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Infrared properties of La ,_,(Ca,Sr),CaCu,0¢. 5 Single crystals

N. L. Wangl* P. Zhengd! T. Feng! G. D. Gu? C. C. Home¢, J. M. Tranquad&,B. D. Gaulin® and T. TimusR
Ynstitute of Physics, Chinese Academy of Sciences, P. O. Box 603, Beijing 100080, People’s Republic of China
°Department of Physics, Brookhaven National Laboratory, P. O. Box 5000, Upton, New York 11973-5000
3Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada L8S 4M1
(Received 8 November 2002; published 30 April 2D03

The in-plane optical properties of two crystals of the bilayer cuprate (&a,Sr)CaCyOg. 5, One with
excess Ca ang=0.10 and the other with Sr and=0.15, were investigated over the frequency range of 45—
25000 cm . The optical conductivity has been derived from Kramers-Kronig transformation. Each crystal
exhibits a peak at around 15 000 th) which corresponds to the charge-trangfeT) excitation of the parent
insulator. With increasing carrier density, spectral weight shifts from the CT excitation to the egion. For
the superconducting sample=0.15), the optical conductivity displays a peak in the far-infrared region,
which shifts toward zero frequency with decreasing temperature. The temperature-dependent behavior favors a
dynamical localization picture. A “pseudogap” feature is observed in the low-frequency reflectance and the
scattering rate spectra. Both the energy scale and the temperature dependence of the pseudogap are similar to
other bilayer cuprates.
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A common structural feature in all highg cuprates is the Owing to the difficulty of obtaining superconducting
presence of CuPplanes. High-temperature superconductiv-compounds,_ relatively few p_hysical measurements hgve been
ity depends not only on the carrier densities in the guO made on this system. In this work we present the in-plane
planes, but also on the number of Cu@anes in a unit cell reflectivity and optical conductivity data for single crystals
(n). Within each family of cuprates, the superconducting®f La1¢Ca :CbOs. 5 and Lg gs5h.1<CaCy0s. 5. We shall
transition temperatureT() increases with layer number for Show how optical spectra evolve with temperature for the
n<3. This is well illustrated in Bi-, Tl-, and Hg-based sys- More highly doped, superconducting sample. To our knowl-
tems. On the other hand, the transition temperatures for di€99€: sulchTtﬁmpelrature—deg(_andtlant work h?jvgv?x; been done
ferent families differ considerably. Among the most studiedﬁrezvgﬁsa% roo?notrér):lreeeg[&?e 'gng ?gref?ept:f:ncies hiS EZ:_than
systems, the transition temperaturg for bilayer materials 250 ot P q 9
YBa,Cus0;_; and BES&C&CL&.OS*‘? at opti_mal doping ex- Large éingle crystals of La,(Ca,Sr)CaCy0Og. 5 Were
cegds 90 K, whereas the maxmt]’rgis for single-layer ma- grown by the traveling-solvent floating-zone technique. The
terials Lg_,Sr,CuQ,, s and BLSK

, CuGss are around  ca qopedx=0.10 sample was grown in oxygen atmos-
30-40 K. I_—|_owever, not all single-layer cup_rates have Suc'bhere at ambient pressure, while the Sr-doped0.15
low transition temperatures. The maximuri. for  crystal was grown at an oxygen partial pressure of 10 bar.
TI;Ba,CuG;. 5 also reaches 90 K. For this reason, we clas-Based on the dopant concentration, and ignoring the uncer-
sify Lay xSKLCuQ,, 5 and BpSnLCuGs, 5 as lowT, com-  tainty in the oxygen stoichiometry, the hole concentra-
pounds within the highF; cuprates. At present, the reason tions per Cu@ plane are 0.05 and 0.075, respectively, span-
for different Ts in those materials is unclear. ning the threshold concentration for superconductivity in
Among all known bilayer materials, the La-based systera, ,Sr,CuQ,, 5. Magnetization measurements with a su-
La; Ca 1Cu,04, 5 (La2126 phase could be regarded as the perconducting quantum interference device indicate that the
simplest oné. The structure consists of a pair of pyramidal x=0.10 sample is not superconducting down to the lowest
Cu-O layers facing one another, which are the only electronimeasurement temperature2 K, but that the Sr-substituted
cally active elements. Therefore, it is expected that this masample exhibits a superconducting response with an onset
terial could provide essential information about bilayer cu-temperature of 30 Ksee Fig. 1 For a given value ok,
prates. Unfortunately, it has proven to be very difficult to Kinoshita and Yamadaound that bothT, and the Meissner
make the material superconducting. The reported supercomsignal increase with oxygen contdigbntrolled by annealing
ducting transition temperatures for single crystals prepareth an oxygen atmosphere of increasing pressuéur x
under high oxygen pressure, or with Sr substitution for La,=0.15 crystal, grown in 10 bar £) appears comparable to
are below 50 K(Ref. 2. For polycrystalline sample§,. can  their sintered sample annealed in 50 &8 baj O,.
be a bit highekaround 60 K than for the single crystalshut The polarized reflectance measurements from 45 to
it is not clear why highefT.'s are not observed. At present, 25000 cm! for E|a axis were carried out on a Bruker
La2126 must be considered as a Iw<case among the bi- 66v/S spectrometer on polished surfaces of crystalkjch
layer highT . cuprates. It is of interest to investigate physicalwere mounted on optically black cones in a cold-finger flow
properties of this system and to compare them with theryostat using ain situ overcoating techniqu®&The optical
single-layer La_,Sr,CuQ,, sin the same family, as well as conductivity spectra were derived from the Kramers-Kronig
with other bilayer cuprates. transformation. Since the high- extrapolation affects the
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conductivity spectra, especially the oscillator strength of the FIG. 2. The frequency-dependent reflectance and conductivity
charge-transfefCT) excitation, we connect the reflectance of La,_(Ca,Sr)CaCyOg, ;s with x=0.10 (Ca-dopedl and x
spectra to the high-frequency data of,LaSr,CuQ,, 5 by =0.15(Sr-doped at room temperature. The dash curves are Drude-
Uchidaet al” The Hagen-Rubens relation was used for thelorentz fits.
low-frequency extrapolation. It is found that different
choices of dc conductivity values have a minor effect on théveight could be quantitatively analyzed from the partial sum
conductivity in the measured frequency region. rule, Neg(w) = (2meV/me?) [§o1(w')dw’, wherem, is the
Figure 2 shows the in-plane reflectance and optical conbare electron mass and is the volume of the unit cell.
ductivity spectra of the two crystals at room temperafure. Usually, an integral of the spectral weight below the fre-
Below the reflectance edge at about 8000 énthe reflec- quency of reflectance or conductivity minimum would give
tance of the Ca-doped sample is substantially lower than thapproximately the overall plasma frequency. However, since
of the Sr-substituted sample, as one would anticipate basdtie o;(w) contains obviously different components, such in-
on the different nominal hole concentrations. In accord withtegration may overcount the contributions of free carriers. A
this, the optical conductivity at low frequencies is consider-Drude-Lorentz analysis would be more appropriate in this
ably larger in the Sr-doped sample. Detailed analysis of thease. The general formula for the optical conductivity of the
low-w response will be presented in following paragraphs.Drude-Lorentz model {$
At higher frequencies, the conductivity has two distinct ab-

sorption features: a Cu-O CT excitation near 15000 tm _w;2 I'p wrz,'j Ij0?
and midinfrared bands. With increasing carrier concen- o1(w)= A7 w2412 +2 47 (02— 0?) 2+ 0’2’

. . . . e D J i j
tration, spectral weight is shifted from the CT excitation 1)

to the loww region. Comparisons with measurements on
La,_,SKCuQ,, 5 (Ref. 7), YBaCuO;_ 5 (Ref. 9, and wherew; and I’y in the Drude term are the plasma fre-
Y-substituted BjSr,CaCyOg, s (Ref. 10 indicate that the quency and the relaxation rate of the free charge carriers,
conductivity spectra are consistent with samples near thehile w;, I';, andw, ; are the resonance frequency, damp-
hole-concentration threshold for superconductivity. ing, and mode strength of the Lorentz oscillators, respec-
The formation of a midinfrared band is often seen intively. As shown in Fig. 2, the main featuresdin(w) below
strongly correlated electronic materials. In doped Mott insu-the frequency of the reflectance minimum can be well repro-
lators, the midinfrared peak is the first feature to appear atluced by the combination of one Drude component and two
low doping; with increasing doping, weight grows at lower Lorentz oscillators. The fitting parameters in the Drude-
frequencies and eventually a Drude-like peak centered dtorentz model for the two samples are shown in Tabt2 I.
=0 develops? This kind of evolution has been well docu- The overall evolution of optical spectra with doping is simi-
mented in the single-layer La,Sr,CuQ,, s cuprate’ The lar to other highT, cuprates. In the following we shall
observed change in bilayer Lga ;Cu,Oq. 5 is consistent mainly focus on the temperature-dependent behavior of the
with the general feature. The accumulation of lawspectral  superconducting sample in the low-energy region.

TABLE I. The parameters of the Drude-Lorentz fit to the room temperature data for the two saphples.
quantities are in units of cnt.)

Sample w; FD wq Fl wpvl wo Fz wpyz
Ca=0.10 4030 628 1400 2400 5100 4750 6000 9360
Sr=0.15 5575 433 1560 3140 8140 4600 5410 9230
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FIG. 3. The frequency-dependent reflectance and conductivithas been observéd3! The neutron result is consistent
of Lay g551.15CaCy0s ., 5 at different temperatures. with the infrared data showing a prominent CT excitation at
high frequencies. This CT excitation coexists with a Drude-
Figure 3 shows the reflectance and conductivity spectréike response and a metallic temperature dependence at
below 2000 cm? at different temperatures for the=S0.15  low frequencies. Those observations suggest that the mobile
sample. In general, the temperature dependence of the opticztharge carriers coexist at low temperature with static anti-
spectra shows a metallic response, with the lowonduc- ferromagnetic clusters, indicating clearly some form of
tivity becoming significantly enhanced with decreasing tem-inhomogeneity.
perature. At the same time;; () at 200 K and 300 K ex- Recently, Takenakaet al'®? have studied the finite-
hibits a peak at finite frequency, reaching 150 ¢nat 300  energy-peak phenomenon in 13SrCuQ,,s; and
K, in contrast to thav=0 peak expected for standard Drude La; ,Sr,MnO;. They linked its occurrence to the condition
behavior. that the resistivity at high temperature exceeds the Mott cri-
A peak at finite frequency has been observed in a numbeerion pyq, Which corresponds to the point at which the
of high-T., cuprate$’~°as well as in many other correlated quasiparticle mean free pathbecomes comparable to the
materials’®?! Several possibilities have been suggested foFermi wavelength\p=27/ke (Refs. 32 and 3B Distinct
the origin of the peak. The simplest one is that it is related tdrom the low-T Anderson localization caused by elastic scat-
carrier localization caused by disorder, defects, or impuritiestering due to disorder or impurities, the highphenomenon
i.e., Anderson localizatioftr~* This interpretation received is called “dynamic” localization, and is attributed to strong
support from several studies where a finite-frequency pealnelastic scattering. Our present results appear to correspond
appeared when defects or impurities were deliberately introto the latter case.
duced into sample¥:’”?? For example, for the pure It is interesting to compare La:Sr 1:CaCuyOg. 5 With
YBa,Cu;0,_ 5 at optimal doping, there is no such peak atother heavily underdoped cuprates. One way in which such
finite energy; however, when some impurities such as Zrtomparisons are often made is to plot the scattering rate vs
were introduced into the sample, or when the sample wafequency, obtained by applying the extended Drude model
irradiated by high-energy ions, the peak appeareé0. to the optical conductivity, I ) = (w}/4m)Re /o (w)].3*
This picture cannot explain those cases where there angshould be pointed out that such an analysis invokes a one-
no apparent defects or impuritiés furthermore, for component approach to the conductivity spectrum, being dif-
Anderson-type localization the effect should become morderent from the above Drude-Lorentz analysis. Nevertheless,
significant at low temperature, while in many experimentsiit provides a useful way for making comparison. In optimally
including the present study, the peak was observed onlgoped cuprates, the scattering rate is linear in both frequency
at high temperatures. Nevertheless, the comparison to syand temperature abovig and develops a “gaplike” suppres-
tems with defects is relevant in our case, as diffraction studsion belowT,. In underdoped samples, the scattering rate
ies of Lg_,(Ca,Sr)CaCyOg. 5 have found a tendency for depression sets in well above the transition temperature. The
5-15% of the Ca sites, located between the Colayers,  depression of the scattering rateTat T, has frequently been
to be replaced by L& 2° associated with pseudogap phenom&ragwever, it should
A finite-energy peak has also been observed in syspe noted that no depression of the low-energy effective den-
tems with static charge stripes, such as Nd-dopedgity of in-plane charge carriers has been clearly demonstrated
La,_,SrCuQ,.; (Refs. 27 and 2B and in Nd-free in the pseudogap regime of any cuprates, contrary to the
La,_,Sr,Cu0y. s in which one might expect the existence of situation for charge motion along theeaxis >
dynamical stripe fluctuatiorfS:*° Recent neutron scattering Figure 4 shows the scattering rate spectra at different tem-
measurements on bLa,(Ca,Sr)CaCyOq,; have found peratures for the LasSrK ;:CaCyOq. s sample being ob-
no evidence of any charge orderiffy’* At the same time, tained from the extended Drude model using the plasma fre-
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quency of 5575 cm'. We can see that the scattering ratelow T of the material; however, it seems to be much smaller
deviates from the linean dependence below 700 cth  than one would expect based on the “Uemura pfdtsug-
even at room temperature, an energy scale very similar tgesting that the superconductivity is likely restricted to a
that found in other underdoped cupratéghere is a sub- Small fraction of the sample volume. _ _
stantial residual scattering of about 480 Cmat low fre- In summary, we have determined the in-plane optical
quencies, which is in good agreement with the 433 &m Properties of wo La (Ca,SrkCaCy0s. 5 Crystals. Both
width of the loww peak inoy (). At lower temperatures, exhibit a peak at around 15000 cf) which corresponds to

. : : : ._the charge-transfer excitation of the parent insulator. The op-
:Eg ;eexsrlrdc)l:/alnzci}t?r:g‘?of/jvicgr)eezskeisri (ITn (iiz)colrr? mghr;r\l/\llsagz fln%E]cal observation is consistent with the neutron measurement
1 .

) : showing diffuse elastic scattering from antiferromagnetic
of the reflectance, the gaplike feature of the relaxation rat%lusters evidencing some form of inhomogeneity. For the
. 1 . y .
appears as the sh_oulo_lerllke structure near 500-¢which superconducting sample, the optical conductivity displays a
can also be seen in Fig. 3.

. npeak in the far-infrared region that shifts towards zero fre-
Finally, we make some comments about the supercon-

ducting condensate. The difference between the reflectan(huency with decreasing temperature. The feature is similar to
at low temperature and that @t in low frequenciegwithin derdoped La ,Sr,CuQ,, 5, suggesting some dynamical

the gap energycould be taken as a rough measure of theIocahzatlon. The low-frequency reflectance has some knee

superconducting condensate den$itfFrom the reflectance structure between 400 and 700 ch apparent at all mea-

below and above the superconducting transition tem eratursured temperatures; similar features in other cuprates have
no obvious difference cguld be dete(g:]ted indicatin Ft)hat th Been interpreted as evidence of a pseudogap state. Further-
; . U 9 . .?nore, the superfluid density is very low, roughly consistent

condensed carrier density is very small in this sample. Within . . s
. . with the low T, suggesting that the strength of pairing co-

current understanding, the superconducting gap reflects tkhe : ¢

. . ; o erence is quite weak.

pairing strength, while the condensed carrier density is an

indication of the phase stiffness of the pairitig>® Our re- This work was in part supported by National Science
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