PHYSICAL REVIEW B 77, 195114 共2008兲

Low-energy collective dynamics of charge stripes in the doped nickelate La2−xSrxNiO4+␦ observed
with optical conductivity measurements
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We have investigated charge dynamics in the static stripe ordered phase of La2−xSrxNiO4+␦ at lattice temperatures below the charge ordering transition, via optical conductivity measurements at low energies
共1 – 10 meV兲. The thermally activated dynamic response of the charge stripes is found to be characteristic of a
collective mode such as a pinned charge density wave. At incommensurate doping levels, the pinning energy
is reduced, owing to the presence of real-space defects in the stripe order, and a pronounced increase in the
oscillator strength is seen. The results provide compelling evidence for the existence of low-energy collective
modes of the charge stripes.
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The ordering of both charges and spins into striped phases
in doped nickelates and cuprates has been the subject of intense recent research, owing to possible links with high-Tc
superconductivity.1,2 While static stripe phases are thought to
limit electron motion and thus hinder superconductivity, dynamic stripe correlations3 could be present and play an important role in high-Tc materials.4,5 Collective spin dynamics
of these systems have been observed with characteristic energies in the meV range.6,7 However, to date, there have been
no measurements of collective charge dynamics in this energy range.
Evidence for the ordering of charges and spins in the layered nickelate La2−xSrxNiO4+␦ 共LSNO兲 into stripes has been
provided by electron,8 neutron,9,10 and x-ray11 scattering.
Macroscopic properties such as the specific heat capacity,
magnetization, and dc resistivity are also dramatically
changed by stripe formation.12–14 In addition, the optical conductivity exhibits a pseudogap with an energy 2⌬ in the
midinfrared15 that opens below the charge stripe ordering
temperature, and which is most pronounced at low temperatures. For Sr doping, this behavior has been observed for
commensurate14,15 and incommensurate16 charge stripes,
with 2⌬ = 0.25 eV and 2⌬ ⬃ 0.1 eV, respectively. A
pseudogap has additionally been observed for O doping,15,17
with 2⌬ ⬃ 0.1 eV. The underlying mechanism of pseudogap
formation remains contentious, however, being alternatively
assigned to charge density wave 共CDW兲 formation14 or to a
single-particle 共polaronic兲 transition in the midinfrared with
a Drude response at lower frequencies.15,17 The Drude model
predicts a peak in the conductivity at zero frequency, and is
valid for a noninteracting gas of delocalized charges.
The optical conductivity of a CDW, a quasi-onedimensional modulation of charge density, is dramatically
different from that of the Drude model. A broad singleparticle response exists above an energy gap 2⌬ 共created by
the Peierls transition兲, while a lower-energy collective mode
resides within the gap.18 Defect sites pin the phase of the
CDW, resulting in the collective mode having a peak conductivity at a finite energy ប0 substantially below 2⌬ 共for
weak pinning兲. Typically, 0 is in the gigahertz to terahertz
frequency range.18 Evidence for CDWs has been reported in
a variety of materials, including manganites19 and cuprates.20
1098-0121/2008/77共19兲/195114共4兲

Terahertz time-domain spectroscopy provides a direct
probe of the complex conductive response of a material21–23
and hence may be used to observe low-energy charge correlations. Specifically, the form of the frequency dependent
conductivity of a material such as LSNO provides evidence
about the existence and origin of charge correlation. We have
measured the complex conductive response of charge stripes
in LSNO over the terahertz frequency range, using timedomain spectroscopy. We find that the charge stripes exhibit
a collective mode consistent with pinned charge density
waves, rather than a delocalized 共Drude-like兲 response.
The charge stripe ordering in the ab plane of LSNO is
schematically illustrated in Fig. 1. When x = 0.333, the charge
stripes 共shaded regions, representing high charge density兲 are
commensurate with the square lattice of Ni sites, with period
3 in the a and b directions. Charge ordering is partly stabilized by regions of antiferromagnetic order between the
stripes. In contrast, at an incommensurate doping such as x
= 0.275, the charge stripes can be spaced with period 3 or 4,
as transmission electron micrographs indicate.24 This can
create kinks in the stripe, and larger interstripe gaps, respectively labeled A and B in Fig. 1. Increasing the lattice temperature is expected to enhance the density of these defects
for both incommensurate and commensurate dopings, until
static charge stripe order is destroyed above Tco. Charge

FIG. 1. 共Color online兲 Charge stripe structure in ab plane of
LSNO. At a commensurate doping level x = 0.333, the charge stripes
共colored bands兲 diagonally run across the NiO2 lattice 共solid lines兲,
and are separated by antiferromagnetic regions 共light areas兲. With
an incommensurate doping such as x = 0.275, kinks in the stripes
can appear 共A兲, and there can be regions with larger interchain
spacing 共B兲.
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stripe ordering is correlated over distances of ⬃70 unit cells
for x = 0.333, and ⬃40 unit cells for x = 0.275.25 On larger
length scales, there is no preference for either diagonal of the
square lattice, and macroscopic measurements therefore
yield properties averaged over the ab plane.
Here, we report on terahertz conductivity measurements
of commensurate 共x = 0.333兲 and incommensurate 共x
= 0.275兲 nickelate crystals. We chose to compare these compositions as the presence of defects in the charge stripes of
an incommensurate sample would necessarily correspond to
a modification of the collective dynamics relative to a commensurate one, and thus would be one indication of the presence of collective modes.
High quality single crystals of La2−xSrxNiO4+␦ with x
= 0.333 and x = 0.275 were grown by the floating-zone
method.26 The oxygen doping level was determined to be ␦
= 0.01– 0.02 for both crystals by thermogravimetric
analysis.13 Samples were cut, polished, and thinned in the c
direction before mounting in the variable-temperature insert
of a cryostat. The transmission of single-cycle pulses of terahertz radiation 共polarized in the ab plane兲 through the sample
was measured in a terahertz time-domain spectroscopy setup
similar to that described in Ref. 27. The time-domain measurement allowed the complex conductivity to be determined
without use of the Kramers–Kronig relations, and with a
high signal-to-noise ratio in comparison to incoherent techniques such as Fourier transform infrared spectroscopy. By
comparison to the reference pulse, the ab plane complex
dielectric function ⑀共兲 was determined27 over the frequency
range 0.2– 2.4 THz 共1 – 10 meV兲 at various sample temperatures. The complex conductivity  was then calculated from
共兲 = 共⑀共兲 − ⑀1兲⑀0 / i where ⑀1 = 81 is the dielectric constant above the lowest TO phonon mode. Here, ⑀1 was calculated from the oscillator strength of the lowest TO mode16
and the value of the measured real dielectric constant at low
frequency 共⑀s = 106兲.
The complex conductivity  of the commensurate charge
stripe system 共x = 0.333兲 is now discussed with reference to
Fig. 2. At a lattice temperature of 1.5 K, the real part of the
conductivity Re关兴 is minimal in the range 0 – 6 meV, while
the imaginary part Im关兴 is large, negative, and dispersive.
The dashed lines in Figs. 2共a兲 and 2共b兲 show the conductivity
of the 19 meV TO-phonon mode using the Drude–Lorentz
model with the parameters of Ref. 16. A low-frequency
shoulder to the phonon mode16 explains the discrepancy between the modeled and measured Re关兴.
As the lattice temperature T is increased, Re关兴 begins to
increase dramatically below 6 meV, as evidenced by the data
above T = 70 K. The observed rise in Re关兴 with photon energy at all temperatures is inconsistent with the Drude response of free charges, which predicts that Re关兴 is peaked
at zero frequency. In contrast to Re关兴, Im关兴 is almost invariant with temperature 关Fig. 2共b兲兴.
In Fig. 3共a兲, Re关共E兲兴 is plotted in the range T
= 1.5– 230 K. In the region defined by T ⬍ 120 K, E
⬍ 6 meV, the conductivity is minimal. However, close to
Tco = 240 K, the conductivity at low energies 共2 – 6 meV兲
rapidly increases. This correlation with Tco is illustrated by
Re关兴 at 5 meV in Fig. 3共b兲 共crosses兲, which diverges close
to Tco = 240 K.9
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FIG. 2. 共Color online兲 Low-energy conductivity  of commensurate LSNO 共x = 0.333兲. 共a兲 Re关兴 共solid lines兲 is minimal below
6 meV at low temperature, and increases at higher temperatures. 共b兲
Im关兴 共solid lines, offset vertically for clarity by −5 ⍀−1 cm−1 for
T = 130 K and −10 ⍀−1 cm−1 for T = 220 K兲 is not strongly temperature dependent. The dashed lines in 共a兲 and 共b兲 show the modeled 
of the lowest TO-phonon mode 共see text兲. The shaded areas in 共a兲
and 共c兲 show ⌬ = 共T兲 − 共T = 1.5 K兲, and demonstrate the presence of pinned charge density waves with a conductivity CDW 关Eq.
共1兲兴 shown by the dashed lines in 共c兲.

We identify the origin of the stripe conductivity at elevated temperatures by defining the thermally induced conductivity change ⌬共T兲 = 共T兲 − 共T = 1.5 K兲. In Fig. 2共a兲,
the shaded areas show the real part of ⌬共T兲. A peak in
Re关⌬兴 around 5 meV has a complementary zero crossing in
Im关⌬兴, as can be seen in Fig. 2共c兲. An excellent agreement
with experiment was obtained using

CDW共兲 =


 0⌫
2
i 0 − 2 − i⌫

共1兲

as the dashed lines in Fig. 2共c兲 indicate. This functional form
is that of a CDW pinned by lattice defects18 with a pinning
energy ប0. In this expression, the oscillator strength is
0⌫ = ne2 / m*, where n is the charge density, e is the electron
charge, and m* is the carrier effective mass. ⌫ is the damping
rate of the oscillation. The values obtained from the fit were
0 = 1.3 ⍀−1 cm−1, ⌫ = 7 ⫻ 1012 s−1, and ប0 = 5.4 meV.
CDWs have been reported in the manganites19 with comparable pinning energies and damping rates. In our case, the
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FIG. 3. 共Color online兲 Evolution of the conductivity with temperature. 共a兲 The real part of the conductivity for x = 0.333 at temperatures 1.5 K - 230 K. 共b兲 Re关⌬兴 at E = 5 meV 共crosses兲 can be
seen to rapidly increase as the charge ordering temperature Tco
= 240 K is approached. The dashed line is a fit to the temperature
dependence of Re关⌬兴 at high temperature using Eq. 共2兲, while the
solid line has two such terms, as described in the text. For x
= 0.275, Re关⌬共E = 5 meV, T兲兴 共points兲 is substantially higher than
that for x = 0.333, and Ea = 4.8 meV.

oscillator strength of the collective mode 共with peak conductivity ⬃5 ⍀−1 cm−1兲 is much smaller than that of singleparticle excitations 共⬃600 ⍀−1 cm−1兲,14 which indicates that
the effective mass of the collective mode is large.18
Although the resonant lineshape in Eq. 共1兲 is also characteristic of a number of quasiparticles, including surface
plasmons,23 excitons,28 and TO phonons,27 these can be ruled
out for the following reasons. Interactions with surface plasmons 共0 = plasmon frequency兲 can be eliminated as the conductivity measurement was of a bulk sample, with no nearfield coupling. While transitions between localized chargetransfer exciton states are present in LSNO,29 resonances lie
at ⬃4 eV, far above the meV energy range. The observed
resonant line shape at 5.4 meV cannot result from the lowest
TO-phonon mode at 19 meV,14 since Im关兴 关Fig. 2共b兲兴,
which is strongly sensitive to the phonon line shape, is essentially independent of T.
Intriguingly, the oscillator strength of the collective mode
rapidly increases close to Tco, as indicated for Re关⌬兴 at T
= 190 K in Fig. 2共a兲 and by the increase in Re关⌬兴 with T in
Fig. 3共b兲. In Ref. 30, the change in n共T兲 / m*共T兲 for a charge
density wave was calculated using a mean field approach
including impurity scattering, and was found to rapidly increase toward the Peierls transition temperature. This change
may be interpreted as a decrease in the effective mass m*
= ប2关d2E共k兲 / dk2兴−1: As the Peierls gap closes, the curvature
of the electronic bands E共k兲 is enhanced.
A useful way to evaluate charge transport mechanisms is
to compare the temperature dependence of the conductivity
with the thermally activated form
⌬共T兲 = Ae−Ea/kBT .

共2兲

In Fig. 3共b兲, the experimental temperature dependence of
Re关⌬兴 at a photon energy of 5 meV is shown as an Arrhenius plot 共crosses兲. Two linear regions can be seen, indicating
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FIG. 4. 共Color online兲 Low-energy conductivity of incommensurate LSNO 共x = 0.275兲. 共a兲 At 1.5 K, Re关兴 for x = 0.275 共lower
solid line兲 is substantially larger than for x = 0.33 共dash-dotted line兲.
The charge density wave response Re关CDW兴 共dashed line兲 again
agrees with the experimental Re关⌬兴 共shaded area兲, but at a lower
pinning energy ប0 = 3.9 meV. The temperature dependence of
Re关兴 is shown in 共b兲.

that two different activation energies are present. The experimental data can be modeled using the sum of two terms of
the form of Eq. 共2兲, with fit parameters Ea = 15 meV, A
= 6 ⍀−1 cm−1 and Ea = 140 meV, A = 15 000 ⍀−1 cm−1 共solid
line兲. The high activation energy mode is consistent with the
presence of a midinfrared optical gap,14–16 and dominates at
high temperatures. Therefore, we conclude that the collective
mode that we observe near 5 meV for 70⬍ T ⬍ 180 K is superimposed on the low-energy tail of the higher-energy midinfrared optical gap, which obscures the CDW-like response
at higher temperatures.
The analysis presented earlier has provided evidence for
the collective motion of charge stripes 关Fig. 2, Eq. 共1兲兴. To
investigate this further, we have measured the conductivity
of LSNO at incommensurate doping levels. In Fig. 4共a兲,
Re关兴 is shown for x = 0.275 共solid lines兲. At T = 1.5 K, the
conductivity again exhibits a non-Drude frequency dependence, and is substantially higher than that for x = 0.333
共dash-dotted line兲 over the measured range 1 – 6 meV. The
enhanced conductivity of incommensurate LSNO correlates
with the disruption of charge stripe ordering seen in neutron
scattering measurements9,10 and schematically illustrated in
Fig. 1. No pseudogap in the conductivity is observed, indicating that a dynamic response of the charge stripes exists
even at T = 1.5 K. At enhanced lattice temperatures, the real
part of the conductivity again increases, as illustrated in Fig.
4共b兲 and by the points in Fig. 3共b兲. Calculating ⌬ for x
= 0.275 allowed the thermally activated response to be identified, in the same way as for x = 0.333. As for commensurate
doping, a CDW response 关Eq. 共1兲兴 gives good agreement
with the experimental ⌬ at T = 60 K, indicated by the
dashed line and shaded area in Fig. 4共a兲. However, in this
case, the pinning energy ប0 = 3.9 meV is lower than that
found for x = 0.333. This result can be explained by the presence at incommensurate doping levels of kinks and discommensurations, which disrupt charge stripe ordering 共Fig. 1兲,
and would be expected to reduce the pinning energy. The
other fit parameters were 0 = 2.3 ⍀−1 cm−1 and ⌫ = 4
⫻ 1012 s−1. The oscillator strength of the thermally activated
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response for x = 0.275 at T = 60 K is comparable to that of x
= 0.333 at T = 130 K, a finding consistent with the lower pinning energy. In addition, the activation energy for incommensurate LSNO is reduced: The solid blue line in Fig. 3
was obtained using Eq. 共2兲 with Ea = 4.8 meV.
Whereas the dynamics of spins in stripe-ordered nickelates has been studied in detail,7 the present results represent the first clear evidence for collective charge dynamics.
Here, we have reported that charge stripes in commensurate
LSNO 共x = 0.333兲 have a thermally activated collective mode
at 5.4 meV, while at an incommensurate doping level 共x
= 0.275兲 the mode is at 3.9 meV. Correspondingly, the conductivity at incommensurate doping is higher, and the activation energy of the conductivity lower, than in the commensurate case. Whereas many CDWs are purely one
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