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Signature of stripes in the optical conductivity of La2NiO4.11
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The temperature dependence of the infrared reflectivity spectra of a single crystal of La2NiO41d , with an
oxygen excessd50.11, is analyzed by both Kramers-Kronig analysis and an attempt to fit with optical
conductivity models for the polarization within the basal plane. This oxygen excess corresponds to a compo-
sition of the phase diagram where stripe formation has been reported by other methods. In particular, highly
anomalous low-frequency tails of incompletely screened phonon responses are suspected to be the signature of
static charge stripes, treated here as multipolarons. By comparison with the positions of extra peaks and with
the dispersion curve of phonons, a charge-order wave vectorQ has been determined. More generally, the
analysis allows us to discriminate trapped and mobile charge carriers. A change of regime from mobile to
trapped polarons upon cooling is evidenced. Two thresholds in the temperature dependence of relevant param-
eters and/or data are evidenced for this sample. One is assigned to charge ordering and the other confirms the
onset of combined charge and spin order reported at low temperature by other methods.
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INTRODUCTION

Many recent observations in doped copper,1 nickel,2 or
manganese3 oxide compounds derived from the prototyp
perovskite structure suggest that the minimization of the
ergy of the system is accommodated by a combined orde
holes and spins. The system reaches an energy state d
shifted by hole segregation4–8 and, therefore, becomes he
erogeneous. As a result, a stripe ordering has b
proposed:9,10 it consists of a segregation of charges in d
mains walls which separate periodically nondoped antife
magnetic~AF! domains with a period related to the carri
density. This stripe order has been shown to be a cur
phenomenon in the cuprates1,11–13and nickelates.2,6,14–18As
a result the system is incommensurate or commensurate
pending on the wave vector characterizing the stripe st
ture. Since this ‘‘phase separation’’ allows the coexistence
superconductivity and of long-range ordered AF domains
may play a key role in the mechanism of HTSC itself
discarding the puzzling problem of pair breaking. More ge
erally, these stripe phases raise several questions about
formation. The first experimental observation of unus
magnetic correlation in the nickelates was realized by H
den et al.17 by neutron diffraction on the La22xSrxNiO3.96
crystal. The existence of a hole order in La22xSrxNiO4 was
confirmed by electron-diffraction2 and transport measure
ments.19 Here we report spectroscopic observations in ov
stoichiometric La2NiO41d , with d50.11, that belong to a
stripe phase which has been the object of few reports.20,21

The analysis of infrared reflectivity for the polarizatio
within the basal plane shows the unambiguous signatur
the folding of the incommensurate wave vector at
Brillouin-zone center. These observations confirm and co
plete a recent study where one phonon made active
Brillouin-zone folding was shown to interfere in the Fan
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sense with the electronic continuum of the charges withi
stripe.

As for prototypic cuprate discovered by Berdnorz a
Müller,22 the symmetry of the La2NiO4 structure is tetragona
I4/mmm. It consists of a successive stacking ofBO2 layers
and A2O2 block layers of the NaCl type. This compoun
which is a two-dimensional antiferromagnet, may be h
doped by two methods: divalent cation-doping onto the
site or insertion of additional oxygen atoms (Oi) between
LaO layers.23,24Doping contributes to the relaxation of stru
tural strains,25,26and confers electronic and magnetic prop
ties to the materials. Their understanding, to the best of
knowledge, does not yet give rise to a consensus, in spit
an enormous effort during the last decade. In t
La2MO41d (M5Cu, Ni) system, stable phases with highd
exist because the arrangement of interstitial oxygen at s
or long distance allows different possibilities of tilting fo
MO6 octahedra. Different crystal structures with we
defined phases were observed depending on the doping l
Structures showing oxygen excess ordering in La2NiO41d
were identified by several groups.4,5 Odier et al. proposed
the T-d phase diagram summarized in Fig. 1~Ref. 20!. Due
to hole injection in the AF matrix, La2NiO41d shows incom-
mensurate phases depending on their concentration,
commensurate systems for specific concentrations.
La2NiO41d with d50.131, 0.135, and 0.141, the charge o
dering proceeds gradually upon cooling without any ph
transition,27 contrary to La0.5Sr1.5MnO4 ~Refs. 28 and 29!
compound, for example. The stripe order in La2NiO41d is
incommensurate, with a wave vector depending
temperature.6,18 The magnetic modulation parameter also d
pends on the hole concentration (nh5x12d).30 The total
length of the domain walls is proportional to the hole ra
d;1/d, d being the distance separating the domain wa
The correlation length in the plane increases with thenh
©2002 The American Physical Society03-1
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FIG. 1. Proposed structura
phase diagram for La2NiO41d

~Ref. 20!.
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doping in the Sr-doped crystal. The extrapolation indicate
maximal correlation length fornh50.25, what correspond
to d50.133 for oxygen doping, close to the limit of cros
over of the commensurate phase to the incommensu
stripe order. The domain walls may be centered on the
atom lines~stripes centered on the sites! or on the lines of
oxygen atoms~stripes centered on the bonds!. For a domain
wall centered on the oxygen bonds, a configuration whe
resulting magnetic moment is nonzero is high
suggested.31,32 Recently, it was shown that nickelates33 may
be in a mixed state of both stripe phases, the Ni-cente
stripe phase being favored when the temperature decre
and with a higher electron-phonon coupling constant. For
La2NiO4.133 compound, a charge order atT<220 K with a
magnetic modulation parameter equal to1

3, and a magnetic
order at Tm5110.5 K has been evidenced by neutr
diffraction.34 The modulation vector direction indicates th
the stripes are along the@110# direction in the NiO2 plane,
contrary to the@100# direction in cuprates. Incommensurab
ity in La2NiO41d assumes a wave vectorQ varying with
both doping and temperature.6,18 Many neutron studies
showed clear evidence of the existence of stripes by the p
ence of additional diffraction peaks below the charg
ordering temperatureTco. These stripes lower the crysta
symmetry and activate extra lines in the infrared spec
Recently Katsufujiet al.14 observed, in La22xSrxNiO4 com-
pounds, the signature of a charge order at 240 K in the
tical conductivity via the splitting of an optic phononEu
located at 354 cm21 ~the bending mode of the Ni-O octahe
dron!, assigned to a reduction of the crystal symmetry. Th
results were confirmed in Ref. 35 by phonon Raman sca
ing. The observed dependence on temperature confirms
the spin ordering is driven by charge ordering and that fl
tuating stripes persist above the ordering transition. In
same compound, Yamamotoet al.36 showed, by Raman sca
tering, the appearance of phonons inA1g symmetry below
Tco attributed to the lattice distortion associated with cha
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ordering. More recent infrared and Raman investigation37

showed the extra phonon peaks induced by stripe orde
conductivity spectra. One peak even presents a strong F
antiresonance attributed to electron-phonon coupling. Th
results indicate that stripe ordering strongly affects the e
tronic response of the compound, and is associated with c
ducting character of stripes.

Unlike isostructural La2CuO4, lanthanum nickelate re
mains insulating at low temperature up to high doping leve
As a result, and again contrary to cuprates, no Drude
Drude-like profile screens the phonons at low temperatur
infrared reflection spectra. It was often suggested38 that the
principal difference between cuprates and nickelates is
larger electron-phonon coupling in nickelates. Even if the
compounds are electrical conductors at room tempera
and above, their low ratio carrier concentration over effect
mass does not rank them as conventional metals. The s
conclusion comes from the temperature dependence of
resistivity, which increases upon cooling, at-least if, for t
definition of the metal, one adopts an electronic concen
tion that shifts the plasma edge up to the ultraviolet regi
thus allowing the metal to display a typical ‘‘metallic-type
reflectivity in the visible spectrum. Conversely, all of the
conducting oxides are black, meaning that charge carr
absorb radiation but are not numerous enough to oscillat
a plasmon mode to reflect radiation. Here the equivalen
the plasma edge stays in the near infrared. Another key p
that causes a decisive difference from conventional meta
the incomplete screening. In metals, the charge carriers
not interact with each other. Electrostatic interactions
completely screened. The screening is usually expressed
term that exponentially lowers the electrostatic interact
potential vs distance, parametrized via the Thomas-Fe
wave vector. As a result, phonons are also screened in
ventional metals. The situation appears entirely different
conducting oxides. Charge carriers do interact and po
phonons are incompletely screened. As a result, the pola
3-2
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FIG. 2. Infrared reflectivity
spectrum at 300 K obtained for o
a ~a,b! plane withd50.11.
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concept is expected to replace the conventional metal c
cept. The observed band in midinfrared in oxide conduct
and HTSC, may be attributed, therefore, to a pola
signature.39–44 In this framework, a stripe may be viewed a
a chain of polarons.

The temperature dependence of infrared reflectivity i
La2NiO4.11 single crystal will be reported here. We will a
tempt to fit the reflectivity with a model allowing us to dis
criminate between itinerant and trapped polarons. Data
be analyzed in terms of optical conductivity and by compa
son with results available with the same method on pa
samples with different oxygen dopings. Anomalies will
searched close to 150 K, where a charge order phenom
is expected as reported elsewhere in the same sampl
other methods.21 Phonon anomalies are also expected, as
signature of this dynamic-static transition.
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RESULTS AND DISCUSSION

Single crystals were prepared by the melting zo
technique.45 They were cut into slices oriented by the Lau¨e
method. The~a,b! plane was then polished optically with Si
disks and a suspension of 1-mm diamond powder for final
polishing. In order to obtain the expected oxygen exces
these materials, an annealing at 300–400 °C for sev
hours under a 80%Ar120%H2 atmosphere is used with
reference crystal sample. Their oxygen excessd was deduced
from a TGA analysis of the reference crystal sample by m
suring the weight variation in a total reduction under
95%Ar15%H2 atmosphere. We have studied a La2NiO41d
single crystal withd50.11 by infrared reflectivity between 4
and 290 K, from 20 to 7000 cm21, with the electric field of
the electromagnetic radiation parallel to the~a,b! plane. The
0

-

FIG. 3. Reflectivity spectra for
temperatures ranging between 29
and 4 K, obtained for an electric
field of the infrared radiation
within an a-b plane for the
sample withd50.11. Inset: data
between 2000 and 5000
cm21.*Jumps due to the connec
tion between experimental data.
3-3
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FIG. 4. Experimental data and
best data fit at 290 and 4 K;~a,b!
plane;d50.11.
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reflectivity spectra have been obtained with a Fourier tra
form infrared spectrometer BRUKER IFS 113. Spectra ha
been fitted with the dielectric function model

«̃~v!5«`F)
j

V j LO
2 2v21 ig j LOv

V j TO
2 2v21 ig j TOv

2
VP

2 1 i ~gP2g0!v

v~v2 ig0! G .

~1!

Attempts to fit with more conventional models summi
over Lorentzian oscillators and conventional Drude mod
indeed failed. As we will see later, several peaks show as
metric profiles which may be described correctly, at leas
some extent, with the model above. Typical experimen
data at room temperature are shown in Fig. 2. At high f
quency, the level of reflectivity is comparable with that
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s-
e

ls
-

o
l
-

published works on nickelate44,46 and cuprate39,40,47 com-
pounds, with a high frequency dielectric constant«` varying
from 3.2 to 3.5 in the present compound depending on te
perature. Actually, if present«`’s are similar to the value
found in current cuprates@«`53.6 for the ~a,b! plane of
YBa2Cu3O7, for example#,48 it is found to be lower than tha
of nickelate compounds already published~4.5–5! by two of
the authors.46 Neither of the previous studies focused on t
specific composition studied here, however. To our kno
edge, this is the first indication of the uncommon behavior
the studied composition, as will be discussed below. L
reflectivity levels in the range 0.5–1.2 eV were also obser
in overstoichiometric La2CuO41d .49 Here the difference be
tween the value«`53.2– 3.5 and the value 4.5–5 of nick
elates of different stoichiometry is sufficiently large to e
FIG. 5. Optical conductivity
obtained by a Kramers-Kronig
analysis of the reflectivity data.
3-4
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FIG. 6. Plasmon contribution
to the real part of the spectral con
ductivity with the temperature.
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clude the usual error sources of absolute reflectiv
measurements:~i! a geometric misalignment would lead to
zero-frequency limit of the reflectivity strongly differen
from 1 in the conducting regime~see Fig. 4 at 290 K!, and
~ii ! losses due to diffuse reflectance on a rough surface
not induce such a difference in the spectral range 20–3
cm21 covered in the fitting process: the surface would app
rough to the eye. This was not the case, and the procedu
polishing and measurements was similar to previous rep
in the same group, particularly on insulating materials wh
the flat reflectivity level expected in the transparency ran
above phonons is a good probe of the quality of the polish
procedure. The low reflectivity at high energy appears, the
fore, intrinsic to this compound. Nevertheless, note that
main conclusions of the paper, i.e., especially all tempera
dependences, would not be changed~expect«` , of course! if
one would decide to artificially increase the high-frequen
reflectivity up to a factor of 2. The dependence of the sp
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tral reflectivity on temperature is shown in Fig. 3. The optic
conductivity s(v) is then deduced from the dielectric re
sponse«(v) via

«̃~v!512
i s̃~v!

«vv
, ~2!

with «v the vacuum dielectric permittivity. The model of Eq
~1! allows us to discriminate local oscillators like phonons
trapped polarons via the first term, while the second, inh
ited from the Drude model, describes the mobile charge
riers. The ‘‘double-damping’’ second term allows a good
of spectra of all oxide conductors investigated up
now,43–44,48,50–52 whereas the conventional Drude mod
(gP5g0) systematically failed. However, the model is u
able to fit the low-temperature data of the present serie
measurements, as shown in Fig. 4. Actually the model fits
data well above 160 K but for spectra below this temperat
t-
f
s

FIG. 7. Plasma frequency
squared vs temperature. The do
ted lines indicate the changes o
the regime. Selected contribution
to the integrated intensity.
3-5
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FIG. 8. Temperature depen
dence of the spectral weight of th
phonons.
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no acceptable fit can be achieved.53 The origin of the dis-
agreement appears straightforward. The peaks are
asymmetric, with a shoulder in the low-frequency tail. T
optical conductivitys(v) obtained from Kramers-Kronig in
version is shown in Fig. 5. The model of Eq.~1! allows us to
discriminate different contributions of the optical conduct
ity: a midinfrared band, phonons, and mobile charge carri
The plasmon contribution@the second term on the right-han
side of Eq.~1!# of the real part of the spectral conductivi
spl(v) ~see Fig. 6!, which decreases with temperature, es
cially when the frequency approaches zero, indicates tha
compound becomes insulator with the localization of char
at a temperature close to 160 K. Integration of the plasm
contribution to the real part of the spectral conductivity, a
the square plasma frequencyVp

2 vs temperature, are plotte
in Fig. 7. This last quantity is expected—within a Drud
description—to scale with the spectral weight of mob
charge carriers. Three regimes are shown. The first anom
09450
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close to 160 K, is attributed to a localization of charg
and/or to itinerant polarons becoming trapped; the sec
anomaly is attributed to a combined charge and spin or
An anomaly at 60 K in the integrated plasmon conductiv
is observed. The temperature dependence of the spe
weight in the phonon region is shown in Fig. 8. The increa
of additional intensity with decreasing temperature is t
large to be assigned to the normal temperature dependen
phonons. At 60 K, an anomaly shows up, and can be c
nected with what is observed in the integrated conductiv
Figure 9 indeed does not show any tendency at phonon m
softening. The present spectrum~Fig. 4! resembles others
already reported by the Calvani group concerning cupr
single crystals at low temperature.39,47,57 They were inter-
preted in terms of additional spectral weight assigned
charges bound to the lattice via a polaronic coupling. T
phenomenon is unambiguously confirmed in our series
spectra. In addition, our fitting procedure allows us to d
-
-

FIG. 9. Temperature depen
dence of LO- and TO-phonon fre
quencies.
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FIG. 10. Selected TO and LO
dampings vs temperature. Th
dotted line indicates the cutoff o
change of regime.
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criminate several tendencies and regimes.
~i! A Drude-like component in the conductivity is ob

served in the temperature range from 300 K down to 180
Its contribution to the spectral weight decreases upon c
ing. By ‘‘Drude-like’’ we mean a conductivity that increase
upon decreasing frequency yielding a zero-frequen
centered broad peak. In the temperature range from 16
down to 62 K, the static conductivity is nonzero but de
nitely non-Drude-like in that the conductivity decreases up
decreasing frequency. Below 50 K, the conductivity extra
lates to negligible value at zero frequency.

~ii ! Additional contributions appearing as low-frequen
shoulders of the phonon peaks are observed at room
perature. Their intensity grows upon cooling to become
large that Eq.~1! becomes unable to fit the data below 160

~iii ! A broad midinfrared band is confirmed.
In the literature, the relative decrease of spectral weigh

low frequency with respect to an expected Drude-like
09450
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sponse is often assigned to a charge pseudogap. This m
was widely discussed for thec-axis polarization of under-
doped cuprates~see a recent discussion in Ref. 54 and ref
ences therein, for example!. The discussion about th
pseudo-gap has been extended to the~a,b! plane.55–57 The
opening of a gap in the conductivity upon cooling appe
compatible with our observations. However, should the n
Drude-like behavior be treated as a lack of response in
optical conductivity ~or in the scattering rate! within a
pseudogap picture description, as proposed by many
thors? Or should we consider that the mobile charge-car
response varies continuously from Drude-like at room te
perature to incoherent scattering at low temperature~a
roughly flat response! plus midinfrared bands and far
infrared additional response assigned to trapped polaro
Actually, the answer might be a delicate balance of seve
contributions, as suggested by ‘‘atypical’’ behaviors exemp
fied initially in a La2CuO4.06 single crystal,49 and confirmed
t
e
-

FIG. 11. Optical conductivity
obtained by a Kramers-Kronig
analysis of the reflectivity data a
4 K. The dashed lines indicate th
positions in frequency of shoul
ders.
3-7
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lately,56,57 in all cases for the~a,b! plane as in the presen
study. In those examples, the optical conductivity becom
more Drude-like at low temperature with the onset of a c
tral peak, than at room temperature where a ‘‘pseudog
develops in the conductivity. The very asymmetric phon
~or pseudophonon! lines observed here at low temperatu
are very uncommon. They were definitely observed in
Calvani group reports, but not in many other investigatio
of other compounds of the nickelate and cuprate famili
neither by us nor by others. In particular, the authors of R
44 were able to fit the temperature dependence of Pr2NiO4.22
with the model of Eq.~1! without any problem, meaning tha
anomalies in the phonon region are not observed for
composition. They interpreted the midinfrared band as a
laron signature. Preliminary studies showed that the ph
diagram of lanthanum nickelate is close to that of praseo
mium compound. Inspection of the phase diagram58 shows
that the Pr2NiO41d compound withd50.22 lies outside the
composition range where stripes are observed, whereas
compound withd50.11 studied here lies inside. It is ther
fore tempting to assign the very unusual shoulders obse
here in the low-frequency tails of phonon bands not only
polaronic effects, as previously suggested in Refs. 47,
and 57, but more specifically to a peculiar arrangemen
charges bounded to the lattice in the form of a multipolaro
stripe. In addition, since this additional spectral weight do

FIG. 12. Comparison of extra peaks positions observed in c
ductivity spectra~squares! with highest phonon branches along~j,
j, 0! measured for La2NiO4 from Ref. 59.
S
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not contribute to the zero-frequency conductivity~which is
negligible!, we may suggest the signature of static char
stripes. On the other hand, the midinfrared bump that is
served in many oxide conductors, inside and outside
stripe phases, is assigned to isolated trapped polarons.

Figure 10 displays the temperature dependence of
phonon dampings. Again a change of regime is obser
near 90 K. Damping reflects complicated interactions,
cluding phonon-phonon and phonon-electron interactio
Taking into account the combined spin and charge orders
occurs below 90 K, the question of the possible further
teractions of phonons with spins is raised. The strong c
pling between transport and magnetic properties was alre
addressed in Ref. 21.

We come back to the very unusual asymmetric shape
peaks at 4 K. In our opinion, the most original results of th
work is displayed in Fig. 11. To find the origin of the shou
ders, we have attempted to fold the phonon dispersion cu
obtained on a La2NiO4 single crystal by two of the presen
authors.59 All the additional small peaks forming the shou
ders almost exactly fit the folding at wave vector Q50.285
60.015 propagating in the (110) direction, as seen in Fig.
12. Such aQ value is incommensurate with the lattice. Th
magnitude of peaks resulting from such a folding infers t
stripes. Shoulders were suggested~in particular by the Fano
antiresonance! but hardly seen in the report of Ref. 37. Th
Q value found here is consistent with the electronic conc
tration deduced from oxygen overstoichiometry.16 The fea-
ture at 575 cm21 in Fig. 11 appears as a hole instead of
peak. This is the same mode that gave rise to large F
antiresonance in Ref. 37: it infers the conducting characte
the stripes and, therefore, the irrelevance of the lo
frequency charge gap.

CONCLUSION

We have studied the anomalous behavior of lanthan
nickelate for a hole concentration belonging to a phase
which other characterizations suggest the existence
stripes. We confirm two anomalies which are attributed to
change of regime from mobile to trapped polarons up
cooling, and to isolated polarons to multipolarons~static
stripes!, confirming the combined charge and spin order
ported at low temperature by other methods. We have a
lyzed the many additional small peaks observed in the o
cal conductivity measured at 4 K in terms of folding of the
incommensurateQ5(0.285,0.285,0) wave vector at th
zone center. More systematic studies of the optical cond
tivity versus oxygen excess in nickelates are highly desira
to exploit the amazing phenomenon reported and analy
here, that appears as an almost direct additional way to c
acterize stripes.
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