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Optical Study of the Sri4—,CaxCu4041 System: Evidence
for Hole-Doped Cu,03 Ladders
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The optical conductivity spectrum of gr,Ca Cuw4O,4, composed of two-leg GO; ladders and
edge-sharing Cufchains, is investigated on single crystals with various compositions. Upon isovalent
Ca substitution for Sr a rapid transfer of the spectral weight takes place from the high- to low-
energy region, essentially in the same manner as that observed in the dopedol@nés of high-

T. cuprates. We identify this behavior as a consequence of charge redistribution between chains
and ladders, and estimate the hole density in each structural unit from the transferred spectral
weight. [S0031-9007(97)02577-5]

PACS numbers: 74.72.3t, 78.20.—e, 78.30.j

Recent theoretical predictions [1] have attracted muclihat the holes are transferred from chains to ladders upon
attention to the antiferromagnetit = 5 two-leg ladder ~Ca substitution.
system. It is predicted that the even-leg ladders have Single-crystalline samples of Qr,Ca Cu404; up to
a spin liquid ground state with a spin gap [2] andx = 11 were grown by the traveling-solvent floating zone
that doping into the spin ladders results in the pairing(TSFZ) method. Ther = 11 sample shows a metallic
of the doped holes which leads to the formation ofresistivity along thec axis (p.) down to 80 K, below
bipolarons or superconducting Cooper pairs [3]. Suctwhich the resistivity shows insulating behavior. Other
predictions have been extensively tested and the spin gg®mpounds with lower Ca content are semiconducting
has been observed in real materials, suclf\&3),P,0;,  over the entire temperature range below 300 K. The re-
[4], or SICwO; [5]. Furthermore, the recent report of a sults of the magnetic susceptibility and electrical resistiv-
superconductivity signal in $5Ca;36Cl,O4 by Uehara ity measurements are reported previously in another pa-
et al.[6] under a pressure of 3GPa is expected to be @er [13]. Reflectivity was measured at room temperature
manifestation of the latter prediction. using polarized light in the energy range 0.01-40 eV at

Sr4—,Ca.CuyO4 is composed of the alternating near-normal incidence to theec plane (the ladder plane
stacks of the plane of the edge sharing Gu@ain, Wwith c axis parallel to ladders).
(Sr, Ca) layer, and the plane including the two-leg Figure 1 shows the reflectivity spectra of |Sr./
Cw 05 ladder [7]. The nominal valence of Cu #82.25, A.Cu4O4 with the polarization parallel to the axis.
independent ofx, so the system is inherently doped Sr4Cu4O4; shows a plasma edge at0.5 eV. Appar-
with holes. In spite of its high Cu valence, 82u,0,;  ently that contradicts the semiconducting temperature de-
shows semiconducting behaviors. Magnetically, a gap igendence of resistivity with an activation energy of about
observed in the spin excitations of both chains and ladderd200 K. However, it turns out that SCu4O4; is not
[8—10]. With increasing Ca content substituted for Sr (ora genuine insulator, since the Y-substituted compounds
with increasing applied pressure), the resistivity remarSra—,.YClOy; have higher resistivities with a larger
kably decreases [11,12]. As the Ca substitution does ndictivation energy [13]. The Y substitution nominally re-
change the average valence of Cu, it is speculated thauces the hole density in both ladders and chains. In fact,
the localized holes become mobile due to the increasel®r the Y-substituted material, the plasma edge disappears
overlap of the Cu@ and O 2 wave functions [12] or and the spectrum is dominated by the optical phonons
that redistribution of the hole density from immobile sites(see inset) and the interband gap excitations are clearly
takes place considering the existence of two possiblebserved at~2 eV. Thus, it is concluded that there
paths in this system [11]. To understand the properties o6 a small but finite density of carriers in |$Cu404.
this system, one has to know how the holes are distributedihe carriers would be easily localized due to disorder in
between chains and ladders. this one-dimensional (1D) system as this material. Since

In this paper, the quantitative analysis of the evolutionthe localization is a low-energy phenomenon, the mate-
in the optical conductivity induced by Ca substitution rial recovers metallic features at optical frequencies, giv-
makes it possible to isolate the contribution from ladderdng rise to a plasma edge in the reflectivity spectrum. In
and chains, respectively. The low-energy excitations argontrast to the Y substitution, the plasma edge shifts to-
ascribable to the ladders on which holes are much moreards higher energies with increasing Ca substitution.
itinerant than on the chains. From the conductivity sum-Both the shape of the reflectivity spectrum and the
rule we estimate the hole density in each unit and showosition of the reflectivity edge are essentially similar
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FIG. 1. Reflectivity spectra below 3.5 eV for various compo-

sitions of Sr;—,A,Cw,04 measured at room temperature with 0 : 1'0 —0 30 4.0
polarization E||lc. The low-energy spectra below 0.2 eV are i’h t E. V‘ ’
shown in the inset. oton Energy (eV)

FIG. 2. c-axis optical conductivity spectrura.(w) obtained
from the Kramers-Kronig transformation of the reflectivity
. . spectra for various compositions of |§r,A,CbyOy. The
to those of the two-dimensional (2D) cuprates such agnisotropic spectra witka- and c-axis polarization are shown
La,—,Sr,CuQ, [14]. However, such a large shift in the for S;Ca;Cw,0s; in the inset.

plasma edge is not observed in the 2D case.

For quantitative discussions, the Kramers-Kronig trans- ] ] ) ]
formation is made on the reflectivity spectrum. In Fig. 2,féature induced by carrier doping into a Mott or CT
we show the evolution of the optical conductivity spec-insulator, irrespective of its dimensionality [15,16].
trum with Ca contente for polarizationE|lc. The op- Base'd on the conductlvny.data, we estimate the spectral
tical conductivity spectrum of $rY;CuhOy is typical weight in terms of the effective electron number;
of insulators. The spectrum is characterized by a peak 2V [ ¢
at 2.0 eV. The most possible origin for the peak is the Negt(w) = — f o(0)do',
charge-transfer (CT) excitation between Cuéhd O D e
states which is commonly observed in the parent insulawhere m, is taken as the free electron mass, avid
tors of high7. cuprates. On moving to §ICu404 and is the volume containing one Cu atomNs(w) is
further Sis—,Ca CuyO4;, the conductivity in the low- proportional to the number of electrons involved in the
energy region (below 1.2 eV) increases, whereas the COptical excitations up tdw. In Fig. 3 we plot the result
spectral weight decreases. of Ne(w). It is important thatNeg is not strongly

It turns out from the sum-rule analysis described belowdependent ow atzw ~ 2.5 eV. This provides evidence
that the CT spectral weight (SW) is transferred onlythat the SW transfer is taking place within the energy
to the low-energy excitations below 1.2 eV. Such Swrange below~2.5 eV and thus most of the CT spectral
transfer is essentially the same as that seen in the 2D@eight is transferred to the low-energy region.
cuprates when a parent CT insulator is doped with carriers Another point in Fig. 3 is the magnitude df.ts. Nesr
[14]. Then, it follows that carriers, certainly holes, areat 1.2 eV represents the spectral weight of the low-energy
doped into a structural unit, which is a CT insulator in excitations transferred from the high-energy CT excitation
SrY3CwyOy with a CT energy gap of~2 eV and  with “doping” which is a consequence of charge transfer
that the doped hole density increases with Ca contenbetween chains and ladders. Note that the values of
As the substitution of isovalent Ca does not change thé.st(1.2 eV) for the “doped” materials are comparable
average Cu valence in the system, a redistribution ofo those 2R) for the 2D high?. cuprates near optimal
holes between chains and ladders should be induced Iloping [14]. When the value d¥. per Cu is converted
the Ca substitution. Therefore, the shift of the plasmanto the value per ladder CW%¢ = Negr - 24/14, Nkt is
edge shown in Fig. 1 is a consequence of increaseeven larger thamvz? [14]. According to the theoretical
carrier density, not a consequence that the originallyalculations based on the Hubbardtal model [15] the
localized carriers become itinerant with Ca substitutionlow-energy SW is the order of the Cd-® 2p transfer
Theoretically, the spectral weight transfer is a generaintegralz. In the present system,in the CyO; ladder
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; . 2.0 chains is estimated for eachas plotted in the inset of
Sr14.ACuy404q Fig. 3. Itis found that att = 11 the ladder Cu valence
E//c reaches+2.20, that is, 0.2 holes per Cu are doped into
ladders. This hole number is as much as that in the high-
T. material near optimal doping [20].

As a consequence of the transfer of holes, the chain Cu
valence decreases with Ca substitution (it also decreases
with Y substitution). Based on the above-mentioned
model of the Cu@ chain, the decrease in the chain-Cu
valence implies a decrease in the number of Cions
which are presumably nonmagnetic due to the formation
of Zhang-Rice singlet [12,21] or conversely an increase
in the number of magnetic Ct1 ions. The increase in
the magnitude of a Curie term is, in fact, observed in
0 o720 30" the magnetic susceptibility for both Ca and Y substituted

ho (eV) Sr4Cu4 Oy [13] and the Curie term exactly follows the

. dependence of the decrease in the chain-Cu valence (from
FIG. 3. Effective electron numbeN.; per Cu (left-hand . .
scale) from a conductivity sum is plottet(t:i e?safuncti(on of energy+2'5_) ShOW“ in the inset. It S.hOUId also be noted that
for various compositions N per ladder Cu is indicated on the the intensity of the 3 eV peak ior.(w) shows the same
right-hand scale. The valences of both chain- and ladder-Cirend. The peak intensity in the spectrum ofs8u,404;
estimated fromVy (1.2 eV) for each composition are plotted is rapidly reduced with Y substitution, while it gradually
in the inset. decreases when substituted with Ca, which reconfirms that

the 3 eV peak is assigned to the excitations in the chains,

is nearly identical to that in the CuOplanes of the certainly related to the Cti ionic state or the (local)
high-T. cuprates since the corner-sharing Guetwork Cu**-Cu’* order.
with 18C° Cu-O-Cu bonds is common between the two Coming back to the optical conductivity spectrum, the
systems. On the other handjn the CuQ chains with evolution of the spectrum with doping as well as the low-
90° Cu-O-Cu bonds should be considerably smaller tha®nergy spectral shape is quite similar to those observed
¢ in the ladders. Therefore, it is reasonable to assigfor the 2D cuprates [14]. However, there is a remarkable
the low-energy excitations to those in the ladders. Idifference between 1D and 2D cuprates. In the 2D
follows, accordingly, that the holes are transferred fromcuprates the reflectivity edge does not shift appreciably
the charge reservoir chains to the ladder conduction path®ith doping as illustrated in Fig. 4. In the 2D case, a
From Figs. 2 and 3, it is also concluded that the holeso-called mid-IR band centered at relatively high energy
in the chains remain localized and the charge excitations~0.5 €V) rapidly develops upon doping. The difference
in the chains start up at2.5 eV or higher, forming a is ascribable to the fact that in the present ladder system
pronounced peak at3 eV in Sriy_,Ca,ClhsOy. the peak or the center of gravity of the “mid-IR" band in

Using the value ofV; which well approximates the ¢.(w) is located at considerably lower energy((.2 eV)
effective electron number in the ladders we can estimaténd that the low-energy SWy/i; at 1.2 eV, continues to
the hole density in the ladders. To do that, we make twancrease as doping proceeds, whera@§ saturates (or
reasonable assumptions. One is that the chain-Cu valené¥en decrease) at high dopings.
would be +2.5 in Sr4CuyO4. This assumption is The theoretical calculations predict that for the doped
supported by the recent neutron scattering measuremerit® chains [15] or ladders [19] the mid-IR band is much
[17]. The neutron result gives evidence for a dimerizedveaker than the Drude band. It turns out from Fig. 4
state between Cii spins separated by two and four that the square of the plasma edge frequengy is
times the distance between the nearest-neighbor chain Goughly proportional taS, i.e., toN5; (1.2 V). This is in
ions. This can be understood assuming the formation ofontrast to 2D cuprates, and might naturally be explained
an alternating Ctf -Cu** ordered array along the chain. supposing that most of the low-energy SW arises from
Then, we can estimate the value of the ladder Cu valenca single Drude component [22]. Thus, the difference in
as +2.07, from the average valence of Cu i82.25. the reflectivity spectrum appears to reflect the 1D nature
The second assumption is a linear relationship betweeaf the electronic state of the present doped ladders. In
N% and the doped hole densit§, N5 = A8. This fact, one-dimensionality is evidenced from the resistivity
is predicted by the theoretical calculations on the 1Dand optical conductivity in the direction perpendicular
systems [15,18,19] as far &ds not large. The coefficient to the ladders. Forx = 11 the resistivity in thea-axis
A is determined from the value (NeLff for Sr4CusOy direction (parallel to the rungs of ladders) is by a factor
with § = 0.07. Based on these assumptions the holeof 10—40 higher thap., and theb-axis (perpendicular to
density or the Cu valence in the ladders as well as in théhe ladder planes) resistivity is still higher by two orders
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substantial number of holes localized in the chains form a
S novel magnetic ground state with a spin gap. This picture
\“’gl'o' nicely explains the evolution of the electrical resistivity
i I and magnetic susceptibility with Ca (Y) substitution in
) Sr4ClpgOyy.
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