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Far-infrared measurement of the dopant-dependent residual absorptivity of BiSr,CaCu,0g. 5
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Measurements are reported of the low-frequency absorptivity s8rglaCyOg ., s crystals at 16 K from
under to overdopingoxygen content At optimal doping the magnitude of the absorptivity is 0.4% between
0.6 and 7 THz and the conductivity is dominated by peaks at zero frequency and 30 THz separated by a deep
minimum. The minimum is not evident in the under and overdoped samples. The increased absorptivity when
doped away from optimal indicates that the spectral distribution of quasiparticles is dopant dependent due to
changes in the elastic and inelastic scattering contributions.
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Experimental investigations indicate that the superconby the cross over between elastic and inelastic scattering pro-
ducting critical temperature],, of the cuprate supercon- cesses. These measurements are made to a high photometric
ductors varies with concentration of holes on the QuO accuracy using a photothermal interference technique at low
planest At zero doping these materials are antiferromagnetidrequency(0.6 and 4 THx coupled with reflection spectros-
insulators but with increasing hole concentration they becopy at higher frequency6 and 1200 Thg Photothermal
come electronically conducting and at low temperature suspectroscopy and reflectivity measurements were made to an
perconducting. With further increases in hole concentratioruncertainty in the absolute absorptivity of 0.1% and%,

T, first rises(underdoped regiorto a maximum(optimally  respectively. We observed for an optimally doped sample
doped before falling (overdopedl A key to understanding that the absorptivity is approximately independent of fre-
this behavior is the development of a description of the low-quency between 1 and 7 TH4 and 30 meVYand is approxi-

energy carrier dynamics as a function of electronic dopingmately 0.4% in magnitude over this spectral range. The high
particularly at temperatures well belof.. accuracy of the data allows for the determination of the dy-

Using reflection spectroscopy the low-frequencynamical conductivity down to 0.6 THz and demonstrates that
temperature-dependent dynamical conductivity has been dehe real part of the conductivity is dominated by a zero fre-
termined for under and overdoped -cuprates includingjuency peak and a peak near 30 THz separated by a deep
Bi,Sr,CaCuyOg, 5.2 It is observed that with decreasing tem- minimum near 12 THz. In sharp contrast under and over-
perature the Drude-like conductivity peak centered at zerodoped crystals have a considerably higher absorptivity be-
frequency strengthens and narrows. As the temperature afween 0.6 to 9 THz. The increased absorption results from an
proachesT . the behavior becomes complex and is dopanincrease in quasiparticle density when doping away from op-
dependent. At optimal doping a “gap-like” feature appearstimal which may be due to either an increase in the effec-
in the conductivity spectrum &t,. For underdoped samples tiveness of elastic scattering around nodes in the density of
the gap-feature appears aboVg and for samples that are states and/or a change in the electron-boson spectral density
increasingly overdoped the formation of a gap is less readilyunction determining inelastic scattering.
identified. Recent measurements suggest that at temperaturesBi,Sr,CaCyQg., 5 crystals were grown by a floating-zone
well below T, a zero-frequency conductivity peak persists,technique and a number of crystals were cleaved from the
although the very small absorptivity=1%) makes these ex- same boul&. Optical measurements were made on crystals
periments demanding using reflection spectroscopy alonghat were typically about #5X0.1 mn? in size, were flat
Other techniques have been applied to ¥B&0O,;_s and and displayed a mirrorlike surface when viewed in visible
Bi,Sr,CaCuyOg. s thin films indicating that a zero-frequency light. Pairs of crystals were treated with different thermal
peak does exist for optimally doped samples although littlgprocesses to establish the required oxygen content and thus
work has been done at other dopirigEheoretical studies dopant level. T;’'s were determined by measuring the
suggest that this peak arises from elastic scattering processesnperature-dependent magnetization and defined as the on-
and at higher frequencies the absorption is dominated bget temperature, being 71 inderdopef 91 K (optimally
inelastic scattering> Very few measurements have been re-doped, and 73 K(overdopedl
ported that probe the cross-over spectral region and so inves- Photothermal interference spectroscopy involves the fo-
tigate the relative contributions of elastic and inelastic scateusing of a modulated far-infrared laser beam on to the
tering processes to the low frequency conductivity of thesample. Absorption by the sample results in a local modu-
cuprates. lated increase in temperature leading by heat diffusion, to a

Here we report the first measurements of the low temperamodulated increase in temperature of the surrounding helium
ture (16 K) dopant-dependent absorptivity of high quality gas. The oscillating change in gas temperature and the ac-
crystals of BySr,CaCuyOg, 5 in a spectral region dominated companying change in its refractive index is monitored with
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FIG. 2. The real and imaginary parts of the dynamical conduc-
FIG. 1. The 16 K absorptivity of an optimally doped T'V'ty -fﬁrhoptlm da"é/t doped BiSfrZCvazos;g (;:C:gl K) at 16} KH
Bi,SrL,CaCyOg, 5 crystal (T,=91 K) measured using photothermal fn_setr.] fe producto, against frequency for the same crystal where

interference(circles and reflectance spectroscopieslid curve. Is the frequency.
The dashed curve is the extrapolation used in the Kramer-Kroni

transformation %iZSr2CaCLt08+5. The imaginary part of the conductivity,

o,, increases with decreasing frequency consistent with the

a two-beam visible-light interferometer with one beam, thepresence of both the zero-frequency peakrinand the su-
probe beam, passing near to the heated surface and a secopétconducting condensate.
the reference beam, passing in a region unaffected by the Although a detailed interpretation of the conductivity
modulated heating. The phase shift between these twspectra is not possible our results display features that are
beams, which is determined by their recombination, containgualitatively similar to those observed in conductivity calcu-
a signal proportional to the absorptivity. The magnitude wadations for ad-wave superconductor that include inelastic
calibrated by replacing the sample with a piece of carbon ofind elastic scatterinty Notably, the presence of a zero fre-
known absorptivity. quency peak determined by elastimpurity) scattering at

Below we focus on the spectral region below 100 THznodes in the density-of-states by quasiparticles that do not
and first discuss the optimally doped,8i,CaCyOg, 5 crys-  participate in the superconducting condensate and a second
tal. The 16 K absorptivity is small, approximately 0.4%, andpeak at higher frequenci€30 TH2) determined by inelastic
frequency independent from 1 to 7 THEig. 1). At higher  scattering. The two features are separated by a conductivity
frequencies the absorptivity rises across the infrared to readgminimum with a depth that depends on the strength of the
very high values in the visible. The error bars represent thecattering and the cross over between elastic and inelastic
reproducibility of the absorptivity measurements. A scattering determines its positioriThe implication of the
Kramers-Kronig transformation was used to obtain the dy<close correspondence between the calculations and the
namic conductivity] o(w)=0(w)+io,(w)]. The absorp- present data is that at low temperature the real part of the low
tivity data were extrapolated from 1200 to 10 000 THz usingfrequency (<10 TH2 response of optimally doped
the data of Terasalét al® and at higher frequencies@ *  Bi,SpLCaCuyOg, 5 is dominated by elastic scattering in the
extrapolation was employed. Below 0.6 THz a two-fluid strong limit*® This conclusion is strengthened by the fre-
model was used to extrapolate the data to match the micrgtuency dependence of the produely,, from which the
wave absorptivity measured by Le¢al® on an optimally-  penetration depth is often extracted’ 1/uqwa,). Be-
doped T .~93K) floating-zone grown crystal obtained from cause of both the zero-frequency pealsinand the conden-

a different sourcédashed line, Fig. )1 sate the behavior ofvo, deviates considerably from the
The real part of the conductivityy,, is dominated by simple frequency-independent behavior often assumed, and
peaks centered at zero frequency and near 30 (Fitg 2). is similar to that observed in the results of recent calculations

The conductivity falls to very low values between thesefor a d-wave superconductdfig. 2, inset, and Ref.)5

peaks forming a deep minimum near 12 THz. The primary We now discuss the absorptivity spectra for the under and
uncertainty in determining the magnitude of the zero-overdoped sample@-ig. 3). These spectra contrast sharply
frequency peak is the frequency dependence of the low frewith the spectrum of the optimally doped sample. The ab-
guency extrapolation while the width and thus the position ofsorptivities of both samples in the 1 to 30 THz spectral range
the minimum are determined by the measured data above Ode significantly greater than that observed for the optimally
THz. We estimate that the magnitude of the peak at zeraloped sample and do not display a plateau between 1 and 7
frequency is accurate to a factor of 2. Our ability to extendTHz. The absorptivity of the underdoped sample lies be-
spectral measurements into a region where the absorptivityveen that of the optimally and overdoped samples. At
is less than 1% has allowed for a clear identification of thehigher frequencie$>30 TH2) there are only small differ-
zero frequency peak ino; for optimally doped ences among the samples. The dynamical conductivity was
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FIG. 3. Absorptivity at 16 K for undelcircles and dashed _O 10*
curve,T.=71K) and overdoped crystalsquares and dotted curve, 'oml
T.=73K) compared with the optimally doped crystablid curve. ~
Below 8 THz an extrapolation was constructed for the purpose of bN
the Kramers-Kronig analysis on the basis of the points measured 10° | Bi,Sr,CaCu,0,,,
using photothermal interference spectroscopy as discussed in the T=16K
text.
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though a reliable low frequency extrapolation becomes more
difficult to define due to the lack of measurements at micro- FIG. 4. Real and imaginary parts of the dynamical conductivity
wave frequencies. The data displayed employed the sanfd 16 K for under and overdoped crystals compared with an opti-
slope as that used for the optimally doped sample and wa%ally doped crystal.
scaled to higher absorptivities by an amount equal to the
difference at 1 THz between the over and optimally dopedhe magnitude and width of the zero-frequency peak is sen-
samples. The uncertainty in the resulting low frequency consitive to the magnitude of elastic scattering and that an in-
ductivity is a factor of 2. crease will result in pair breaking and a loss of conderfsate.
o, for the under and overdoped samples is characterize@ihrough comparison of these calculations with our experi-
by higher absorption over the region of the absorption miniimental data it could be interpreted that an increase in elastic
mum in the optimally doped crystéFig. 4). The magnitude scattering produced a broadening in the zero-frequency peak
of the zero-frequency peak depends on the slope of the exvith doping away from optimal. In general, an increase in
trapolation and is thus uncertain although the increase ierlastic scattering would be considered to derive from an in-
absorption at higher frequencies is constrained by the relierease in the impurity concentration. All the crystals investi-
able experimental data above 1 THz. A decrease in the magrated were from the same boule and the only compositional
nitude of o, below 20 THz with doping away from optimal changes with doping are changes in the labile oxygen content
is consistent with the decrease in the zero-frequency peakhich is considered to reside in the bismuth oxide lay@rs.
and/or loss of condensate. Given the uncertainties in thén increase in oxygen content systematically increases the
magnitude ofo it is not easy to separate these two contri-hole concentration so that the increase in absorptivity with
butions. The data nonetheless clearly indicates an increase doping away from optimal is unlikely to increase elastic scat-
the absorption in the region of the minimum and that thistering simple by a change in the labile oxygen content. On
increased spectral weight must be at the expense of either tliee other hand, Meset al. have recently argued that the gap
condensate or it indicates there is a dopant-dependent changeisotropy is a function of electronic dopifiyBy compar-
in the contributions of the elastic and inelastic scattering proing photoemission with penetration depth data for
cesses. Bi,SrLCaCuyOg, s they note that the slope of the superfluid
Our ability to measure the very small absorptivity at 16 K density around nodes in thé-wave order parameter de-
of Bi,SrL,CaCyOg, 5 has allowed us to determine the low- creases with underdoping. Further, they argue that the gap
frequency conductivity in the superconducting state as aecreases with overdoping. Both these effects would increase
function of oxygen contentelectronic doping We have the effectiveness of elastic scatters with doping away from
demonstrated that the absorptivity minimum between theptimal without a change in their population.
zero-frequency peak and the inelastic peak has been lost with Dopant dependent changes in inelastic scattering could
doping away from optimal. These changes can arise fronalso affect the conductivity. For instance, the real part of the
changes in elastic and inelastic scattefifidCalculations of  conductivity contains information about inelastic scattering
the conductivity ford-wave superconductors conclude thatprocesses in the form of the electron-boson spectral density
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function W(w), that can approximately be extracted by anfrom optimal may result from dopant dependent changes in
inversion of the conductivity?> Recently Carbotteet al'®  inelastic scattering which may in turn be due to changes in
have argued that the coupling agent is a spin excitation othe underlying spin excitation spectrum.

the basis of the strong similarity betwed(w) and the We have reported the first measurements of the low fre-
imaginary part of the spin susceptibility measured by inelasguency absorptivity as a function of doping in
tic neutron scattering. Munzaat al'* have calculated the Bi2SRCaCuyOg, 5 to an accuracy that allows the extraction
infrared conductivity of the cuprates and included inelasticOf the frequency-dependent conductivity at 16 K in a spectral
scattering of quasiparticles by spin fluctuations described byedion that permits probing of the cross-over between elastic
a spin susceptibility function of the form required to accountdnd inelastic scattering. It is observed that there is a rapid

for the observed neutron scattering results. The caIcuIate?;?T?goe tlirrlwglwltn:\f\lljarﬁsﬂ‘zrtmzrsecftfrrilrg%n\fn\gti‘oczgglnnt? at"r‘]’:y
conductivity compares well with our data aMi(w) ex- P : , Xp D fy
source of the change in scattering that is critical to a full

tracted from our data displays a shift to lower energies wit : ) ;
doping away from optimalnot shown. Thus to explain the ?hnedtz{]s‘;tgglsng of the low-frequency dynamical response of

observed increase in absorptivity with doping away from op-
timal requires the spin susceptibility to shift to lower energy. The authors acknowledge help from Martin Prenninger
We are not aware of dopant-dependent spin susceptibilitgnd Tony Bittar with spectroscopic measurements, thank
data for BpSKLCaCuyOg,s but for underdoped Professor K. Kishio and Donald Pooke for supplying and
YBa,Cu0;_ 5 the imaginary part of the spin susceptibility processing crystals, Esther Haines for useful discussions, and
does shift to lower energies with decreasing doph@hus  the support of the DFG, the DAAD, and New Zealand’s
the observed increase in the absorption when doping awayRST.
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