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Electromagnetic Response of Static and Fluctuating Stripes in Cuprate Superconductors
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Using infrared spectroscopy, we found that changes in the in-plane charge dynamics attributable to
static stripe order in La; 775Ndg¢Sro125CuOy4 or superconductivity in Laj g75Srg 1,5CuQOy4 are confined to
energies smaller than 100 cm™!. An absorption peak in the low-w conductivity of the Nd-doped com-
pound is suggestive of localization effects due to the reduced dimensionality of static charge stripes.
Neither superconductivity nor static stripe ordering has a noticeable effect on the depression of the scat-
tering rate at @ < 1000 cm™! characteristic of the pseudogap state in other classes of moderately doped

cuprates.
DOI: 10.1103/PhysRevLett.88.147003

Upon doping with charge carriers a broad class of
antiferromagnetic (AF) insulators reveals the astonishing
phenomenon of high-T, superconductivity. Owing to the
persistence of AF fluctuations, even in (heavily) doped
phases the response of holes in cuprates is markedly differ-
ent from free electron behavior. Specifically, the spectrum
of both charge and spin excitations of moderately doped
materials is characterized by a partial gap or pseudogap
observed below T* > T. [1]. Moreover, many cuprates
show a remarkable tendency towards segregation of doped
charges into one-dimensional (1D) self-organized regions
(stripes) within the two-dimensional (2D) CuO, planes
[2,3]. At least within some models, stripe fluctuations
are believed to play a pivotal role in the development of
the pseudogap and have been proposed to be the driving
force for high-7. superconductivity [4,5]. Although the
evidence for the existence of stripes (static or fluctuating)
in a variety of cuprates is overwhelming [6-9] their role
in carrier dynamics is yet to be systematically investi-
gated. The interplay between the stripes physics and
the formation of the pseudogap or superconducting gap
also remains unclear. In order to address these issues we
employed infrared spectroscopy to examine the way in
which the stripe environment impedes on the dynamics of
doped holes in the CuO, planes.

In this Letter we report on the dynamical conductivity of
Laj g75510.125Cu0O4 (LSCO) and Laj 275Ndg.6Sro.125CuO4
(LNSCO). The former system is a high-7. supercon-
ductor with 7, = 32 K. Although there are strong indi-
cations for fluctuating stripes in La;_,Sr,CuQy, for x =
1/8 static AF correlations do not occur at T > T, [10].
The Nd-doped system is a nonsuperconducting counter-
part of LSCO; static charge-stripe ordering occurs below
the structural phase transition from the low-temperature or-
thorhombic (LTO) to the low-temperature tetragonal (LTT)
phase at 7;, = 80 K [6]. The broad spectral coverage of
our experiments spanning from sub-THz frequencies to
UV light provides access to all relevant energy scales in
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the studied systems, including localization, superconduct-
ing gap, pseudogap, and others.

High-quality single crystals were grown by the
traveling-solvent floating-zone technique. The samples
were well characterized by x-ray and dc resistivity mea-
surements [11] (see the inset of Fig. 2). We obtained the
complex conductivity o = ¢ + io; from the frequency
dependent reflectivity R(w) using Kramers-Kronig analy-
sis. Our measurements were carried out at frequencies
from 15 to 48000 cm™! (2 meV—6 eV) and at tempera-
tures from 5 to 293 K. After a first run, the disk shaped
crystals with diameter d = 5 mm were coated in situ
with gold or aluminum in the cryostat. The metal-coated
samples were measured as the reference in a second run
[12]. For the low-w extrapolation we used resistivity data;
for the high frequency extrapolation we utilized the data
published by Uchida et al. [13] for Nd-free LSCO.

In Fig. 1, o(0) of LajgssSri25CuO4 and
La; »75NdgeSro.105CuOy are plotted at various tem-
peratures. For @ = 1000 cm ™! o(w) is only weakly
temperature dependent with nearly the same absolute value
in both compounds. When integrated up to 10000 cm™!,
the effective spectral weight Neg(w) = [ o1(w’)de’
is the same for Nd-doped and Nd-free LSCO for all
temperatures investigated within an error margin of
5%. This result is in fair agreement with results ob-
tained on Laj¢—,Ndo4Sr,CuO4 for x = 0.1 and 0.15
[14]. However, our measurements do not confirm the
substantial suppression of spectral weight found in
La; 43Ndg 4Srg.12CuOy4 up to 8000 cm ™! [14].

It is obvious that Nd doping has no impact on the con-
ductivity spectrum above 1000 cm ™! even below T,. This
result departs from the behavior expected in a system with
static stripe order. Theoretical calculation on clusters of
charge stripes predict that most of the electronic spec-
tral weight is shifted from a Drude channel at @ = 0 to
a mode at = 0.35 eV (3000 cm™!) [15]. Such a shift
is not detected in our data. Apart from this, interactions
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FIG. 1. Frequency dependence of the real part of the in-plane
conductivity o (w) of LSCO and LNSCO. The symbols on the
left ordinates represent the in-plane dc conductivity o4.. The
insets show the reflectivity spectra of both cuprates at 150, 32,
and 5 K for @ =< 250 cm™!. The thin solid lines are calculated
with the Hagen-Rubens formula using the actual o4, values.

between 1D charge channels usually drive a phase transi-
tion to a charge-density-wave (CDW) ground state as ob-
served in quasi-1D organic conductors [16]. In insulating
static stripe ordered nickelate La;_,Sr,NiO4 a tempera-
ture dependent charge gap 2A =~ 0.26 eV opens in o (w)
below the charge-stripe ordering transition [17]. No signa-
tures of a charge gap are observed in LNSCO below Ty,.

Our results indicate that the static stripe order in LNSCO
below Ty, is different from the idealized picture of static
1D “rivers of charges” separated by insulating AF do-
mains. This is in accord with several theoretical studies
of the stripe ordered phase in cuprates. For example, it
has been suggested that the formation of a CDW along the
stripes can be suppressed by disorder in the coupling be-
tween the stripes or by transverse fluctuations of the stripes
[5,18]. Additionally, calculations within the z-J model
showed that stripes have a width of several lattice spacings
which results in a finite overlap at x = 1/8 doping [19].
This picture of a more or less “imperfect” stripe order in
Lay_,—,Nd,Sr,CuQy is in agreement with recent results
from neutron-scattering and angle-resolved photoemission
experiments. [9,20].
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Below 1000 cm™!, the optical conductivity is strongly
temperature dependent. In LSCO o (w) increases mono-
tonically with decreasing temperatures and frequencies for
T > T.. LNSCO shows a completely different frequency
dependence of o (w): as seen in the lower panel of Fig. 1,
a peak feature centered at finite frequencies continuously
develops in the conductivity spectrum when the sample is
cooled down. Dc conductivity data plotted as symbols on
the ordinate indicate that this nonmonotonic behavior of
o1(w) already exists at temperatures above T, = 80 K.
As temperature is reduced, the peak narrows and seems to
shift towards lower frequencies. A comparison between
the measured R(w) data and the values calculated with
the Hagen-Rubens formula in the inset of Fig. 1 confirms
metallic behavior in LSCO above T.. In contrast, there
are already deviations from the calculated R(w) at 150 K
in LNSCO. Despite the fact that gc5 k < Tdc.150 k the
reflectivity increases further with decreasing temperature,
especially in the region around 100 cm™!. It is obvious
that the peak in o (w) at low temperatures originates from
this strong enhancement of R(w) over the Hagen-Rubens
value.

It has been shown that a peak in o(w) can be initi-
ated by disorder in the CuO; planes and may result from
localization of charge carriers [21,22]. A conductivity
peak at finite frequencies seems to be a generic feature
of low-dimensional disordered conductors near the metal-
insulator transition [23,24]. Another signature of locali-
zation in LNSCO is the upturn in the resistivity below
T,, (see the inset of Fig. 2). In contrast, no signs of
localization are observed in LSCO: there is no peak in
oi(w) and the dc transport is metallic above T,.. No-
tably, the Nd dopant in LNSCO is neutral since both
La and Nd are trivalent. Therefore disorder potential
associated with Nd is less prominent than that induced
by either charged impurities such as O or Sr [25] or by
direct substitution of Cu in the CuO, planes with other el-
ements. But the introduction of Nd rotates the direction
of distortion in the CuO; planes from diagonal to paral-
lel to the Cu-O bond [27] which supports the pinning of
stripes below T,, [6] and therefore changes the environ-
ment in which mobile charge carriers move. Hence, the
localization peak in o(w) at finite frequencies is consis-
tent with the idea of the reduced dimensionality of LNSCO
compared to LSCO. Indeed, if fluctuating stripes become
pinned by lattice distortions the charge carriers are con-
fined to (quasi) 1D static stripes and are more susceptible
to localization due to disorder. The continuous develop-
ment of the conductivity peak through T,, is consistent
with recent results from x-ray- and neutron-scattering ex-
periments on La; ¢—,Ndg 4Sr,CuQ4. These studies showed
that some fraction of LTT-like domains persist in the LTO
phase above T4, [20,28].

For further discussion of the charge dynamics it
is useful to introduce the frequency dependent scat-
tering rate 1/7(w). In the framework of the extended
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FIG. 2. Frequency dependence of the in-plane scattering rate
1/7(w) of LSCO and LNSCO. The thin dashed lines represent
a low-w extension of the linear frequency dependence observed
at high w. The shaded areas indicate the suppression of 1/7(w)
in the pseudogap regime for 293 and 150 K. The inset shows
the dc in-plane resistivities. The step in pg. of LNSCO occurs
at the structural phase transition.

Drude model the optical constant 1/7(w) is defined as 47/
T(w) = w,z,o'l(w)/[a'lz(a)) + o3(w)]. The plasma fre-
quency w, is obtained by integrating o(w) up to the
onset frequency of interband absorption [29]. Figure 2
shows 1/7(w) of LSCO and LNSCO. At high frequencies
the scattering rate increases linearly with frequency for all
temperatures in both materials. In contrast, 1/7(w) de-
creases much faster than linear for @ =< 1000 cm™'. This
behavior is a characteristic signature of charge dynamics
in the pseudogap state below 7" [1,30]. The depression
of the scattering rate is observed in the whole temperature
range investigated indicating that 7* exceeds room tem-
perature in both compounds. It is obvious that Nd doping
and static stripe ordering has only a little influence on the
suppression of 1/7(w) below 1000 cm™!. Compared to
the other cuprates, the onset of the pseudogap behavior is
somewhat smoother and shifted towards higher energies.
In Fig. 3 we focus on the charge dynamics of LSCO
at low temperatures and frequencies. For T < T, and
w < 100 cm™!, o(w) decreases below the normal state
values as indicated by the shaded area in the upper panel.
This is reminiscent of the loss of spectral weight in o1(w)
below T, due to formation of the superconducting gap in
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FIG. 3. Real part of the in-plane conductivity and scattering
rate (inset) of LSCO at T = T,. The shaded area quantifies the
spectral weight of the superconducting condensate at 5 K.

Lay—,Sr,CuO4 with x = 0.15 [31] or 0.17 [32]. To check
if the missing spectral weight in o(w) can be attributed
to superconductivity, we calculated the in-plane penetra-
tion depth A, in two different ways: from the imagi-
nary part of the conductivity ¢2/A2, = 47w o»(w) and by
applying the Ferrell-Glover-Tinkham sum rule ¢?/ A%y =
8 [ g(a'n — 0y)dw, where o, and o are the real parts of
the conductivity at 32 K and below T, respectively [33].
The results we obtained from both calculations agree very
well. At 5 K, A,;, = 630 nm which is consistent with the
results from microwave measurements [34]. Therefore,
the decrease of o (w) at an energy scale @ < 100 cm™!
can be attributed to the formation of the superconducting
condensate.

The lower panel of Fig. 3 shows 1/7(w) at 5 K and at
T.. In the superconducting state, 1/7(w) first increases
below 100 cm™! and then decreases at the very low-
frequency end while it is frequency independent in the
normal state. In contrast, no change in the scattering
rate is observed at the superconducting transition in the
frequency region between 100 and 1000 cm™! where
the form of the 1/7(w) spectrum is dominated by the
pseudogap. Thus, superconductivity has no impact on
the charge dynamics in this energy range indicating
that pseudogap and superconducting gap have different
origins. Consistent with this view is the fact that in
LSCO the characteristic temperatures and the energy
scales of pseudogap and superconducting gap differ by
about 1 order of magnitude [35] (Figs. 2 and 3). Notably,
the pseudogap behavior is not affected by Nd doping
while superconductivity is totally suppressed. This latter
result along with the energy scales discrepancy discussed
above argues against the decisive role of superconducting
fluctuations in the development of the pseudogap. Our
finding is in agreement with tunneling experiments [37]
and infrared studies of the electron doped cuprates [38].
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If we compare o (w) of Nd-doped LSCO plotted in the
lower panel of Fig. 1 with o(w) of LSCO (upper panel
of Fig. 3) it appears that the energy scale of the localiza-
tion peak in LNSCO is of a similar order of magnitude
as the superconducting gap in LSCO. It has been shown
that in Zn-doped YBa,Cu4Og crystals the spectral weight
confined under the localization peak in o(w,T > T,) is
excluded from contributing to the superconducting conden-
sate at T < T, [22]. Thus the destructive role of charge
localization for superconductivity in static stripe ordered
Nd-doped LSCO is especially prominent because the su-
perconducting gap in Nd-free LSCO is anomalously small.

In summary, we observed a finite-frequency peak in the
far-infrared conductivity of LNSCO that can be attributed
to localization of charge carriers in the CuO; planes. This
result is consistent with the reduced dimensionality of the
electronic transport in the static stripe ordered state. Apart
from these localization effects the overall electromagnetic
response of both static and fluctuating stripes is similar in-
dicating that “static” stripe order in LNSCO deviates from
the idealized picture of 1D charge channels insulated by
AF domains. Although the impact of static stripes is con-
fined to very low frequencies, the energy scale attributable
to localization appears to be comparable to the magnitude
of the superconducting gap in LSCO. Neither static stripe
ordering in LNSCO nor superconductivity in LSCO has
an influence on the pseudogap behavior observed at much
higher temperature and energy scales.
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