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We present results of room-temperature reflectivity measurements on overdoped TI2201 and on
underdoped and overdoped Bi2212 single crystals. The optical conduativity has two distinctly
different regimes as a function of doping. While in the underdoped regime the doping-induced changes
in o(w) 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 the
overdoped regime where reductionBf is associated with an increase in the density of mobile charge
carriers. [S0031-9007(96)01026-5]

PACS numbers: 74.62.Dh, 74.25.Fy, 74.25.Gz

One of the most unusual features of the hig{HTSC)  of optical conductivityo(w). An effective density of
phenomenon is the peculiar dependence of the supercooarriers contributing to optical transitions below a certain
ducting transition temperatui on the doping level. Itis cutoff energyiwy, n.rr(wo), is given by a SW otr(w),
customary to divide the phase diagram of HTSC into threéntegrated over energies from zeroia, [3]:
different regimes: (1) the “underdoped” regime, where the m w0
superconducting phase is adjacent to the insulating phase nerf(wo) = 92 f oi(w)dw, 1)
andT, increases with increasing-type) doping; (2) the 8me* Jo
“optimum” T, regime, wherd,. reaches the highest value wherem, is a bare electron mass.
within a given series; and (3) the “overdoped” regime To obtain the real and imaginary parts of optical con-
where T, decreases with further doping while the mate-ductivity we have performed reflectivity measurements on
rial becomes a better metal. Bi,Sr,CaCu0s+5 (Bi2212) and ThBa,CuOg+5 (T12201)

While the underdoped and optimally doped regimessingle crystals at several doping levels. Three Bi2212
have been studied extensively, the overdoped regime haingle crystals with7. = 67 K, 82 K (both underdoped)
not enjoyed this kind of attention. It is generally be-and7,. = 82 K (overdoped) were measured. The Bi2212
lieved that the decrease 6f with overdoping is associa- crystals were prepared from the as-grown crystals by an-
ted with an increasing concentration of mobile carriersnealed in argon and/or oxygen. The three T2201 single
(holes). For example, a “universal” dependertép), crystals used in the measurements figd of 90 K (high-
where p is a number of holes per planar Cu, was sug-estT. achievable), 60 K and 23 K (both overdoped).
gested wheré&, reduces parabolically with for p > 0.16 The real part of the optical conductivity;(w) was
(overdoped regime) [1,2]. If true, this behavior is most un-calculated using Kramers-Kronig (KK) analysis of reflec-
usual and surprising, since in the conventional supercortivity. For the KK calculations the reflectivity was ap-
ductors an increased carrier density normally leads to aproximated by a constant value from the upper limit of
increasedr.. our measurement0 000 cm™! (5 eV) to 300000 cm™!,

The main purpose of this study is to determine whethewhere reflectivity was allowed to fall as *. Below
or not this view on overdoped HTSC is consistent with30 cm™! the Hagen-Rubens formula, with parameters
the experimental results on the optical conductivity. Wetaken from the dc resistivity measurements [4,5], was
present, for the first time, a systematic study of the opticalised. Both low- and high-frequency reflectivity approxi-
conductivity in the whole doping range from underdopedmations were found to have little effect an(w) in the
to overdoped. Our study reveals that while in theenergy region studied in this work.
underdoped regime progressive doping indeed increasesThe real part of the optical conductivity for Bi2212
the free-carrier density, this trend does not continue to thenaterial at three doping levels is shown in Fig. 1 at
overdoped part of the phase diagram. room temperature. The inset on the lowest panel of

Infrared reflectance spectroscopy is an effective tooFig. 1 shows the difference between(w) obtained for
for studying electron dynamics as it allows one to obtairthe T. = 82 K slightly overdoped sample (upper panel)
the frequency-dependent dielectric constants and therefoend theT. = 67 K underdoped sample (lower panel) [6].
the spectrum of electronic excitations in the energy rangé€irst, the low-frequency conductivity SW increases with
characteristic for conducting carriers. Information aboutdoping in the underdoped regime. Second, the differen-
mobile carrier density can be obtained from the spectrafial conductivity spectrum has a Lorentzian (Drude-like)
weight (SW) contained by the low-frequency real partshape characteristic for a free-carrier absorption [3,7].
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FIG. 1. The optical conductivity of Bi2212 at several doping FIG. 2. The optical conductivity of TI2201 at several doping
levels. Inset: solid line is the difference betweer(w) shown levels. On the upper paner;(w) for slightly overdoped
in the upper panel and;(w) shown in the lower panel. The Bi2212 is shown for comparison. On the lower panel a Drude
open symbols represent a fit by a Drude form. curve withw, = 13000 cm™! and1/7 = 560 cm™! is shown
for illustration as described in text. Inset: solid line is the
difference betweenr(w) for the T. = 23 and90 K samples.
The Drude-like shape of the differential conductivity sug-The open symbols show a fit to the difference of two Drude

gests that it is a difference of two spectra that contain freecurves with the same,, but different1/7 as described in the

carrier contributions with similar scattering rateér but et

different plasma frequencies (larger for the more heavily

doped sample). The increase in the plasma frequency of

the Drude part is consistent with the scenario where dopenergy region with overdoping. Again, the redistribution

ing in the underdoped regime produces additional mobil®f the SW occurs in the energy range below 1 eV.

carriers [8]. One can also see from the inset of Fig. 1 thaThe differential spectrum can no longer be fitted to a

the increase of the low-frequency SW with doping in thedifference of two spectra containing Drude absorption

underdoped regime is confined to the energy range beloweaks with the same scattering rates but different plasma

1 eV [9]. We note that the doping-induced conductivity frequencies. However, now it has the shape of the

increase was found to be confined to below 1 eV in metaldifference of two Drude peaks with the same plasma

lic YBa,Cu;O;—5 as well [8]. frequency but different scattering rates, as is shown in
The o(w) in the overdoped regime is shown in the inset. The parameters used in the fit werg =

Fig. 2 for the TI2201 system at three doping levels, from13000 cm™!, 1/7(T, =23 K) =560 cm™!, 1/7(T. =

the one with the highesf. achievable (90 K) to the 90 K) = 660 cm™!, values not at all unreasonable. For

strongly overdoped one witf. = 23 K. The inset in illustration, a Drude peak withw, = 13000 cm™! and

the lowest panel shows the difference betwegfw) for  1/7 = 560 cm™! is shown in the bottom panel of Fig. 2.

theT. = 23 and90 K samples. The resulting differential To make the analysis more quantitative in Fig. 3

spectrum is qualitatively different from the one obtainedwe have plotted the SW of the low-frequencyafy =

for Bi2212: now there is no doping-induced increase inl eV) optical conductivity as a function of.. The

the conductivity SW. Instead, the SW isdistributed 7Zwo = 1eV was chosen to isolate the energy region

with part of it moved from the midinfrared frequencies to where the conductivity actually changes with doping in

the lower frequencies with (over)doping. This behaviorthe doping range considered in this work. For reasons

is reminiscent to what was observed by Tamaseku described below we will mainly be interested in relative

al. in the La_,Sr,CuQ, system [10]: Although the changesin the SW as a function of doping as opposed

transfer of conductivity SW from above the charge-to its absolute values. Therefore, we have normalized

transfer gap is nearly saturated as doping is increasemlr results to those obtained for the optimal doping

above optimal, the SW is biased towards the lowerconcentrations within each series. On the horizontal
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| T 0.3 mation can be extracted. The HTSC materials demon-
: :;Z:f::j]“ strate a complicated non-Drude-shapergfw) where the
A T gt free-carrier absorption is not obviously defined [3]. This
o LaSrCul, Ushids ot f fio 1% T makes the choice oiw, ambiguous. There are two ap-
x  EHED, Puchhow ot al {lo 26V) e i proaches to describe the optical conductivity of the HTSC
- o o AT T2 b)) o 02 cuprates. The first one is a two-component approach in
Poge=0.16 .’ which the total conductivity is divided into a free-carrier
y L & Drude and bound-carrier mid-infrared (MIR) parts, inde-
ag o”f‘o e o pendent of each other. The alternative approach is a one-
=% i component one, in which both parts are due to excitations
T of the same “kind” of charge carriers that have frequency-
& - -7 L dependent effective mass and scattering rate. This may
" result in an intensive conductivity sideband at the MIR
e frequencies as in the case of metals with strong electron-
underdoped . | — . overdoped phonon interaction [15,16]. The SW of the MIR sideband
optimal is taken from the Drude absorption so that thetal SW
0 I i 00 represents the actual free-carrier density.
1.0 A5 oo 05 1.0

: It is outside the scope of this Letter to decide which
AT T/Te description is the correct one but we can outline the
FIG. 3. The relative changes in the low-frequency conductiv-CONS€quUences that each of them may have on the an_aIyS|S
ity spectral weight are plotted for several HTSC material serie®f EQ. (1). (i) The two-component model: an integration
as a function off,. The left-hand part corresponds to under- of Eqg. (1) will give an overestimated absolute value of the
doped regime, the right-hand part corresponds to the overdopgfjobile carrier density as it will include the “parasitic” MIR
regime. The dashed line shows a low-frequency spectral weighlsorption.  However, as the SW of the MIR conductivity
expected on the basis of parabolic dependeh¢g) proposed ’ - . .
for the HTSC cuprates. does not change very much with doping (see the insets of
Figs. 1 and 2), we can still conductamparativeanalysis
of changedn the free carrier density with doping within a

axis we plot7, in the functional form=(1 — 7./T™*),  given series. (ii) The one-component model: an integration
with a minus sign for the underdoped materials andn the range from 0to 1 eV, which essentially includes both
plus sign for the overdoped ones. Previously publishedhe free-carrier part and the MIR sideband, may in fact give
results for several other cuprate materials are plotteds the absolute value of the free carrier density close to
as well [10-12]. We also include data obtained onthe correct one. However, the MIR absorption may still
3D HTSC material Ba K,BiO3 at doping levels with include, for example, an interband transition. In this case
T. = 31,28, and21 K [13,14]. All of the data points while the absolute values of carrier density obtained using
fall on the same curve which is highly asymmetrical with Eq. (1) may be misleading, the comparative analysis still
respect to the point of optimal doping (0,1). While in can be conducted.
the underdoped regime an increaselinis accompanied In the light of the above discussion we believe that the
by an increase in the low-frequency conductivity SW; thisdoping-inducecchangesn the low-frequency SW reflect
behavior changes abruptly at the optimal doping: in thechanges in the mobile carrier density. This puts the results
overdoped regime an increase in the low-frequency SW ipresented in Fig. 3 in contradiction with the scenario where
not observed. In fact, if it changes at all, it decreases witla decrease df. in the overdoped regime is a consequence,
decreasing’.. or associated with, the increasing mobile carrier density.

The results presented above suggest that the optim&lor comparison, in Fig. 3 we have plotted the SW expected
doping level is not only the one with the highétin a  from the relationl — 7./7T™* = 82.6(0.16 — p)?, pro-
given series, but it also separates two distinctly differenposed as a universal relation for HTSC cuprates [2]. While
regimes of optical conductivity behavior as a functionin the underdoped regime this relation is in qualitative
of doping. While in the underdoped regime the totalagreement with the experiment (the density of the mobile
low-frequency conductivity spectral weight increases withcarriers increases with doping), there is a qualitative differ-
doping, which can be attributed to the increasing densitgnce in the overdoped regime: the experimental free-carrier
of the mobile charge carriers, in the overdoped regime theensity isnotincreasing with overdoping [17].
total spectral weight below 1 eV does not increase and The optical conductivities of Bi2212 double plane and
the changes inr(w) are more likely to be due to the TI2201 single plane are very similar, the only difference
changing scattering rate of the mobile carriers. being the bias of the SW towards lower frequencies in

Before we use the finite-energy sum rule analysis tdl12201 (see the upper panel of Fig. 2). This suggests that
make a connection between the doping dependence of thiee 3D densities of mobile charge carriers are similar in
conductivity SW and the mobile carrier density, we showboth materials. Taking into account corrections for the
how despite some of its shortcomings the essential inforvolume per formula unit makes carrier dengitgr plane
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50% smaller in Bi2212 than in TI2201. One may argue In summary, our optical results show that, while in
thatitis not cleariff. = 90 K TI2201 is optimally doped, the underdoped regime, an increase in the low-frequency
as the peak iT. as a function of doping has not been ob-conductivity SW provides a clear indication of increase in
served for this material. However, the Bi2212 sample ighe free carriers density & is increasing. Overdoping
doped close to optimal. The 50% larger carrier densitydecreases. but does not lead to an increase in the
substituted into the parabolic relation of the previous paraeonductivity SW. Thereforegptical conductivity shows
graph would make th&. = 90 K TI2201 a strongly over- no signature of increasing mobile carrier density with
doped material with hypotheticdl™* = 190 K. Onthe overdoping The doping-induced changesdn(w) in the
other hand, ifT, = 90 K = T/ for TI2201, the whole overdoped regime are more consistent with a reduction in
idea of T. being determined by the normal-state free-the scattering rate of the mobile carriers.
carrier densityper planar Cuis put in question. One can  We thank D. N. Basov and I.I. Mazin for valuable dis-
assume that TIO planes may also be conducting, and thereussions. This research was supported in part by the
fore contribute to the low-frequen@b-plane conductiv- National Science and Engineering Research Council of
ity SW. However, while theoretical estimates support thisCanada and by the Canadian Institute for Advanced Re-
possibility, they predict that TIO planes contribute only asearch. The Bi2212 samples were prepared and character-
small fraction of the total SW [18]. ized at the Stanford Center for Material Research through
In an attempt to understand why progressiy¢ype the NSFMRSEC program.
doping does not produce a monotonic increase of the free-
carrier density we examine how the dc transport properties

evolve with doping. It ha_s been reportec_j ',[hat the room- *Present address: Center for Superconductivity Research,

temperature thermoelectric power coefficient (TEP) of  ynjversity of Maryland, College Park, MD 20742-4111.
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