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Optical Conductivity of High Tc Superconductors: From Underdoped to Overdoped
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We present results of room-temperature reflectivity measurements on overdoped Tl2201 and o
underdoped and overdoped Bi2212 single crystals. The optical conductivityssvd has two distinctly
different regimes as a function of doping. While in the underdoped regime the doping-induced change
in ssvd can be well described by an increasing density of mobile carriers, in the overdoped regime
there is no evidence for such an increase. Our results are not consistent with the usual view on th
overdoped regime where reduction ofTc is associated with an increase in the density of mobile charge
carriers. [S0031-9007(96)01026-5]
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One of the most unusual features of the highTc (HTSC)
phenomenon is the peculiar dependence of the super
ducting transition temperatureTc on the doping level. It is
customary to divide the phase diagram of HTSC into th
different regimes: (1) the “underdoped” regime, where
superconducting phase is adjacent to the insulating p
andTc increases with increasing (p-type) doping; (2) the
“optimum” Tc regime, whereTc reaches the highest valu
within a given series; and (3) the “overdoped” regim
whereTc decreases with further doping while the ma
rial becomes a better metal.

While the underdoped and optimally doped regim
have been studied extensively, the overdoped regime
not enjoyed this kind of attention. It is generally b
lieved that the decrease ofTc with overdoping is associa
ted with an increasing concentration of mobile carri
(holes). For example, a “universal” dependenceTcspd,
where p is a number of holes per planar Cu, was su
gested whereTc reduces parabolically withp for p . 0.16
(overdoped regime) [1,2]. If true, this behavior is most u
usual and surprising, since in the conventional superc
ductors an increased carrier density normally leads to
increasedTc.

The main purpose of this study is to determine whet
or not this view on overdoped HTSC is consistent w
the experimental results on the optical conductivity. W
present, for the first time, a systematic study of the opt
conductivity in the whole doping range from underdop
to overdoped. Our study reveals that while in t
underdoped regime progressive doping indeed incre
the free-carrier density, this trend does not continue to
overdoped part of the phase diagram.

Infrared reflectance spectroscopy is an effective t
for studying electron dynamics as it allows one to obt
the frequency-dependent dielectric constants and there
the spectrum of electronic excitations in the energy ra
characteristic for conducting carriers. Information ab
mobile carrier density can be obtained from the spec
weight (SW) contained by the low-frequency real p
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of optical conductivitys1svd. An effective density of
carriers contributing to optical transitions below a cert
cutoff energyh̄v0, neffsv0d, is given by a SW ofs1svd,
integrated over energies from zero toh̄v0 [3]:

neffsv0d ­
me

8pe2

Z v0

0
s1svd dv , (1)

whereme is a bare electron mass.
To obtain the real and imaginary parts of optical co

ductivity we have performed reflectivity measurements
Bi 2Sr2CaCu2O81d (Bi2212) and Tl2Ba2CuO61d (Tl2201)
single crystals at several doping levels. Three Bi22
single crystals withTc ­ 67 K, 82 K (both underdoped
andTc ­ 82 K (overdoped) were measured. The Bi22
crystals were prepared from the as-grown crystals by
nealed in argon and/or oxygen. The three T2201 sin
crystals used in the measurements hadTc’s of 90 K (high-
estTc achievable), 60 K and 23 K (both overdoped).

The real part of the optical conductivitys1svd was
calculated using Kramers-Kronig (KK) analysis of refle
tivity. For the KK calculations the reflectivity was ap
proximated by a constant value from the upper limit
our measurements40 000 cm21 (5 eV) to 300 000 cm21,
where reflectivity was allowed to fall asv24. Below
30 cm21 the Hagen-Rubens formula, with paramet
taken from the dc resistivity measurements [4,5], w
used. Both low- and high-frequency reflectivity appro
mations were found to have little effect ons1svd in the
energy region studied in this work.

The real part of the optical conductivity for Bi221
material at three doping levels is shown in Fig. 1
room temperature. The inset on the lowest panel
Fig. 1 shows the difference betweens1svd obtained for
the Tc ­ 82 K slightly overdoped sample (upper pane
and theTc ­ 67 K underdoped sample (lower panel) [6
First, the low-frequency conductivity SW increases w
doping in the underdoped regime. Second, the differ
tial conductivity spectrum has a Lorentzian (Drude-lik
shape characteristic for a free-carrier absorption [3
© 1996 The American Physical Society 1853
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FIG. 1. The optical conductivity of Bi2212 at several dopi
levels. Inset: solid line is the difference betweens1svd shown
in the upper panel ands1svd shown in the lower panel. Th
open symbols represent a fit by a Drude form.

The Drude-like shape of the differential conductivity su
gests that it is a difference of two spectra that contain fr
carrier contributions with similar scattering rates1yt but
different plasma frequencies (larger for the more hea
doped sample). The increase in the plasma frequenc
the Drude part is consistent with the scenario where d
ing in the underdoped regime produces additional mo
carriers [8]. One can also see from the inset of Fig. 1
the increase of the low-frequency SW with doping in t
underdoped regime is confined to the energy range be
1 eV [9]. We note that the doping-induced conductiv
increase was found to be confined to below 1 eV in me
lic YBa2Cu3O72d as well [8].

The s1svd in the overdoped regime is shown
Fig. 2 for the Tl2201 system at three doping levels, fr
the one with the highestTc achievable (90 K) to the
strongly overdoped one withTc ­ 23 K. The inset in
the lowest panel shows the difference betweens1svd for
theTc ­ 23 and90 K samples. The resulting differentia
spectrum is qualitatively different from the one obtain
for Bi2212: now there is no doping-induced increase
the conductivity SW. Instead, the SW isredistributed
with part of it moved from the midinfrared frequencies
the lower frequencies with (over)doping. This behav
is reminiscent to what was observed by Tamasakuet
al. in the La22xSrxCuO4 system [10]: Although the
transfer of conductivity SW from above the charg
transfer gap is nearly saturated as doping is increa
above optimal, the SW is biased towards the low
1854
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FIG. 2. The optical conductivity of Tl2201 at several dopin
levels. On the upper panels1svd for slightly overdoped
Bi2212 is shown for comparison. On the lower panel a Dru
curve with vp ­ 13 000 cm21 and1yt ­ 560 cm21 is shown
for illustration as described in text. Inset: solid line is th
difference betweens1svd for the Tc ­ 23 and90 K samples.
The open symbols show a fit to the difference of two Dru
curves with the samevp but different1yt as described in the
text.

energy region with overdoping. Again, the redistributi
of the SW occurs in the energy range below 1 e
The differential spectrum can no longer be fitted to
difference of two spectra containing Drude absorpt
peaks with the same scattering rates but different pla
frequencies. However, now it has the shape of
difference of two Drude peaks with the same plas
frequency but different scattering rates, as is shown
the inset. The parameters used in the fit werevp ­
13 000 cm21, 1ytsTc ­ 23 Kd ­ 560 cm21, 1ytsTc ­
90 Kd ­ 660 cm21, values not at all unreasonable. F
illustration, a Drude peak withvp ­ 13 000 cm21 and
1yt ­ 560 cm21 is shown in the bottom panel of Fig. 2

To make the analysis more quantitative in Fig.
we have plotted the SW of the low-frequency (h̄v0 ­
1 eV) optical conductivity as a function ofTc. The
¯v0 ­ 1 eV was chosen to isolate the energy regi
where the conductivity actually changes with doping
the doping range considered in this work. For reas
described below we will mainly be interested in relati
changesin the SW as a function of doping as oppos
to its absolute values. Therefore, we have normali
our results to those obtained for the optimal dopi
concentrations within each series. On the horizon
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FIG. 3. The relative changes in the low-frequency conduc
ity spectral weight are plotted for several HTSC material se
as a function ofTc. The left-hand part corresponds to unde
doped regime, the right-hand part corresponds to the overd
regime. The dashed line shows a low-frequency spectral we
expected on the basis of parabolic dependenceTcspd proposed
for the HTSC cuprates.

axis we plotTc in the functional form6s1 2 TcyTmax
c d,

with a minus sign for the underdoped materials a
plus sign for the overdoped ones. Previously publis
results for several other cuprate materials are plo
as well [10–12]. We also include data obtained
3D HTSC material Ba12xKxBiO3 at doping levels with
Tc ­ 31, 28, and21 K [13,14]. All of the data points
fall on the same curve which is highly asymmetrical w
respect to the point of optimal doping (0, 1). While
the underdoped regime an increase inTc is accompanied
by an increase in the low-frequency conductivity SW; t
behavior changes abruptly at the optimal doping: in
overdoped regime an increase in the low-frequency SW
not observed. In fact, if it changes at all, it decreases w
decreasingTc.

The results presented above suggest that the opt
doping level is not only the one with the highestTc in a
given series, but it also separates two distinctly differ
regimes of optical conductivity behavior as a functi
of doping. While in the underdoped regime the to
low-frequency conductivity spectral weight increases w
doping, which can be attributed to the increasing den
of the mobile charge carriers, in the overdoped regime
total spectral weight below 1 eV does not increase
the changes ins1svd are more likely to be due to th
changing scattering rate of the mobile carriers.

Before we use the finite-energy sum rule analysis
make a connection between the doping dependence o
conductivity SW and the mobile carrier density, we sh
how despite some of its shortcomings the essential in
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mation can be extracted. The HTSC materials dem
strate a complicated non-Drude-shape ofs1svd where the
free-carrier absorption is not obviously defined [3]. Th
makes the choice of̄hv0 ambiguous. There are two ap
proaches to describe the optical conductivity of the HT
cuprates. The first one is a two-component approac
which the total conductivity is divided into a free-carri
Drude and bound-carrier mid-infrared (MIR) parts, ind
pendent of each other. The alternative approach is a
component one, in which both parts are due to excitati
of the same “kind” of charge carriers that have frequen
dependent effective mass and scattering rate. This
result in an intensive conductivity sideband at the M
frequencies as in the case of metals with strong elect
phonon interaction [15,16]. The SW of the MIR sideba
is taken from the Drude absorption so that theirtotal SW
represents the actual free-carrier density.

It is outside the scope of this Letter to decide whi
description is the correct one but we can outline
consequences that each of them may have on the ana
of Eq. (1). (i) The two-component model: an integrati
of Eq. (1) will give an overestimated absolute value of t
mobile carrier density as it will include the “parasitic” MIR
absorption. However, as the SW of the MIR conductiv
does not change very much with doping (see the inset
Figs. 1 and 2), we can still conduct acomparativeanalysis
of changesin the free carrier density with doping within
given series. (ii) The one-component model: an integra
in the range from 0 to 1 eV, which essentially includes b
the free-carrier part and the MIR sideband, may in fact g
us the absolute value of the free carrier density close
the correct one. However, the MIR absorption may s
include, for example, an interband transition. In this ca
while the absolute values of carrier density obtained us
Eq. (1) may be misleading, the comparative analysis
can be conducted.

In the light of the above discussion we believe that
doping-inducedchangesin the low-frequency SW reflec
changes in the mobile carrier density. This puts the res
presented in Fig. 3 in contradiction with the scenario wh
a decrease ofTc in the overdoped regime is a consequen
or associated with, the increasing mobile carrier dens
For comparison, in Fig. 3 we have plotted the SW expec
from the relation1 2 TcyTmax

c ­ 82.6s0.16 2 pd2, pro-
posed as a universal relation for HTSC cuprates [2]. Wh
in the underdoped regime this relation is in qualitati
agreement with the experiment (the density of the mob
carriers increases with doping), there is a qualitative diff
ence in the overdoped regime: the experimental free-ca
density isnot increasing with overdoping [17].

The optical conductivities of Bi2212 double plane a
Tl2201 single plane are very similar, the only differen
being the bias of the SW towards lower frequencies
Tl2201 (see the upper panel of Fig. 2). This suggests
the 3D densities of mobile charge carriers are similar
both materials. Taking into account corrections for t
volume per formula unit makes carrier densityper plane
1855
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50% smaller in Bi2212 than in Tl2201. One may arg
that it is not clear ifTc ­ 90 K Tl2201 is optimally doped
as the peak inTc as a function of doping has not been o
served for this material. However, the Bi2212 sample
doped close to optimal. The 50% larger carrier den
substituted into the parabolic relation of the previous p
graph would make theTc ­ 90 K Tl2201 a strongly over-
doped material with hypotheticalTmax

c . 190 K. On the
other hand, ifTc ­ 90 K ­ Tmax

c for Tl2201, the whole
idea of Tc being determined by the normal-state fre
carrier densityper planar Cuis put in question. One ca
assume that TlO planes may also be conducting, and th
fore contribute to the low-frequencyab-plane conductiv-
ity SW. However, while theoretical estimates support t
possibility, they predict that TlO planes contribute only
small fraction of the total SW [18].

In an attempt to understand why progressivep-type
doping does not produce a monotonic increase of the f
carrier density we examine how the dc transport prope
evolve with doping. It has been reported that the roo
temperature thermoelectric power coefficient (TEP)
HTSC cuprates has a universal behavior as a functio
doping: it is large and positive in underdoped samp
almost zero in optimally doped samples, and beco
small and negative upon crossing into the overdo
regime [19]. The Hall coefficientRH is large and positive
in the underdoped regime, decreases in magnitude
doping, and crosses zero somewhere in the overd
regime. It was suggested, in an attempt to explain
doping dependence ofRH in La22xSrxCuO4, that zero
crossing may be a result of a change in the topology
Fermi surface from holelike to electronlike [20]. Indee
the doping dependence of TEP, which in a simple mo
is negative (positive) for an electronlike (holelike) Fer
surface [7], would support this scenario.

On the other hand,s1svd, unlike TEP andRH , does
not distinguish between the sign of the charge carriers
depends only on their density, that is on the volume
the (holelike or electronlike) Fermi surface. In a sim
rigid-band picture the density ofmobile charge carriers
and therefore the low-frequency conductivity SW, w
attain its maximum as a function of doping at the ba
filling corresponding to a reflection point where inver
effective mass goes to zero. This corresponds to a b
filling at which Fermi surface changes its topology fro
holelike to electronlike as a function ofp-type doping.
Although these arguments are likely to be oversimplifi
and the rigid-band picture may not be applicable to
HTSC cuprates, the change of topology of the Fe
surface might provide a qualitative explanation for
observed turning point in the conductivity SW behav
as a function of doping. Another interesting implicati
of this result is that the highestTc is achieved at the
doping concentration corresponding to the highest den
of states at the Fermi level. It remains unclear, howe
why the scattering rate of the mobile carriers seem
decrease with overdoping.
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In summary, our optical results show that, while
the underdoped regime, an increase in the low-freque
conductivity SW provides a clear indication of increase
the free carriers density asTc is increasing. Overdoping
decreasesTc but does not lead to an increase in th
conductivity SW. Therefore,optical conductivity shows
no signature of increasing mobile carrier density wi
overdoping. The doping-induced changes ins1svd in the
overdoped regime are more consistent with a reduction
the scattering rate of the mobile carriers.
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