where the Raman vertex foBthe
nodal regions but provide no information on gap amplitudemode is also peaked. A is increased, the Fermi surface, of
This is important for the interpretation of data. For complete-course, samples more of this important regionBAt 0.3 as
ness, the maximum intensity of Iy, (w) is plotted as a shown in the figure, the contours are coming in contact with
function of filling (n) in Fig. 5 for four cases, nameB,, the Brillouin-zone boundary but are already receding from
(open diamonds B, (solid diamonds A,y with screening the (=,0), (0,%) point and this is even more so for the
(solid circleg, and A, without screening(open circles B=0.45 case.

Note the different scale on right-hand side foy screened We have calculated the Raman cross section for a range
and B,y and on the left-hand side fok,, unscreened and of B values, all with the filling(n) fixed at 0.4 and the

. These two cases have a much larger intensity in oucouplingg? in the BCS equation adjusted so tHatis 100 K
calculatlon than do the other two. We note that Big case in all cases so that the maximum gap in the Brillouin should
varies in a similar way to the value of the critical temperaturealso be roughly the same in each case. Figure 7 shows our
T, vs (n) shown in Fig. 1, while thé8,, and screened,, results for the position of the gap maximum in tBg, Ra-
case do not. They show no trace of a peak at optimum dopman cross section as a function of the second-nearest-
ing and simply increase with increasing value(nj. So we  neighbor hoppingd from 0 to 0.45. We see that this fre-
can expect no direct correlation between intensity dgd quency ranges from 30 meV Bt=0 to take on a maximum

y,19=2t[ cog k,) — cogk,)], (13)
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a) b)
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FIG. 6. The square of the Raman vertex
|7/Elg|2 as a function of momentum in the first
Brillouin zone of the copper-oxide plarié&rame
(a)]. Constant value contours for the same quan-
tity [frame (b)], and in frame(c) the Fermi sur-
face for different values of second-nearest-
neighbor hoppind as labeled. In all cases, the
filling is fixed at(n)=0.4.

value of about 40 meV reached fB=0.25. At still higher case(n)=0.4 andB=0, this contour does not pass close to
values ofB, this frequency drops back to about 37 meV athe region where the gap is maximum in the Brillouin zone
pattern which is expected from our previous consideration oand the frequency of the maximum in the Raman profile is
Fig. 6. It is quite clear from this figure that the gap maximumonly 30 meV instead of roughly 40 meV f@&=0.25 when
seen in the Raman spectrum is not representative of ththe maximum gap is sampled. Thus even data onBjg
maximum gap in the Brillouin zone and cannot be expectednode require care in interpretation and cannot be taken as
to scale exactly withl . value. Instead, it is related more to directly related to a quasiparticle density of state curve.

the values of the gap on or near the Fermi contours. For the

IV. CONCLUSION

Qe T T T T T T T T T T T T T T T T

Within a BCS model for the pairing in a nearly antiferro-
magnetic Fermi liquid based on the phenomenological
electron-spin susceptibility of Millis, Monien, and PirRs
which gives a gap witld,2_,2 symmetry, we have calculated
] the Raman susceptibility. Various photon configurations
] were considered and the Raman profile compared with the
] corresponding quasiparticle density of states. It was found
] that the B,, spectrum bares the most resemblance to the
] density of state exhibiting a clear gap maximum and also
] showing the van Hove singularity usually at higher energies.
] By changing the filling from the underdoped regime to the
] overdoped case, we have seen the gap maximum merge with
] the Van Hove singularity right at optimum doping. At this
b L e ] point, the intensity of the gap peak is greatest and its position

0 0.1 0.2 03 04 0.5 - . .y
B is very nearly at twice the value of the position of the gap
peak in the density of state. TiB, and screened;; modes

FIG. 7. The value of the frequency at the gap maximum in thedo not allow such a simple and pleasing interpretation be-
B;y Raman cross section as a function®&f the second-nearest- cause of the very different weighting provided by the square
neighbor hopping parameter for fixed filingh)=0.4 and fixed of the Raman vertex. This factor strongly determines the
value of critical temperatur@.=100 K. shape of the resulting spectrum.

v (meV)
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Depending on the shape of the Fermi surface, the Ramastrongly affect the magnitude of th% ; mode when screen-
vertices may be more heavily weighted in different parts ofing is included.
the Brillouin zone. The vertex peaks may not be located near
the gap maxima irk space, thus the maximum gap in the
Brillouin zone may not be as significantly sampled in the  This work was partially supported by NSERC, the Natural
Raman spectra as it is in the quasiparticle density of statecieénces and Engineering Research Council of Canada, and

. : - . y CIAR, the Canadian Institute for Advanced Research. We
Comparison with existing data show agreement with some o?hank Tom Devereaux, Chuck Irwin, and Chris Kendziora

the predicted features and strong disagreements with othergy "hoinfy| discussions and Axel Hoffmann for discussions
We have also noted that details of the band structure cagng sending us his thesis.
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