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Electronic Raman scattering in Tl2Ba2CuO61d : Symmetry of the order parameter,
oxygen doping effects, and normal-state scattering
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Single crystals of the optimally doped, moderately and strongly overdoped high-temperature superconductor
Tl2Ba2CuO61d ~Tl-2201! with Tc580, 56, and 30 K, respectively, have been investigated by polarized Raman
scattering. By taking the peak position of theB1g component of electronic Raman scattering as 2D0 we found
that the reduced gap value (2D0 /kBTc) strongly decreases with increasing doping. The behavior of the
low-frequency scattering for theB1g andB2g scattering components is similar for optimally doped and over-
doped crystals and can be described by av3 and v law, respectively, which is consistent with ad-wave
symmetry of the order parameter. In contrast to the optimally doped Tl-2201 in both moderately and strongly
overdoped Tl-2201, the relative~compared to theB1g) intensity of theA1g scattering component is suppressed.
We suggest that the van Hove singularity is responsible for the observed changes of Raman intensity and
reduced gap value with doping. Electronic Raman scattering in the normal state is discussed in the context of
the scattering from impurities and compared to the existing infrared data. The scattering rate evaluated from the
Raman measurements is smaller for the overdoped samples, compared to the moderately overdoped samples.
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INTRODUCTION

The symmetry of the order parameter is one of the m
important questions for high-temperature superconduc
~HTSC’s!. This issue is especially interesting as a function
different doping levels. Electronic Raman scattering~ELRS!
plays a special role in addressing this problem.1–7 The sym-
metry properties of the order parameter can be determine
investigating the anisotropy of the scattering cross sec
for the different symmetry components. Different scatter
components originate from different areas of the Fermi s
face ~FS!. The ratio of one scattering component compa
with another one reflects the changes of the FS topology w
doping.8 There are several theoretical attempts3–7 to describe
the electronic Raman scattering in HTSC’s atT,Tc , but
still there is no consensus concerning the exact mechan
of the scattering.

In optimally doped HTSC’s the electronic Raman scatt
ing from single crystals in the superconducting state reve
several common features.3–7,9–16The superconducting tran
sition manifests itself in a redistribution of the ELRS co
tinuum into a broad peak~pair-breaking peak!, the intensity
and frequency positionV of which differs for the different
symmetry components. For the optimally doped samp
one hasV(B1g).V(B2g).V(A1g).3–7,9–16 The scattering
on the low-frequency side of the pair-breaking peak does
PRB 580163-1829/98/58~17!/11753~8!/$15.00
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reveal additional peaks or a cutoff, which would be an in
cation of anisotropics-wave component. In contrast,
power-law decrease of the scattering intensity toward a z
frequency shift is observed. In theB1g scattering componen
this power law is close to av3 dependence, while in theA1g
andB2g scattering components a linear-in-v decrease is ob-
served. The above-mentioned features were first describe
Devereaux and Einzel3 in the framework of ad-wave order
parameter, i.e., using the gap functionD(kW )5Dmaxcos 2f,
where f is an angle betweenkW and Cu-O bond direction
within the CuO2 plane.

The general description of the Raman scattering cross
tion follows from the fluctuation-dissipation theorem. For t
case of nonresonant scattering the Raman scattering c
section is given by the Raman response functionxg,g(qW ,v):

]2s

]v]V
}@11n~v!#Im xgg~qW ,v!, ~1!

where n(v)51/@exp(v/T)21# is the Bose factor andv
5v I2vS is the Stokes Raman shift, wherev I (vS) is the
frequency of the incident~scattered! photon.

The Raman response function due to the breaking of C
per pairs in a superconductor and including Coulomb rep
sion can be written as1,2
11 753 ©1998 The American Physical Society
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xgg~qW ,v!5^gkW
2
lkW&2

^gkWlkW&
2

^lkW&
, ~2!

wheregkW is the Raman vertex, which describes the stren
of the corresponding Raman transition,lkW is the Tsuneto
function,17 and the bracketŝ•••& denote the average of th
momentumkW over the Fermi surface.

The Tsuneto function is determined as

l~kW ,iv!5
D~kW !2

E~kW !
tanhFE~kW !

2T
GF 1

2E~kW !1 iv
1

1

2E~kW !2 iv
G ,

~3!

with excitation energyE2(kW )5j2(kW )1D2(kW ), conduction
bandj(kW )5e(kW )2m, chemical potentialm, and supercon-
ducting energy gapD(kW ).

There is an important consequence following from E
~2! and ~3! that the Raman response is proportional to
square of the superconducting order parameter; therefor
was already mentioned in Ref. 5, Raman scattering is
sensitive to the sign of the order parameter.

In the case of nonresonant scattering one can describ
Raman vertex through the curvature of the energy ba
e(kW ):

gkW5(
ab

ea
I ]2e~kW !

]ka]kb
eb

S , ~4!

whereeW I(eWS) is the polarization vector of the incident~scat-
tered! photon, anda and b are summation indices whic
correspond to the different projections ofkW .

If one assumes3 that the Raman vertex does not depend
the frequency of the incident photon, one can take into
count symmetry considerations to evaluate correspond
Raman scattering components. In such a case the Ra
vertex can be described in terms of Brillouin zone~BZ! or
Fermi surface harmonics3 FL(kW ), which transform according
to point group transformations of the crystal:

gkW~v i ,vs!5(
L

gL~v i ,vs!FL~kW !. ~5!

For tetragonal symmetry one gets the following form
the Raman vertices:3

gB1g
}cos 2f, gB2g

}sin 2f, gA1g
}11cos 4f. ~6!

Let us analyze the Raman response@Eq. ~2!#. For simplic-
ity we have drawn in Fig. 1 corresponding polar plots of t
functions contained in each of the two terms of the Ram
response. The first term is the ‘‘bare’’ Raman respon
which reflects the attractive interaction in the Cooper p
whereas the second term~‘‘screening’’! is due to the Cou-
lomb repulsion. Let us start with the screening term. T
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term is proportional to the squared FS average of the prod
of the Raman vertexg and the Tsuneto functionl. The
Tsuneto function in turn is proportional to the square of t
gap function. Following Devereaux and Einzel3 we assume a
d-wave gap in the form ofD(kW )5Dmaxcos 2f, which has a
B1g symmetry. When squared it becomes totally symme
(A1g). Therefore an averaged product of the Raman ver
and Tsuneto function will be nonzero only if the vertex fun
tion is totally symmetric. This is not the case for th
B1g (g;cos 2f) andB2g (g;sin 2f) Raman vertexes, bu
only for the A1g (g;11cos 4f) as seen in Fig. 1. There
fore the A1g scattering component is the only compone
strongly affected or screened by the long-range Coulo
interaction.3–7 Let us now look at the bare Raman respon
This term is proportional to the FS average of the produc
the squared Raman vertexg2 and Tsuneto functionl

@}D(kW )2#. Both g2 and l are totally symmetric. One see
from Fig. 1 that maxima and nodes of the squaredB1g Ra-
man vertex coincide with that of squaredd-wave gap. This
leads to the highest relative peak position for theB1g scat-
tering component and av3 dependence of the low-frequenc
scattering. In contrast, maxima of theB2g Raman vertex co-
incide with nodes of the squaredd-wave order parameter
resulting in a lower relative peak position and a linear-inv
low-frequency dependence for this component. TheA1g scat-
tering component is the only one which is screened. T
screening term shifts the peak position of theA1g scattering
component to a frequency smaller than that of theB1g . Be-
cause of the screening term, one could expect that theA1g
ELRS peak should be the weakest one.5–7 Nevertheless, in
all optimally doped HTSC’s@YBa2Cu3O72x~YBCO! ~Refs.
9–11!, Bi2Sr2CaCu2O81x ~Bi-2212! ~Ref. 12!,
Tl2Ba2Ca2Cu3O10 ~Tl-2223! ~Ref. 13!, La22xSrxCuO4 ~La-
214! ~Ref. 14!, and Tl2Ba2CuO61d ~Tl-2201! ~Refs. 15 and
16!# the relative intensity of theA1g ELRS peak is strong and
comparable to that of theB1g peak. This contradicts existing
local-density-approximation-~LDA- ! based calculations o
the electronic Raman scattering cross section.5 However,
resonance effects18 and van Hore singularity~VHS!19 may
alter these calculations. This picture qualitatively describ
the experimental results for all optimally doped HTSC’s. T
only exception is then-type superconductor~Nd,Ce!-214,
which demonstrates a behavior consistent with ans-wave
type of order parameter.20

FIG. 1. Schematic representation of the Raman response f
tion in Eq. ~2! due to the breaking of Cooper pairs and includi
Coulomb repulsion. The Tsuneto functionlkW is represented as a

squared gap functionD2(kW )5Dmax
2 cos2 2f. Raman vertices are

chosen asgB1g
}cos 2f, gB2g

}sin 2f, gA1g
}11cos 4f, wheref is

an angle betweenkW and the Cu-O bond direction within the CuO2

plane.



ov
n

n
in

g
ed

a

g
th

-
io
io
1

l-
e

i-
nn

t’’
ve

ot
-
av
if
i-

th
re
w

at
io
ta
e-

,

el

ta
in

-

ex-

pti-

d
w a
t

tent
lly
the

ring

the
a

tan-

01
fer-

as
nts

an

in-

the

2.5
ed
ies
e
e

in
f
for

he
w-
-

ctiv-
of
ting
the

PRB 58 11 755ELECTRONIC RAMAN SCATTERING IN . . .
For the overdoped or underdoped samples the ab
mentioned universality of the experimental results does
hold anymore. For instance C. Kendzioraet al.21 reported for
overdoped Tl-2201 a similar peak position for the differe
symmetry components of the electronic Raman scatter
The authors pointed out that the gap does not scale withTc ,
but rather decreases with an increase of doping, yieldin
2D0 /kBTc53.9. This led them to suggest that in overdop
Tl-2201 the order parameter hass symmetry. One should
note, however, that existing calculations of the ELRS pe
positions ~especially for theA1g scattering component3–7!
strongly depend on the chosen electronic structure and
function parameters. For the optimally doped Tl-2201
difference between the peak positions of theB1g and B2g
components is about 10% only.16 One can estimate an ex
pected difference between the corresponding peak posit
for strongly overdoped Tl-2201 by scaling the peak posit
of theB1g scattering component in optimally doped Tl-220
('430 cm21) to that reported for strongly overdoped T
2201 ('80–100 cm21). Such an estimate gives for th
strongly overdoped crystal a peak position of theB2g scat-
tering component at only 8 –10 cm21 lower frequency than
that of theB1g component. This is actually within exper
mental error. Therefore the same position of the peaks ca
proves-wave pairing.

According to Devereaux and Einzel,3 the low-frequency
power-law behavior of the ELRS intensity is more ‘‘robus
concerning changes of the FS topology as a result of o
doping and underdoping. Particularly thev3 law for the low-
frequency scattering in theB1g scattering component andv
law for the A1g and B2g scattering components should n
change with doping in ad-wave superconductor. Unfortu
nately the ELRS peaks in strongly overdoped Tl-2201 h
their maxima at a rather low frequency, which makes it d
ficult to determine their low-frequency tails precisely. Add
tionally the low-frequency scattering for theA1g component
is easily obscured by Rayleigh scattering. In order to test
low-frequency behavior in overdoped Tl-2201 it is therefo
necessary to investigate moderately overdoped samples
a pair-breaking peak not at too low frequency.

In addition to the scattering in the superconducting st
the normal-state scattering provides important informat
about carrier dynamics. Raman scattering in the normal s
in channelL and assuming a single impurity scattering lif
time t can be described by a Lorentzian:

Im xL~v,T.Tc!52NFgL
2 vt

~vt!211
, ~7!

whereG51/t is the scattering rate,gL is a Raman vertex
andNF is the carrier density of states at the Fermi level.22,23

Generally speaking,t is a function of the scattering chann
L and momentumkW .24 Im xL(v,T.Tc) has a peak at the
frequencyv51/t, and the spectrum falls off as 1/v. Using
this fact one can analyze Raman spectra in the normal s
and determine how scattering rates change with dop
Hackl et al.25 fitted their data for Bi-2212 using Eq.~7! and
a frequency dependence ofG given by the nested Fermi liq
uid model.26 The scattering rates atT'100 K were found to
be G(B1g)'600 cm21, G(B2g)'170 cm21 for the nearly
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optimally doped Bi-2212 and G(B1g)'160 cm21,
G(B2g)'120 cm21 for overdoped Bi-2212.25

In this paper we present electronic Raman scattering
periments on moderately overdoped Tl2Ba2CuO61d with Tc

556 K. These are compared with measurements on o
mally doped (Tc580 K) and strongly overdoped (Tc

530 K) crystals. We show that similarly to optimally dope
Tl-2201 also moderately overdoped Tl-2201 samples sho
v3 low-frequency behavior of theB1g scattering componen
and a linear low-frequency behavior for theB2g scattering
component. The above-mentioned power laws are consis
with d-wave symmetry of the order parameter. Additiona
we will discuss the changes of the relative intensities of
pair-breaking peaks in theA1g and B1g scattering compo-
nents with doping, as well as the electronic Raman scatte
in the normal state.

EXPERIMENT

We investigated the electronic Raman scattering in
single-CuO2-layered compound Tl-2201. This provides
single-sheeted Fermi surface.27 Therefore the intervalley
scattering due to the multisheeted Fermi surface5 invoked for
the explanation of unexpectedly largeA1g scattering inten-
sity does not play a role. Our samples had a shape of rec
gular platelets with the size of 23230.15 mm3. Moder-
ately overdoped and strongly overdoped crystals of Tl-22
were characterized by a superconducting quantum inter
ence device~SQUID! magnetometer;Tc was found equal to
5662 K ~moderately overdoped! and 3062 K ~strongly
overdoped!, respectively. The orientation of the crystals w
controlled by x-ray diffraction. The Raman measureme
were performed in quasibackscattering geometry. Ram
scattering was excited using an Ar1-ion laser. The laser
beam with 3 mW power was focused into a spot of 50mm
diameter. The laser-induced heating was estimated by
creasing the laser power level at a fixed temperature~5 K!
and comparing the dependence of the ELRSB1g-peak inten-
sity on laser power with the temperature dependence of
intensity of this peak measured at fixed laser power~3 mW!.
Estimated additional heating was found to be about 1
62.5 K ~all data are plotted with respect to the estimat
temperature!. In order to analyze pure scattering geometr
we extracted theA1g scattering component from th
X8X8 (A1g1B2g) andXY (B2g) scattering geometries. Th
X8 andY8 axes are rotated by 45° with respect to theX and
Y axes. TheX andY axes are parallel to the Cu-O bonds
the CuO2 plane of the Tl-2201 unit cell. After subtraction o
the dark counts of the detector the spectra were corrected
the Bose factor in order to obtain the imaginary part of t
Raman response function. In order to analyze the lo
frequency behavior of theB1g scattering component in mod
erately overdoped Tl-2201 withTc556 K we performed
measurement in superfluid He (T51.8 K). This gives us
several advantages: Because of the huge thermal condu
ity of superfluid helium, we do not have any overheating
the sample due to laser radiation. The absence of overhea
allows us to precisely determine the real temperature of
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FIG. 2. Imaginary part of the Raman response in optimally doped Tl-2201 (Tc58065 K) at T520 K ~solid curve! and T5110 K
~dashed curve! for the ~a! B1g , ~b! A1g , and ~c! B2g scattering components~upper panel! and for the corresponding subtracted spect
Im x(T520 K)-Im x(T5110 K) ~lower panel!.
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excited volume. ForT51.8 K the Bose factor is equal t
zero down to at least 10 cm21. Therefore down to 10 cm21

we actually measure the imaginary part of the Raman
sponse function.

RESULTS AND DISCUSSION

The Raman spectrum of Tl-2201 shows several phon
and a broad electronic continuum. The superconducting t
sition leads to the redistribution of the continuum into
broad peak. In Figs. 2–4 we show theB1g , A1g , and B2g
scattering components of the Raman scattering forT!Tc
~solid line! and T.Tc ~dashed line! for the Tl-2201 single
crystals with Tc580 K ~Fig. 2!, Tc556 K ~Fig. 3!, and
Tc530 K ~Fig. 4!. In order to emphasize the redistributio
of the scattering intensity in the superconducting state c
pared to the normal state we draw not only the Bose-fac
corrected raw spectra~Figs. 2, 3, and 4, upper panel!, but we
subtract the spectra aboveTc from the spectra well belowTc
~Figs. 2, 3, and 4, lower panel!. The positions of the ELRS
peaks in the superconducting state for different scatte
components as a function of doping are summarized in Ta
I.

It is generally accepted that theB1g scattering componen
reflects much of the properties of the superconducting d
sity of states.6 Therefore it is reasonable to analyze inten
ties of other components relative to theB1g scattering com-
ponent.

There are several differences between optimally and o
doped crystals.

~i! If one identifies the peak in theB1g ELRS component
as a 2D0 , one obtains the reduced gap value 2D0 /kBTc
'7.8 for the optimally doped crystal, while in the overdop
-

s
n-

-
r-

g
le

n-
-

r-

crystals 2D0 /kBTc is close to 3~see Table I!.
~ii ! For the optimally doped crystals the peak positions

theB2g andA1g scattering components are lower than that
the B1g ~see Fig. 2 and Table I!. In the overdoped crystals
theB2g component peaks at a frequency very close to tha
the B1g scattering component~see Figs. 3, 4 and Table I!,
although its peak position is still about 1062 % lower~simi-
lar to the optimally doped Tl-2201; see Table I!. The A1g

peak position is close to that of theB1g peak as well, al-
though an exact determination of the pair-breaking peak
sition for theA1g scattering component is difficult due to th
A1g phonon at 127 cm21 of moderately overdoped Tl-220
~see Fig. 3! or due to the superimposed Rayleigh scatter
in strongly overdoped Tl-2201~see Fig. 4!.

~iii ! The most drastic changes of the relative ELRS pe
intensity with doping are seen in theA1g scattering compo-
nent. For the optimally doped crystal we observe a stro
peak, which is comparable in intensity to that of theB1g

component; see Figs. 2~a! and 2~b!, lower panel. In contrast
for two overdoped crystals@Figs. 3, 4~a!, and 4~b!, lower
panel# the relative intensity of the ELRS peak in theA1g

scattering component is weak.
~iv! In contrast to theA1g scattering component the inten

sity of theB1g scattering component is stronger in the mo
erately overdoped sample@Fig. 3~a!# compared to the opti-
mally doped one@Fig. 2~a!#. For the strongly overdoped
sample an exact determination of the relative intensity
the pair-breaking peak is difficult in all scattering comp
nents. The pair-breaking peak is at too low frequen
('60 cm21); therefore its intensity is very sensitive to th
Bose-factor correction, which in turn depends upon the
certainty in the estimated temperature. Additionally, Ra
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FIG. 3. Imaginary part of the Raman response in moderately overdoped Tl-2201 (Tc55662 K) at T520 K ~solid curve! and T
575 K ~dashed curve! for the ~a! B1g , ~b! A1g , and ~c! B2g scattering components~upper panel! and for the corresponding subtracte
spectra: Imx(T520 K)-Im x(T575 K) ~lower panel!.
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leigh scattering and impurity induced scattering3 may ob-
scure the evaluated difference between the correspon
spectra below and aboveTc .

According to Devereaux and Einzel,3 the v3 law for the
low-frequency scattering in theB1g scattering componen
ng
and thev law for the A1g and B2g scattering component
should not change with doping ind-wave superconductors
In order to check these power laws for moderately overdo
Tl-2201 we have performed measurements in superfluid
lium (T51.8 K). To illustrate the low-frequency behavio
d

FIG. 4. Imaginary part of the Raman response in strongly overdoped Tl-2201 (Tc53062 K) at T515 K ~solid curve! and T

550 K ~dashed curve! for the ~a! B1g , ~b! A1g , and ~c! B2g scattering components~upper panel!, and for the corresponding subtracte
spectra: Imx(T515 K)-Im x(T550 K) ~lower panel!.
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TABLE I. Peak positions of theB1g , A1g , andB2g electronic Raman scattering components, for op
mally and overdoped Tl-2201. Question mark~?! indicates no detection of a pair-breaking peak.

Compound Tl-2201 Tc @K# B1g @cm21# A1g @cm21# B2g @cm21# 2Dmax/kBTc

Optimally doped 8065 430615 345620 380635 7.860.4

Moderately overdoped 5662 125610 110620 120610 3.360.3

Strongly overdoped 3062 6065 ? 5065 2.960.4
th
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of the imaginary part of the Raman response function in
B1g and B2g scattering components on the same freque
scale we have scaled the Raman shift by the correspon
peak position, as shown in Fig. 5~a!. The fit of the low-
frequency scattering in theB1g scattering component with
the vn function leads to exponentsn52.9 and 3.5 for opti-
mum doped and moderately overdoped Tl-2201, resp
tively. An even better fit to the low-frequency scattering i
tensity in moderately overdoped Tl-2201 was obtained w
a linear term added to thevn function, similarly to over-
doped Bi-2212.25 The appearance of such a crossover fr
linear to a power law in theB1g scattering component indi
cates the presence of impurities.3 For theB2g scattering com-
ponent one can easily fit the low-frequency scattering of
timally to overdoped samples with a linear-in-v law as
shown in Fig. 5~b!. Unfortunately in theTc530 K crystal
the expected ELRS peak is too close to zero frequenc
make a definite conclusion about its low-frequency behav
The observed power laws~Fig. 5! lead to the conclusion tha
even overdoped Tl-2201 has ad-wave symmetry of the orde
parameter.

FIG. 5. Imaginary part of the Raman response in optima
doped (Tc58065 K, dashed line, atT520 K), moderately over-
doped (Tc55662 K, dash-dotted line, atT51.8 K), and
strongly overdoped (Tc53065 K, dotted line, atT515 K) Tl-
2201 for the~a! B1g and ~b! B2g scattering components. For eac
doping and scattering component the frequency axis is rescale
the position of the respective pair-breaking peak. The solid cur
show fits to the low-frequency scattering with the~a! Im x
;vn (n52.9 and 3.5 for the crystals withTc58065 K and 56
62 K, respectively! and ~b! Im x;v function.
e
y
ng

c-

h

-

to
r.

Let us now discuss temperature-induced spectral chan
in the overdoped crystal. A detailed temperature depende
for the Tl-2201 (Tc556 K) sample is shown for theB1g
component in Fig. 6. With increasing temperature the int
sity of the pair-breaking peak decreases and its posi
shifts toward lower frequency. This dependence slightly d
fers from that predicted by BCS theory, as shown in the in
of Fig. 6; i.e., the gap opens more abruptly. At the same ti
the intensity of the pair-breaking peak decreases nearly
early with increasing temperature~see inset in Fig. 7!
whereas the intensity of the low-frequency scattering~at for
instance'50 cm21) increases. At a temperature close toTc
both intensities match. From these data one can determ
the ratio of the superconducting response to the normal-s
response in the static limit~‘‘static ratio’’ !, i.e., whenv
→0, and compare it with the calculations of the ratio in t
presence of impurities.4 From such a comparison we foun

to
s

FIG. 6. Temperature dependence of the Raman scattering in
sity of the B1g scattering component in moderately overdoped
2201 (Tc55662 K) without corrections of the Bose factor. Wit
an increase of the temperature the pair-breaking peak position o
ELRS shifts to lower frequency and its intensity decreases.
inset shows the temperature dependence of the pair-breaking
position ~solid circles! and the expected dependence from BC
theory ~solid line!. Note that atT559 K.Tc556 K one sees a
characteristic increase of the intensity towards zero freque
which is attributed to impurity-induced scattering.
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for moderately overdoped Tl-2201 the corresponding va
of the scattering rate to beG/D(0)'0.5. This leads toG
'60 cm21. In the normal-state spectra~we discuss the
imaginary part of the Raman response function! one sees an
increase of the intensity towards zero with a broad pea
'50 cm21, Figs. 3 and 7. This peak is more pronounced
the B1g scattering component. Such a peak can be attribu
to impurity-induced scattering. According to Eq.~7! the fre-
quency of the peak corresponds to the scattering ratG
51/t of the normal state.22,23 The position of the peak de
pends strongly on doping. It is roughly 35 or 50 cm21 for
strongly and moderately overdoped Tl-2201, respectiv
Practically there is no anisotropy of the peak position co
paring theB1g andB2g scattering components. Note that th
scattering rates calculated from the peak positions are
close to that evaluated from the static ratio and sufficien
smaller than that found by Hacklet al.25 using a frequency
dependence ofG given by the nested Fermi liquid mode
Scattering rates may also be determined using the freque
dependent conductivity from the infrared measurements.
finds for many HTSC’s scattering rates 1/t of about
100–200 cm21 at T'100 K.28 Additionally and very sur-
prisingly, the scattering rates decrease with increas
overdoping.29 From our Raman measurements we fou
scattering ratesG51/t535 or 50 cm21 for strongly and
moderately overdoped Tl-2201 not too far from the infrar
data, and a similar decrease ofG with increasing overdoping

FIG. 7. Imaginary part of the Raman response function aT
<Tc , with T555 K ~solid line!, T548 K ~dashed line!, and T
545 K ~dotted line! for the B1g scattering component of mode
ately overdoped Tl-2201. Arrows show the pair-breaking pe
('105 cm21 at T545 K) and the peak due to scattering on t
‘‘normal excitations’’ ('50 cm21). The inset shows a temperatu
dependence of the pair-breaking peak intensity~solid squares! and
the intensity of the normal excitation scattering~open squares! in
the B1g scattering component in moderately overdoped Tl-22
(Tc55662 K).
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We would like to sum up the effects of overdoping th
are also partly observed in other HTSC’s.

In the nearly optimally doped regime@YBCO ~Refs. 9–
11!, Bi-2212 ~Ref. 12!, Tl-2223 ~Ref. 13!, La-214~Ref. 14!,
and Tl-2201~Refs. 15 and 16!# the ELRS peak positions
scale withTc for all scattering components. TheB1g scatter-
ing component is most sensitive to changes ofTc . The rela-
tive intensity of the ELRSA1g peak is stronger or at leas
comparable to that of theB1g component. The relative inten
sity of theB2g peak is always the weakest one.

For the overdoped crystals~Tl-2201, Bi-2212! ~Refs. 21
and 25! the peak position of theB1g scattering componen
decreases faster thanTc so that 2D0 /kBTc decreases with
overdoping from 7.8 to'3 ~data of this paper! or from 8 to
5 in Bi-2212.25 The relative intensity of theA1g ELRS peak
as compared toB1g decreases when the system becom
more overdoped.30 This is an important point concerning th
influence of the Fermi surface topology changes on Ram
scattering and will be discussed further below.

We will now discuss some reasons which may explain
shift of theB1g peak position with doping. The decrease
the B1g ELRS peak position and 2D0 /kBTc with doping is
connected to the fact that the crossing of the Fermi surf
with the Brillouin zone moves away from the (0,6p),
(6p,0) points with doping. Therefore the FS avera
^gkW

2
lkW& of the Raman vertex with the Tsuneto function in E

~2! gives aD0 smaller thanDmax. ~A detailed discussion of
this point is given in the work of Branch and Carbotte.6! In
the case of optimum doping it is supposed that the Fe
level is close to the van Hove singularity so that the
pinches at the (0,6p), (6p,0) points of the BZ,31 leading
to D0'Dmax.

Now let us turn to the decrease of theA1g vs B1g inten-
sities of the ELRS with doping. In contrast toB1g and B2g
the A1g scattering component is affected by the screen
term. We suppose that screening itself is connected with
FS anisotropy, which is in turn affected by the van Ho
singularity. In optimally doped crystals the vHS is close
the Fermi level~FL! leading to a strongly anisotropic FS. B
overdoping we move the FL from the vHS. This leads to
more isotropic FS with larger screening. Therefore the
crease of screening with doping would be a plausible exp
nation for the observed decrease of theA1g scattering com-
ponent with doping.

This suggestion has a consequence for the intensity of
B1g scattering component. Namely, the screening term
the A1g scattering component has the same symmetry as
bare term for theB1g scattering component~see Fig. 1!. If
we suppose that the screening increases, theB1g response
should also increase. This is in agreement with our res
@see Figs. 2~a! and 3~a!, lower panel#.

In conclusion we have presented measurements of
electronic Raman scattering on optimally doped as well
moderately and strongly overdoped Tl-2201 single cryst
The strong decrease of theA1g scattering intensity with in-
creasing overdoping has been observed. We connect thi
fect with the changes of the FS topology connected to
existence of a van Hove singularity. We propose investi
tions on other overdoped HTSC’s in order to check this id
Our measurements of the low-frequency behavior of

k

1



e

ta
p

1,
d

e

11 760 PRB 58GASPAROV, LEMMENS, KOLESNIKOV, AND GÜNTHERODT
electronic Raman scattering in optimally doped and mod
ately overdoped Tl-2201 confirmed ad-wave symmetry of
the order parameter, in contrast to earlier reports.21 The scat-
tering rates, which we have evaluated from the normal-s
Raman spectra as well as a decrease of them with overdo
are consistent with the existing infrared data.
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