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Infrared properties of La 2Àx„Ca,Sr…xCaCu2O6¿d single crystals
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The in-plane optical properties of two crystals of the bilayer cuprate La22x(Ca,Sr)xCaCu2O61d , one with
excess Ca andx50.10 and the other with Sr andx50.15, were investigated over the frequency range of 45–
25 000 cm21. The optical conductivity has been derived from Kramers-Kronig transformation. Each crystal
exhibits a peak at around 15 000 cm21, which corresponds to the charge-transfer~CT! excitation of the parent
insulator. With increasing carrier density, spectral weight shifts from the CT excitation to the low-v region. For
the superconducting sample (x50.15), 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 high-Tc cuprates is the
presence of CuO2 planes. High-temperature superconduct
ity depends not only on the carrier densities in the Cu2

planes, but also on the number of CuO2 planes in a unit cell
(n). Within each family of cuprates, the superconducti
transition temperature (Tc) increases with layer number fo
n<3. This is well illustrated in Bi-, Tl-, and Hg-based sy
tems. On the other hand, the transition temperatures for
ferent families differ considerably. Among the most studi
systems, the transition temperatureTc for bilayer materials
YBa2Cu3O72d and Bi2Sr2CaCu2O81d at optimal doping ex-
ceeds 90 K, whereas the maximumTc’s for single-layer ma-
terials La22xSrxCuO41d and Bi2Sr2CuO61d are around
30–40 K. However, not all single-layer cuprates have s
low transition temperatures. The maximumTc for
Tl2Ba2CuO61d also reaches 90 K. For this reason, we cl
sify La22xSrxCuO41d and Bi2Sr2CuO61d as low-Tc com-
pounds within the high-Tc cuprates. At present, the reaso
for different Tcs in those materials is unclear.

Among all known bilayer materials, the La-based syst
La1.9Ca1.1Cu2O61d ~La2126! phase could be regarded as t
simplest one.1 The structure consists of a pair of pyramid
Cu-O layers facing one another, which are the only electro
cally active elements. Therefore, it is expected that this m
terial could provide essential information about bilayer c
prates. Unfortunately, it has proven to be very difficult
make the material superconducting. The reported super
ducting transition temperatures for single crystals prepa
under high oxygen pressure, or with Sr substitution for
are below 50 K~Ref. 2!. For polycrystalline samples,Tc can
be a bit higher~around 60 K! than for the single crystals,1 but
it is not clear why higherTc’s are not observed. At presen
La2126 must be considered as a low-Tc case among the bi
layer high-Tc cuprates. It is of interest to investigate physic
properties of this system and to compare them with
single-layer La22xSrxCuO41din the same family, as well a
with other bilayer cuprates.
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Owing to the difficulty of obtaining superconductin
compounds, relatively few physical measurements have b
made on this system. In this work we present the in-pla
reflectivity and optical conductivity data for single crysta
of La1.9Ca1.1Cu2O61d and La1.85Sr0.15CaCu2O61d . We shall
show how optical spectra evolve with temperature for
more highly doped, superconducting sample. To our kno
edge, such temperature-dependent work has not been
previously. The only reported in-plane optical work3 was car-
ried out at room temperature and for frequencies higher t
250 cm21.

Large single crystals of La22x(Ca,Sr)xCaCu2O61d were
grown by the traveling-solvent floating-zone technique. T
Ca-dopedx50.10 sample was grown in oxygen atmo
phere at ambient pressure, while the Sr-dopedx50.15
crystal was grown at an oxygen partial pressure of 10 b
Based on the dopant concentration, and ignoring the un
tainty in the oxygen stoichiometry, the hole concent
tions per CuO2 plane are 0.05 and 0.075, respectively, sp
ning the threshold concentration for superconductivity
La22xSrxCuO41d . Magnetization measurements with a s
perconducting quantum interference device indicate that
x50.10 sample is not superconducting down to the low
measurement temperature;2 K, but that the Sr-substituted
sample exhibits a superconducting response with an o
temperature of 30 K~see Fig. 1!. For a given value ofx,
Kinoshita and Yamada4 found that bothTc and the Meissner
signal increase with oxygen content~controlled by annealing
in an oxygen atmosphere of increasing pressure!. Our x
50.15 crystal, grown in 10 bar O2, appears comparable t
their sintered sample annealed in 50 atm~49 bar! O2.

The polarized reflectance measurements from 45
25 000 cm21 for Eia axis were carried out on a Bruke
66v/S spectrometer on polished surfaces of crystals,5 which
were mounted on optically black cones in a cold-finger flo
cryostat using anin situ overcoating technique.6 The optical
conductivity spectra were derived from the Kramers-Kron
transformation. Since the high-v extrapolation affects the
©2003 The American Physical Society26-1
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conductivity spectra, especially the oscillator strength of
charge-transfer~CT! excitation, we connect the reflectanc
spectra to the high-frequency data of La22xSrxCuO41d by
Uchida et al.7 The Hagen-Rubens relation was used for
low-frequency extrapolation. It is found that differe
choices of dc conductivity values have a minor effect on
conductivity in the measured frequency region.

Figure 2 shows the in-plane reflectance and optical c
ductivity spectra of the two crystals at room temperatur8

Below the reflectance edge at about 8000 cm21, the reflec-
tance of the Ca-doped sample is substantially lower than
of the Sr-substituted sample, as one would anticipate ba
on the different nominal hole concentrations. In accord w
this, the optical conductivity at low frequencies is consid
ably larger in the Sr-doped sample. Detailed analysis of
low-v response will be presented in following paragrap
At higher frequencies, the conductivity has two distinct a
sorption features: a Cu-O CT excitation near 15 000 cm21

and midinfrared bands. With increasing carrier conc
tration, spectral weight is shifted from the CT excitatio
to the low-v region. Comparisons with measurements
La22xSrxCuO41d ~Ref. 7!, YBa2Cu3O72d ~Ref. 9!, and
Y-substituted Bi2Sr2CaCu2O81d ~Ref. 10! indicate that the
conductivity spectra are consistent with samples near
hole-concentration threshold for superconductivity.

The formation of a midinfrared band is often seen
strongly correlated electronic materials. In doped Mott in
lators, the midinfrared peak is the first feature to appea
low doping; with increasing doping, weight grows at low
frequencies and eventually a Drude-like peak centered
v50 develops.11 This kind of evolution has been well docu
mented in the single-layer La22xSrxCuO41d cuprate.7 The
observed change in bilayer La1.9Ca1.1Cu2O61d is consistent
with the general feature. The accumulation of low-v spectral

FIG. 1. Magnetic susceptibility vs temperature f
La22x(Ca,Sr)xCaCu2O61d with x50.10 ~Ca-doped! and x50.15
~Sr-doped!.
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weight could be quantitatively analyzed from the partial su
rule, Neff(v)5(2meV/pe2)*0

vs1(v8)dv8, whereme is the
bare electron mass andV is the volume of the unit cell.
Usually, an integral of the spectral weight below the fr
quency of reflectance or conductivity minimum would giv
approximately the overall plasma frequency. However, si
thes1(v) contains obviously different components, such
tegration may overcount the contributions of free carriers
Drude-Lorentz analysis would be more appropriate in t
case. The general formula for the optical conductivity of t
Drude-Lorentz model is12

s1~v!5
vp*

2

4p

GD

v21GD
2 1(

j

vp, j
2

4p

G jv
2

~v j
22v2!21v2G j

2 ,

~1!

where vp* and GD in the Drude term are the plasma fre
quency and the relaxation rate of the free charge carri
while v j , G j , andvp, j are the resonance frequency, dam
ing, and mode strength of the Lorentz oscillators, resp
tively. As shown in Fig. 2, the main features ins1(v) below
the frequency of the reflectance minimum can be well rep
duced by the combination of one Drude component and
Lorentz oscillators. The fitting parameters in the Drud
Lorentz model for the two samples are shown in Table13

The overall evolution of optical spectra with doping is sim
lar to other high-Tc cuprates. In the following we shal
mainly focus on the temperature-dependent behavior of
superconducting sample in the low-energy region.

FIG. 2. The frequency-dependent reflectance and conduct
of La22x(Ca,Sr)xCaCu2O61d with x50.10 ~Ca-doped! and x
50.15~Sr-doped! at room temperature. The dash curves are Dru
Lorentz fits.
s.
TABLE I. The parameters of the Drude-Lorentz fit to the room temperature data for the two sample~All
quantities are in units of cm21.!

Sample vp* GD v1 G1 vp,1 v2 G2 vp,2

Ca50.10 4030 628 1400 2400 5100 4750 6000 9360
Sr50.15 5575 433 1560 3140 8140 4600 5410 9230
6-2
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Figure 3 shows the reflectance and conductivity spe
below 2000 cm21 at different temperatures for the Sr50.15
sample. In general, the temperature dependence of the op
spectra shows a metallic response, with the low-v conduc-
tivity becoming significantly enhanced with decreasing te
perature. At the same time,s1(v) at 200 K and 300 K ex-
hibits a peak at finite frequency, reaching 150 cm21 at 300
K, in contrast to thev50 peak expected for standard Drud
behavior.

A peak at finite frequency has been observed in a num
of high-Tc cuprates14–19 as well as in many other correlate
materials.20,21 Several possibilities have been suggested
the origin of the peak. The simplest one is that it is related
carrier localization caused by disorder, defects, or impurit
i.e., Anderson localization.15–17 This interpretation received
support from several studies where a finite-frequency p
appeared when defects or impurities were deliberately in
duced into samples.16,17,22 For example, for the pure
YBa2Cu3O72d at optimal doping, there is no such peak
finite energy; however, when some impurities such as
were introduced into the sample, or when the sample
irradiated by high-energy ions, the peak appeared atv5” 0.
This picture cannot explain those cases where there
no apparent defects or impurities21; furthermore, for
Anderson-type localization the effect should become m
significant at low temperature, while in many experimen
including the present study, the peak was observed o
at high temperatures. Nevertheless, the comparison to
tems with defects is relevant in our case, as diffraction st
ies of La22x(Ca,Sr)xCaCu2O61d have found a tendency fo
5–15% of the Ca sites, located between the CuO2 bilayers,
to be replaced by La.23–26

A finite-energy peak has also been observed in s
tems with static charge stripes, such as Nd-dop
La22xSrxCuO41d ~Refs. 27 and 28! and in Nd-free
La22xSrxCuO41d in which one might expect the existence
dynamical stripe fluctuations.29,30 Recent neutron scatterin
measurements on La22x(Ca,Sr)xCaCu2O61d have found
no evidence of any charge ordering.26,31 At the same time,

FIG. 3. The frequency-dependent reflectance and conduct
of La1.85Sr0.15CaCu2O61d at different temperatures.
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diffuse elastic scattering from antiferromagnetic clust
has been observed.26,31 The neutron result is consisten
with the infrared data showing a prominent CT excitation
high frequencies. This CT excitation coexists with a Drud
like response and a metallic temperature dependenc
low frequencies. Those observations suggest that the mo
charge carriers coexist at low temperature with static a
ferromagnetic clusters, indicating clearly some form
inhomogeneity.

Recently, Takenakaet al.19,20 have studied the finite-
energy-peak phenomenon in La22xSrxCuO41d and
La12xSrxMnO3. They linked its occurrence to the conditio
that the resistivity at high temperature exceeds the Mott
terion rMott , which corresponds to the point at which th
quasiparticle mean free path, becomes comparable to th
Fermi wavelengthlF52p/kF ~Refs. 32 and 33!. Distinct
from the low-T Anderson localization caused by elastic sc
tering due to disorder or impurities, the high-T phenomenon
is called ‘‘dynamic’’ localization, and is attributed to stron
inelastic scattering. Our present results appear to corresp
to the latter case.

It is interesting to compare La1.85Sr0.15CaCu2O61d with
other heavily underdoped cuprates. One way in which s
comparisons are often made is to plot the scattering rate
frequency, obtained by applying the extended Drude mo
to the optical conductivity, 1/t(v)5(vp

2/4p)Re@1/s(v)#.34

It should be pointed out that such an analysis invokes a o
component approach to the conductivity spectrum, being
ferent from the above Drude-Lorentz analysis. Neverthele
it provides a useful way for making comparison. In optima
doped cuprates, the scattering rate is linear in both freque
and temperature aboveTc and develops a ‘‘gaplike’’ suppres
sion belowTc . In underdoped samples, the scattering r
depression sets in well above the transition temperature.
depression of the scattering rate atT.Tc has frequently been
associated with pseudogap phenomena;34 however, it should
be noted that no depression of the low-energy effective d
sity of in-plane charge carriers has been clearly demonstr
in the pseudogap regime of any cuprates, contrary to
situation for charge motion along thec axis.35

Figure 4 shows the scattering rate spectra at different t
peratures for the La1.85Sr0.15CaCu2O61d sample being ob-
tained from the extended Drude model using the plasma

ty

FIG. 4. The frequency-dependent scattering rate
La1.85Sr0.15CaCu2O61d at different temperatures.
6-3
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N. L. WANG et al. PHYSICAL REVIEW B 67, 134526 ~2003!
quency of 5575 cm21. We can see that the scattering ra
deviates from the linear-v dependence below 700 cm21

even at room temperature, an energy scale very simila
that found in other underdoped cuprates.34 There is a sub-
stantial residual scattering of about 480 cm21 at low fre-
quencies, which is in good agreement with the 433 cm21

width of the low-v peak ins1(v). At lower temperatures
the residual scattering decreases. In accord with this, we
the narrowing of the low-v peak ins1(v). In the raw data
of the reflectance, the gaplike feature of the relaxation r
appears as the shoulderlike structure near 500 cm21, which
can also be seen in Fig. 3.

Finally, we make some comments about the superc
ducting condensate. The difference between the reflecta
at low temperature and that atTc in low frequencies~within
the gap energy! could be taken as a rough measure of
superconducting condensate density.36 From the reflectance
below and above the superconducting transition tempera
no obvious difference could be detected, indicating that
condensed carrier density is very small in this sample. Wit
current understanding, the superconducting gap reflects
pairing strength, while the condensed carrier density is
indication of the phase stiffness of the pairing.37–39 Our re-
sult suggests that the strength of pairing coherence is q
weak. This can only partially be ascribed to the relative
low carrier density doped into the material. The small sup
conducting condensate is qualitatively consistent with

*Electronic address: nlwang@aphy.iphy.ac.cn
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low Tc of the material; however, it seems to be much sma
than one would expect based on the ‘‘Uemura plot,’’37 sug-
gesting that the superconductivity is likely restricted to
small fraction of the sample volume.

In summary, we have determined the in-plane opti
properties of two La22x(Ca,Sr)xCaCu2O61d crystals. Both
exhibit a peak at around 15 000 cm21, which corresponds to
the charge-transfer excitation of the parent insulator. The
tical observation is consistent with the neutron measurem
showing diffuse elastic scattering from antiferromagne
clusters, evidencing some form of inhomogeneity. For
superconducting sample, the optical conductivity display
peak in the far-infrared region that shifts towards zero f
quency with decreasing temperature. The feature is simila
underdoped La22xSrxCuO41d , suggesting some dynamica
localization. The low-frequency reflectance has some k
structure between 400 and 700 cm21, apparent at all mea
sured temperatures; similar features in other cuprates h
been interpreted as evidence of a pseudogap state. Fur
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