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Abstract. The optical reflectivity as a function of temperature of the title compound for x = 0, 5 and
12 has been measured over a broad spectral range from 4 meV up to 12 eV. Our findings suggest a very
anisotropic dynamics of the charge excitation spectrum when measuring along or perpendicular to the
ladders. Moreover, a metal-insulator transition develops at low temperatures, leading to a suppression
of Drude spectral weight in the far and mid-infrared spectral range. We identify this behaviour as a
consequence of the localization effects for small Ca substitution, and of the possible formation of a charge

density wave condensate for large Ca substitution.

PACS. 78.20.-e Optical properties of bulk materials and thin films — 74.72.Jt Other cuprates

Renewed interest in low-dimensional quantum magnets
has been raised by the discovery of high-temperature
superconductivity. In this respect, the antiferromagnetic
S = 1/2 two-leg ladder systems have recently attracted
much attention, because their properties are reminiscent
of some encountered in the high-temperature supercon-
ducting cuprates [1]. Particularly, the layered cuprate
Sr14—,Ca,;CugqOy1, consisting of two-dimensional CuyO3
ladder planes and one-dimensional CuO; chains [2], has
been studied vigorously. Dagotto et al. first proposed that
even-leg ladders have a spin liquid ground state with a
spin gap and that doping (e.g., by Ca substitution) into
the spin ladders results in pairing of the doped holes [3].
Through hole-doping, the ground state should be either
a charge density wave (CDW) or superconducting [1,3].
Such predictions have been extensively tested and a spin
gap has been observed in the parent SrCu;O3 compound
[4], and furthermore, the recent report of a superconduc-
tivity signal in Srg4Cay36Cu24041 by Uehara et al. [5]
under a pressure of 3 GPa is expected to be a manifesta-
tion of the latter prediction.

As the Ca substitution in Sri4_,Ca;Cu404; does not
change the average valence of Cu, it is speculated that
the holes become more mobile, e.g., because of increased
overlap of the Cu 3d and O 2p wave functions or through
the redistribution of the hole density from immobile sites.
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In fact, the high temperature electrical resistivity along
the ladder direction becomes small upon Ca substitution
[6]. Nevertheless, recent transport data on polycrystalline
samples pointed out that the insulating-like state in p(T")
at low temperatures implies that the holes in the ladder
are localized below a characteristic temperature 7, [7].
The first optical investigations (mainly along the ladder
direction) carried out at 300 K between 0.01 and 4 eV give
indications that the low-energy excitations are ascribed to
the ladders on which holes are much more itinerant than
on the chains. Moreover, from sum rules spectral weight
arguments it has been shown that holes are transferred
from the chains to the ladders upon Ca substitution [8].

In this communication, we present our optical re-
sults on the temperature and polarization of light depen-
dence of the electrodynamic response of single crystalline
Sr14—5Cay;CuggOy4 (with 2 = 0, 5 and 12). Our motiva-
tion was to monitor not only the Ca substitution depen-
dence [8] but also the effects of the reduced dimensionality
(i.e., the crystallographic anisotropy) on the excitation
spectrum of the ladder systems. Our data display a re-
markable optical anisotropy between the spectra collected
along the three crystallographic axes, indicative of the
quasi one-dimensional electronic band structure. More-
over, for polarization directions parallel and perpendicular
to the ladders we found a strong temperature dependence
of the optical properties, suggesting the onset of a metal-
insulator transition, due to localization effects.
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Fig. 1. Temperature dependence of the optical reflectivity
along the c-axis for z = 0 (a), z = 5 (b) and z = 12 (c).
Note the logarithmic energy scale.

Single crystals of Sri4_,Ca,;Cus4O41 were grown in
an image furnace, under oxygen pressures varying from 1
to 13 atm, by the traveling solvent zone method [9], and
are of high crystalline quality, as determined by neutron
diffraction [10]. The optical reflectivity R(w) was mea-
sured as a function of temperature over a broad spectral
range from 4 meV up to 12 eV, using four different spec-
trometers, and for light polarization parallel (c-axis) and
perpendicular (a-axis) to the ladder direction in the ladder
planes, and orthogonal to the ladder planes (b-axis). The
real part o1(w) of the optical conductivity was obtained
from Kramers Kronig transformations of the measured re-
flectivity (see Ref. [11] for more technical details).

Figure 1 shows the complete R(w) spectra along the
ladders (E'|| ) for the three different Ca substitution val-
ues at several temperatures. At 7' = 300 K, R(w) increases
with decreasing photon energy for all three compounds
and approaches total reflection as w tends to zero, as ex-
pected for a metallic behaviour. An insulating behaviour
(i.e., R(w) saturating to a constant value) is observed with
decreasing temperature. We can also identify a plasma
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Fig. 2. Temperature dependence of the optical reflectivity
along the a-axis for x = 0 (a), z = 5 (b) and =z = 12 (c).
Note the logarithmic energy scale.

edge feature in the reflectivity, defined by the minimum
in R(w) where the increase towards total reflection takes
place. The onset of the metallic contribution in R(w) is
centered at about 0.5 eV for the less conducting compo-
sition (x = 0) and shifts towards higher energies with in-
creasing Ca substitution. At higher frequencies there are
several broad absorptions, ascribed to electronic interband
transitions, like the one, peaked at about 2 eV, due to a
charge transfer excitation between Cu 3d and O 2p states
[8]. Figure 2 displays R(w) along the a-axis, while Figure 3
shows R(w) for x = 12 along the three crystallographic
axes. In analogy to the c-axis, R(w) along the a-axis is
metallic-like at high temperatures and decreases in the
far-infrared (FIR) at low temperatures. Along the b direc-
tion, R(w) (Fig. 3) is always insulating-like and temper-
ature independent. R(w) along the b-axis for z = 0 and
5 (not shown here) is similar to the spectra for x = 12
(Fig. 3). Moreover, all spectra are dominated by rather
sharp absorptions in the far up to mid-infrared range.
It is immediately evident that the optical properties are
very anisotropic, with distinct temperature (Figs. 1 and 2)
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Fig. 3. Optical reflectivity at 300 K for z = 12 along the a- and
c-axes (a), compared with the optical reflectivity for x = 12
along the b-axis at 300 and 10 K (b). Note the logarithmic
energy scale.

and polarization (Fig. 3) dependence along the three crys-
tallographic axes.

The real part o1(w) of the optical conductivity for
x = 0 and 12 with light polarized along the a- and c-axis is
shown in Figure 4 in the FIR spectral range. Besides the
already mentioned sharp modes, the low frequency part
of 01(w) is dominated at high temperatures by an effec-
tive (Drude) metallic contribution. Such a Drude com-
ponent in o1(w) is present even for x = 0, indicating
that Sr14Cu240y4; is not a genuine insulator and has a
small amount of free charges. We note that there is a fair
agreement between o1(w — 0) and the overall trend from
the transport measurements [6,12]. Even though our data
for x = 12 suggest a ratio ¢§./c§. smaller than in refer-
ence [6], there is a good agreement and consistency be-
tween of(w — 0) and 0§, from reference [12], where the
same sample has been investigated. What is striking, be-
sides the optical anisotropy (Fig. 3), is the metal-insulator
transition both along the a- and c-axis, manifested by the
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Fig. 4. Temperature dependence of the real part of the optical
conductivity from 0 up to 90 meV along the a- and c-axes for
=0 (aand c), and z = 12 (b and d), respectively.

suppression of the (Drude) spectral weight at low temper-
atures. On the one hand, for x = 0 along the a- and c-axis
the spectral weight is suppressed below 0.1 eV, but it is
fully recovered up to 0.2 V. On the other hand, for z = 12
the Drude weight decreases with decreasing temperature
at much lower energies (i.e., below 0.02 and 0.035 eV) and
piles up at energies up to 0.04 and 0.1 eV for the ¢- and
a-axis, respectively.

Our spectra present some important differences with
respect to previous data [8]. While the substitution depen-
dence leads in both investigations to an effective blue shift
of the plasma edge for light parallel to c-axis, the sharp
excitations characterizing our data (Figs. 1-3) are barely
observable in the spectra of reference [8]. The overall mag-
nitude of R(w) in FIR is slightly lower than in the spectra
of reference [8], suggesting a smaller free charge carrier
concentration and consequently a less effective screening
of the modes. Another point of contrast concerns the a-
axis spectra for large Ca substitution. For z = 12, we
find a metallic behaviour at any temperature, even though
the Drude weight decreases with decreasing temperature.
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Osafune et al. find already at 300 K for x = 11 an insu-
lating behaviour, without any sign of a Drude peak [8].

The sharp absorptions in FIR (Fig. 4) can be ascribed
most probably to the optically active phonon modes of
the ladder systems. Even though a full analysis of the
lattice dynamics has not been performed so far, it seems
that the Ca substitution affects the corresponding phonon
spectrum. Indeed, upon increasing the free charge car-
rier concentration, a few modes for both F|a and E| ¢
are progressively screened by the blue shift of the plasma
edge or by the increased metallicity going from z = 0
to 12. Moreover, one can recognize small shifts in the
resonance frequencies and/or a redistribution of spectral
weight among the sharp absorptions upon doping, as con-
sequence of changes in the modes’ strength. This could
indicate some important coupling between the charge car-
riers and the phonon modes, as well as a change in the lat-
tice symmetry upon Ca substitution (i.e., chemical pres-
sure). Another interesting absorption develops at 50 meV
for x = 12 and FE||a with decreasing temperature. This
feature is absent in the spectra for x = 0, while for z = 5,
not shown here, we only see a very broad absorption in
the same frequency range at any temperature. Interest-
ingly enough, a similar puzzling feature was found in the
low temperature c-axis (equivalent to the a-axis in the lad-
ders) spectra of the underdoped YBayCusO7_, supercon-
ductor [13]. It still remains to be seen what is the origin of
this feature, which incidentally appears at an energy scale
comparable to the spin gap [1,14]. Obviously and similarly
to the cuprates [13], it could also be ascribed to a change
in the lattice dynamics (e.g., activation of silent or Raman
active phonons) as consequence of the symmetry breaking
due to the Ca-substitution.

The strong optical anisotropy also implies a one-
dimensional electronic structure. In this respect, it is par-
ticularly compelling a comparison with one-dimensional
(1D) linear chain Bechgaard salts (TMTTF).X and
(TMTSF)2X with X = Br, PFg, and ClO4 [11,15]. The
degree of anisotropy in the Bechgaard salts is quantified
by the magnitude of the interchain single-electron transfer
integral (t). Electron-electron interactions together with
Umklapp scattering lead to a correlation gap and to an
insulating state for small ¢,. Going from the (TMTTF)-
salts to the (TMTSF)-ones, an insulator to metal transi-
tion takes indeed place, since t; exceeds a critical value
of the order of the correlation gap in the (TMTSF)2X
compounds. This is manifested by the development at
low temperatures of a sharp plasma edge feature for the
(TMTSF)-salts along the direction perpendicular to the
one-dimensional chain, while for the (TMTTF)-salts an
overdamped (i.e., the Drude scattering rate is much larger
than the plasma frequency) plasma edge feature domi-
nates at any temperature [15]. This contrasting behaviour
is considered as an indication of a transition between a
confinement (by the TMTTF-salts) and deconfinement
(by the TMTSF-salts) regime, which also implies a 1D to
2D crossover [15]. Such a crossover can also be obtained
in the (TMTTF)-salts upon application of pressure [16].
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We want to argue that a similar behaviour happens
in the ladder systems, as well. The analogy between the
ladder systems and the Bechgaard salts has been recently
pointed out by Mayaffre et al. in the course of transport
and NMR investigation under pressure for the compound
with = 12 [12]. The degree of confinement of the carri-
ers along the ladders could correlate with the size of the
spin gap [3]: hole pairs are responsible for the conduction
within the ladders as long as the magnetic forces can pro-
vide the binding of two holes on the same rung [3]. The
vanishing of the spin gap upon application of pressure [12]
or its reduction upon Ca substitution could thus be re-
sponsible for the dissociation of the pairs making in turn
the hopping (deconfinement) of the transverse (a-axis) sin-
gle particle easier. Therefore, pressure is believed to have
an effect similar to that of the Ca substitution and, simi-
larly to the Bechgaard salts, might induce a change in the
intrinsic dimensionality of the system. In fact, from our
data (Fig. 1) we observe that the increasing Ca substi-
tution induces the formation of a well developed plasma
edge feature in R(w) along the c-axis. This is actually to
be expected when the material undergoes small to large
doping. From the spectral weight arguments (i.e., the so-
called f-sum rule) similar to reference [8], the development
of the plasma edge upon doping along the c-axis is the con-
sequence of the transfer of holes from the CuQOs chains’
reservoir to the ladder conduction paths. The total spec-
tral weight (i.e., the ratio n/m, where n is the concentra-
tion of carriers involved in the absorption spectrum and
m their effective mass) for z = 12, encountered in o; (w)
for E'|| ¢ up to approximately 1 eV but before the onset of
interband transitions, corresponds to a plasma frequency
of about 1 eV. By assuming m equal to the free electron
mass m. as in reference [8], we also obtain a hole density
per ladder-Cu of about n ~ 0.2 [8]. However, the Drude
weight ascribed to the effective metallic contribution in
o1(w) at low frequencies (w < 60 meV) corresponds to a
plasma frequency of about 0.2 €V (for x = 12 and E|| ¢).
This would suggest that either the free charge carriers
have an effective mass of about 25m, or alternatively that
only a small fraction of holes n.rs < n is effectively in-
volved in the metallic contribution. Moreover, along the
transverse direction (a-axis, Fig. 2) one can observe an in-
creased metallicity upon doping, manifested by an incip-
ient plasma edge development. This bears a remarkable
analogy with the behaviour in Bechgaard salts and indi-
cates a similar confinement-deconfinement crossover upon
Ca-substitution.

The temperature dependence of o1 (w) for = 0 and
for both E|la and E||c (Figs. 4a and 4c), reveals the lo-
calization of the excess free charge carriers or of the pre-
formed hole pairs. The temperature dependence of o7 (w)
for x = 12 is qualitatively different between the two po-
larization directions (Figs. 4b and 4d). Along the a-axis,
o1(w) is continuously suppressed in FIR with decreasing
temperature (as for z = 0), while along the c-axis o1 (w)
first increases in FIR for decreasing temperature from
300 K down to T, ~ 100 K and then is suppressed below
100 K. Anyway, a residual metallic component persists
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down to 10 K for both directions. We can generally argue
that the pre-formed hole pairs give a metallic behaviour
(dp/dT > 0) along the c-axis above T,, while localiza-
tion takes place below T, [7,17]. The energy range over
which the Drude spectral weight is suppressed along the
a-axis, gives an indirect estimate of the energy necessary
for breaking the hole pairs (Figs. 4a and 4b). Furthermore
and specifically for x = 12 along the c-axis, a (pseudo)
gap-like feature seems to develop at about 20 meV, which
could reveal the relevant energy scale associated with the
low temperature CDW state. In fact, the theoretical inves-
tigation of the isolated t—J ladder shows that, at T' = 0,
superconducting correlations are competing with strong
CDW correlations of the pre-formed pairs; the dominant
one depending very sensitively on the J/t ratio [17], and
ultimately on the Ca substitution or on pressure.
In summary, the electrodynamics of

Sr14—5CazCuz4Oyq

provides strong evidence for the quasi one-dimensionality
of these ladder systems, manifested by the anisotropic op-
tical response. Upon Ca substitution, there is a progressive
deconfinement of the pre-formed hole pairs, establishing
a similarity with the class of linear chain Bechgaard salts.
Localization effects then develop at low temperatures,
leading to a suppression of Drude weight. It is speculated
that the low temperature insulating state could be
associated with the formation of a CDW condensate
(associated with the localized hole pairs for z = 12).
Nonetheless, signatures of such a collective ground state,
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like, e.g., the pinned phason mode, remain to be clearly
discovered and are a matter of further investigations.
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