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Optical Study of the Sr142xCaxCu24O41 System: Evidence
for Hole-DopedCu2O3 Ladders
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The optical conductivity spectrum of Sr142xCaxCu24O41, composed of two-leg Cu2O3 ladders and
edge-sharing CuO2 chains, is investigated on single crystals with various compositions. Upon isov
Ca substitution for Sr a rapid transfer of the spectral weight takes place from the high- to
energy region, essentially in the same manner as that observed in the doped CuO2 planes of high-
Tc cuprates. We identify this behavior as a consequence of charge redistribution between
and ladders, and estimate the hole density in each structural unit from the transferred s
weight. [S0031-9007(97)02577-5]

PACS numbers: 74.72.Jt, 78.20.–e, 78.30.–j
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Recent theoretical predictions [1] have attracted mu
attention to the antiferromagneticS 

1
2 two-leg ladder

system. It is predicted that the even-leg ladders ha
a spin liquid ground state with a spin gap [2] an
that doping into the spin ladders results in the pairin
of the doped holes which leads to the formation
bipolarons or superconducting Cooper pairs [3]. Su
predictions have been extensively tested and the spin
has been observed in real materials, such assVOd2P2O7

[4], or SrCu2O3 [5]. Furthermore, the recent report of
superconductivity signal in Sr0.4Ca13.6Cu24O41 by Uehara
et al. [6] under a pressure of 3GPa is expected to be
manifestation of the latter prediction.

Sr142xCaxCu24O41 is composed of the alternating
stacks of the plane of the edge sharing CuO2 chain,
(Sr, Ca) layer, and the plane including the two-le
Cu2O3 ladder [7]. The nominal valence of Cu is12.25,
independent ofx, so the system is inherently dope
with holes. In spite of its high Cu valence, Sr14Cu24O41
shows semiconducting behaviors. Magnetically, a gap
observed in the spin excitations of both chains and ladd
[8–10]. With increasing Ca content substituted for Sr (
with increasing applied pressure), the resistivity rema
kably decreases [11,12]. As the Ca substitution does
change the average valence of Cu, it is speculated t
the localized holes become mobile due to the increas
overlap of the Cu 3d and O 2p wave functions [12] or
that redistribution of the hole density from immobile site
takes place considering the existence of two possi
paths in this system [11]. To understand the properties
this system, one has to know how the holes are distribu
between chains and ladders.

In this paper, the quantitative analysis of the evolutio
in the optical conductivity induced by Ca substitutio
makes it possible to isolate the contribution from ladde
and chains, respectively. The low-energy excitations a
ascribable to the ladders on which holes are much m
itinerant than on the chains. From the conductivity sum
rule we estimate the hole density in each unit and sh
0031-9007y97y78(10)y1980(4)$10.00
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that the holes are transferred from chains to ladders u
Ca substitution.

Single-crystalline samples of Sr142xCaxCu24O41 up to
x  11 were grown by the traveling-solvent floating zon
(TSFZ) method. Thex  11 sample shows a metallic
resistivity along thec axis (rc) down to 80 K, below
which the resistivity shows insulating behavior. Oth
compounds with lower Ca content are semiconducti
over the entire temperature range below 300 K. The
sults of the magnetic susceptibility and electrical resist
ity measurements are reported previously in another
per [13]. Reflectivity was measured at room temperatu
using polarized light in the energy range 0.01–40 eV
near-normal incidence to thea-c plane (the ladder plane
with c axis parallel to ladders).

Figure 1 shows the reflectivity spectra of Sr142xy
AxCu24O41 with the polarization parallel to thec axis.
Sr14Cu24O41 shows a plasma edge at,0.5 eV. Appar-
ently that contradicts the semiconducting temperature
pendence of resistivity with an activation energy of abo
2200 K. However, it turns out that Sr14Cu24O41 is not
a genuine insulator, since the Y-substituted compoun
Sr142xYxCu24O41 have higher resistivities with a large
activation energy [13]. The Y substitution nominally re
duces the hole density in both ladders and chains. In f
for the Y-substituted material, the plasma edge disappe
and the spectrum is dominated by the optical phono
(see inset) and the interband gap excitations are cle
observed at,2 eV. Thus, it is concluded that there
is a small but finite density of carriers in Sr14Cu24O41.
The carriers would be easily localized due to disorder
this one-dimensional (1D) system as this material. Sin
the localization is a low-energy phenomenon, the ma
rial recovers metallic features at optical frequencies, g
ing rise to a plasma edge in the reflectivity spectrum.
contrast to the Y substitution, the plasma edge shifts
wards higher energies with increasing Ca substitutio
Both the shape of the reflectivity spectrum and t
position of the reflectivity edge are essentially simil
© 1997 The American Physical Society
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FIG. 1. Reflectivity spectra below 3.5 eV for various compo
sitions of Sr142xAxCu24O41 measured at room temperature with
polarization Ejjc. The low-energy spectra below 0.2 eV are
shown in the inset.

to those of the two-dimensional (2D) cuprates such
La22xSrxCuO4 [14]. However, such a large shift in the
plasma edge is not observed in the 2D case.

For quantitative discussions, the Kramers-Kronig tran
formation is made on the reflectivity spectrum. In Fig. 2
we show the evolution of the optical conductivity spec
trum with Ca contentx for polarizationEjjc. The op-
tical conductivity spectrum of Sr11Y3Cu24O41 is typical
of insulators. The spectrum is characterized by a pe
at 2.0 eV. The most possible origin for the peak is th
charge-transfer (CT) excitation between Cu 3d and O 2p
states which is commonly observed in the parent insul
tors of high-Tc cuprates. On moving to Sr14Cu24O41 and
further Sr142xCaxCu24O41, the conductivity in the low-
energy region (below 1.2 eV) increases, whereas the C
spectral weight decreases.

It turns out from the sum-rule analysis described belo
that the CT spectral weight (SW) is transferred onl
to the low-energy excitations below 1.2 eV. Such SW
transfer is essentially the same as that seen in the
cuprates when a parent CT insulator is doped with carrie
[14]. Then, it follows that carriers, certainly holes, are
doped into a structural unit, which is a CT insulator in
Sr11Y3Cu24O41 with a CT energy gap of,2 eV and
that the doped hole density increases with Ca conte
As the substitution of isovalent Ca does not change t
average Cu valence in the system, a redistribution
holes between chains and ladders should be induced
the Ca substitution. Therefore, the shift of the plasm
edge shown in Fig. 1 is a consequence of increas
carrier density, not a consequence that the original
localized carriers become itinerant with Ca substitution
Theoretically, the spectral weight transfer is a gener
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FIG. 2. c-axis optical conductivity spectrumscsvd obtained
from the Kramers-Kronig transformation of the reflectivit
spectra for various compositions of Sr142xAxCu24O41. The
anisotropic spectra witha- and c-axis polarization are shown
for Sr3Ca11Cu24O41 in the inset.

feature induced by carrier doping into a Mott or C
insulator, irrespective of its dimensionality [15,16].

Based on the conductivity data, we estimate the spec
weight in terms of the effective electron number;

Neffsvd 
2m0V
pe2

Z v

0
scsv0d dv0 ,

where m0 is taken as the free electron mass, andV
is the volume containing one Cu atom.Neffsvd is
proportional to the number of electrons involved in th
optical excitations up tōhv. In Fig. 3 we plot the result
of Neffsvd. It is important thatNeff is not strongly
dependent onx at h̄v , 2.5 eV. This provides evidence
that the SW transfer is taking place within the ener
range below,2.5 eV and thus most of the CT spectra
weight is transferred to the low-energy region.

Another point in Fig. 3 is the magnitude ofNeff. Neff
at 1.2 eV represents the spectral weight of the low-ene
excitations transferred from the high-energy CT excitati
with “doping" which is a consequence of charge trans
between chains and ladders. Note that the values
Neff(1.2 eV) for the “doped" materials are comparab
to those (N2D

eff ) for the 2D high-Tc cuprates near optima
doping [14]. When the value ofNeff per Cu is converted
into the value per ladder Cu,NL

eff  Neff ? 24y14, NL
eff is

even larger thanN2D
eff [14]. According to the theoretical

calculations based on the Hubbard ort-J model [15] the
low-energy SW is the order of the Cu 3d-O 2p transfer
integral t. In the present system,t in the Cu2O3 ladder
1981
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FIG. 3. Effective electron numberNeff per Cu (left-hand
scale) from a conductivity sum is plotted as a function of ene
for various compositions.Neff per ladder Cu is indicated on th
right-hand scale. The valences of both chain- and ladder
estimated fromNL

eff (1.2 eV) for each composition are plotte
in the inset.

is nearly identical to that in the CuO2 planes of the
high-Tc cuprates since the corner-sharing CuO4 network
with 180± Cu-O-Cu bonds is common between the tw
systems. On the other hand,t in the CuO2 chains with
90± Cu-O-Cu bonds should be considerably smaller th
t in the ladders. Therefore, it is reasonable to ass
the low-energy excitations to those in the ladders.
follows, accordingly, that the holes are transferred fro
the charge reservoir chains to the ladder conduction pa
From Figs. 2 and 3, it is also concluded that the ho
in the chains remain localized and the charge excitati
in the chains start up at,2.5 eV or higher, forming a
pronounced peak at,3 eV in Sr142xCaxCu24O41.

Using the value ofNL
eff which well approximates the

effective electron number in the ladders we can estim
the hole density in the ladders. To do that, we make t
reasonable assumptions. One is that the chain-Cu vale
would be 12.5 in Sr14Cu24O41. This assumption is
supported by the recent neutron scattering measurem
[17]. The neutron result gives evidence for a dimeriz
state between Cu21 spins separated by two and fou
times the distance between the nearest-neighbor chain
ions. This can be understood assuming the formation
an alternating Cu21-Cu31 ordered array along the chain
Then, we can estimate the value of the ladder Cu vale
as 12.07, from the average valence of Cu is12.25.
The second assumption is a linear relationship betw
NL

eff and the doped hole densityd, NL
eff  Ad. This

is predicted by the theoretical calculations on the 1
systems [15,18,19] as far asd is not large. The coefficien
A is determined from the value ofNL

eff for Sr14Cu24O41

with d  0.07. Based on these assumptions the h
density or the Cu valence in the ladders as well as in
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chains is estimated for eachx as plotted in the inset of
Fig. 3. It is found that atx  11 the ladder Cu valence
reaches12.20, that is, 0.2 holes per Cu are doped int
ladders. This hole number is as much as that in the hig
Tc material near optimal doping [20].

As a consequence of the transfer of holes, the chain
valence decreases with Ca substitution (it also decrea
with Y substitution). Based on the above-mentione
model of the CuO2 chain, the decrease in the chain-C
valence implies a decrease in the number of Cu31 ions
which are presumably nonmagnetic due to the formati
of Zhang-Rice singlet [12,21] or conversely an increa
in the number of magnetic Cu21 ions. The increase in
the magnitude of a Curie term is, in fact, observed
the magnetic susceptibility for both Ca and Y substitut
Sr14Cu24O41 [13] and the Curie term exactly follows thex
dependence of the decrease in the chain-Cu valence (f
12.5) shown in the inset. It should also be noted th
the intensity of the 3 eV peak inscsvd shows the same
trend. The peak intensity in the spectrum of Sr14Cu24O41
is rapidly reduced with Y substitution, while it gradually
decreases when substituted with Ca, which reconfirms t
the 3 eV peak is assigned to the excitations in the chai
certainly related to the Cu31 ionic state or the (local)
Cu21-Cu31 order.

Coming back to the optical conductivity spectrum, th
evolution of the spectrum with doping as well as the low
energy spectral shape is quite similar to those obser
for the 2D cuprates [14]. However, there is a remarkab
difference between 1D and 2D cuprates. In the 2
cuprates the reflectivity edge does not shift apprecia
with doping as illustrated in Fig. 4. In the 2D case,
so-called mid-IR band centered at relatively high ener
(,0.5 eV) rapidly develops upon doping. The differenc
is ascribable to the fact that in the present ladder syst
the peak or the center of gravity of the “mid-IR" band i
scsvd is located at considerably lower energy (,0.2 eV)
and that the low-energy SW,NL

eff at 1.2 eV, continues to
increase as doping proceeds, whereasN2D

eff saturates (or
even decrease) at high dopings.

The theoretical calculations predict that for the dop
1D chains [15] or ladders [19] the mid-IR band is muc
weaker than the Drude band. It turns out from Fig.
that the square of the plasma edge frequencyv2

p is
roughly proportional tod, i.e., toNL

eff (1.2 eV). This is in
contrast to 2D cuprates, and might naturally be explain
supposing that most of the low-energy SW arises fro
a single Drude component [22]. Thus, the difference
the reflectivity spectrum appears to reflect the 1D natu
of the electronic state of the present doped ladders.
fact, one-dimensionality is evidenced from the resistivi
and optical conductivity in the direction perpendicula
to the ladders. Forx  11 the resistivity in thea-axis
direction (parallel to the rungs of ladders) is by a fact
of 10–40 higher thanrc, and theb-axis (perpendicular to
the ladder planes) resistivity is still higher by two orde
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FIG. 4. Plasma-edge energyvp plotted as a function of the
hole density d per ladder Cu and plane Cu (d  x) for
Sr142xCaxCu24O41 and La22xSrxO4, respectively. The plasma-
edge energy is determined from the peak position of the lo
function (Im[-1yesv)]). The solid curve followingv2

p , d is
the best fit to the data of Sr142xCaxCu24O41, and the dashed
curve through the data of La22xSrxO4 is a guide for the eyes.

of magnitude thanra [13]. The optical spectrum for
Ejja measured on the samex  11 sample is shown in
the inset of Fig. 2. The magnitude ofsa is suppressed
over a fairly wide energy range and does not form
Drude peak atv  0. These are reminiscent of thec-axis
(perpendicular to the CuO2 planes) resistivity and optical
spectrum of the high-Tc cuprates [23].

The slow decay of the low-energyscsvd, which
approximately follows anv21 dependence, is similar to
that observed in the in-planesabsvd of optimally doped
high-Tc cuprates. This is interpreted either in terms
the two-component model, a Drude plus mid-IR band,
in terms of the one-component model withv-dependent
scattering time of the carriers. For doped two-leg ladde
the presence of the weak mid-IR band is theoretica
predicted, associated with the dissociation of bipolaro
composed of holes on the same rung [19]. In this ca
the mid-IR band should have a finite threshold ener
related to a spin gap and be isolated from a Drude ba
However, such a mid-IR band is not clearly identified
the spectrum shown in Fig. 2. Relevance of a spin gap
the ladders which is detected by the NMR measureme
[24,25] to the charge dynamics is not clear at present.

In summary, we have studied a systematic ev
lution of the optical spectrum for single crystals o
Sr142xAxCu24O41 (A  Ca, Y). The results provide
strong evidence that the two-leg Cu2O3 ladders contained
in this system are progressively doped with hole carrie
by Ca substitution for Sr as a consequence of cha
transfer from the charge reservoir CuO2 chains. The
holes on the chains are strongly localized and the ex
tations start up at about 2.5 eV or higher. They obta
itinerancy when transferred onto the ladders. Accor
ingly, the electronic properties of the present syste
are determined by the holes doped into ladders, while
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substantial number of holes localized in the chains form
novel magnetic ground state with a spin gap. This pictu
nicely explains the evolution of the electrical resistivit
and magnetic susceptibility with Ca (Y) substitution i
Sr14Cu24O41.
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