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The temperature dependence of the infrared reflectivity spectra of a single crystgNiOLas, with an
oxygen exces®=0.11, 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 vé&gthas 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.

DOI: 10.1103/PhysRevB.65.094503 PACS nuntger74.25.Gz, 71.38-k
INTRODUCTION sense with the electronic continuum of the charges within a
stripe.
Many recent observations in doped copbeickel? or As for prototypic cuprate discovered by Berdnorz and

manganeseoxide compounds derived from the prototypic Miiller,?? the symmetry of the LiNiO, structure is tetragonal
perovskite structure suggest that the minimization of the enk4/mmm It consists of a successive stackingBiD, layers
ergy of the system is accommodated by a combined order gind A,O, block layers of the NaCl type. This compound,
holes and spins. The system reaches an energy state dowhich is a two-dimensional antiferromagnet, may be hole
shifted by hole segregatiéff and, therefore, becomes het- doped by two methods: divalent cation-doping onto the La
erogeneous. As a result, a stripe ordering has beesite or insertion of additional oxygen atoms ;] etween
proposed*? it consists of a segregation of charges in do-LaO layers>>?* Doping contributes to the relaxation of struc-
mains walls which separate periodically nondoped antiferrotural strains>?®and confers electronic and magnetic proper-
magnetic(AF) domains with a period related to the carrier ties to the materials. Their understanding, to the best of our
density. This stripe order has been shown to be a currerknowledge, does not yet give rise to a consensus, in spite of
phenomenon in the cupratéd—*3and nickelateé®4-*¥As  an enormous effort during the last decade. In the
a result the system is incommensurate or commensurate dea,M O, 5 (M =Cu, Ni) system, stable phases with high
pending on the wave vector characterizing the stripe strucexist because the arrangement of interstitial oxygen at short
ture. Since this “phase separation” allows the coexistence obr long distance allows different possibilities of tilting for
superconductivity and of long-range ordered AF domains, iMOg octahedra. Different crystal structures with well-
may play a key role in the mechanism of HTSC itself by defined phases were observed depending on the doping level.
discarding the puzzling problem of pair breaking. More gen-Structures showing oxygen excess ordering inNi@,. s
erally, these stripe phases raise several questions about theiere identified by several groufs.Odier et al. proposed
formation. The first experimental observation of unusualthe T-8 phase diagram summarized in Fig(Ref. 20. Due
magnetic correlation in the nickelates was realized by Hayto hole injection in the AF matrix, L&iO,, s shows incom-
den et all’ by neutron diffraction on the La,SiNiOzqs mensurate phases depending on their concentration, and
crystal. The existence of a hole order in,LaSr,NiO, was commensurate systems for specific concentrations. In
confirmed by electron-diffractidnand transport measure- La,NiO,, s with §=0.131, 0.135, and 0.141, the charge or-
ments'® Here we report spectroscopic observations in overdering proceeds gradually upon cooling without any phase
stoichiometric LaNiO,. 5, with 6=0.11, that belong to a transition?’ contrary to LgsSr; MnO, (Refs. 28 and 29
stripe phase which has been the object of few reg8its. compound, for example. The stripe order in,N&,_ 5 is

The analysis of infrared reflectivity for the polarization incommensurate, with a wave vector depending on
within the basal plane shows the unambiguous signature démperaturé:'® The magnetic modulation parameter also de-
the folding of the incommensurate wave vector at thepends on the hole concentration,&x+26).%° The total
Brillouin-zone center. These observations confirm and comlength of the domain walls is proportional to the hole rate
plete a recent study where one phonon made active by~1/d, d being the distance separating the domain walls.
Brillouin-zone folding was shown to interfere in the Fano The correlation length in the plane increases with the
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doping in the Sr-doped crystal. The extrapolation indicates ardering. More recent infrared and Raman investigafibns
maximal correlation length fon,=0.25, what corresponds showed the extra phonon peaks induced by stripe order in
to 6=0.133 for oxygen doping, close to the limit of cross- conductivity spectra. One peak even presents a strong Fano
over of the commensurate phase to the incommensura@ntiresonance attributed to electron-phonon coupling. These
stripe order. The domain walls may be centered on the Niresults indicate that stripe ordering strongly affects the elec-
atom lines(stripes centered on the sijesr on the lines of  tronic response of the compound, and is associated with con-
oxygen atomgstripes centered on the bondBor a domain  ducting character of stripes.

wall centered on the oxygen bonds, a configuration where a Unlike isostructural LgCuQ,, lanthanum nickelate re-
resulting magnetic moment is nonzero is highly mains insulating at low temperature up to high doping levels.
suggested*? Recently, it was shown that nickelatdsnay ~ As a result, and again contrary to cuprates, no Drude or
be in a mixed state of both stripe phases, the Ni-centereDrude-like profile screens the phonons at low temperature in
stripe phase being favored when the temperature decreasesrared reflection spectra. It was often sugge&tedat the

and with a higher electron-phonon coupling constant. For th@rincipal difference between cuprates and nickelates is the
La,NiO,4 ;33 compound, a charge order @t<220K with a  larger electron-phonon coupling in nickelates. Even if these
magnetic modulation parameter equaljtoand a magnetic compounds are electrical conductors at room temperature
order at T,,=110.5K has been evidenced by neutronand above, their low ratio carrier concentration over effective
diffraction®* The modulation vector direction indicates that mass does not rank them as conventional metals. The same
the stripes are along tHé.10] direction in the NiQ plane, conclusion comes from the temperature dependence of the
contrary to th¢100] direction in cuprates. Incommensurabil- resistivity, which increases upon cooling, at-least if, for the
ity in La,NiO,4, 5 assumes a wave vect@ varying with  definition of the metal, one adopts an electronic concentra-
both doping and temperatuté® Many neutron studies tion that shifts the plasma edge up to the ultraviolet region,
showed clear evidence of the existence of stripes by the prethus allowing the metal to display a typical “metallic-type”
ence of additional diffraction peaks below the charge-reflectivity in the visible spectrum. Conversely, all of these
ordering temperaturd .,. These stripes lower the crystal conducting oxides are black, meaning that charge carriers
symmetry and activate extra lines in the infrared spectraabsorb radiation but are not numerous enough to oscillate as
Recently Katsufujiet al1* observed, in La_,Sr,NiO, com-  a plasmon mode to reflect radiation. Here the equivalent of
pounds, the signature of a charge order at 240 K in the opthe plasma edge stays in the near infrared. Another key point
tical conductivity via the splitting of an optic phondg, that causes a decisive difference from conventional metal is
located at 354 cmt' (the bending mode of the Ni-O octahe- the incomplete screening. In metals, the charge carriers do
dron), assigned to a reduction of the crystal symmetry. Thes@ot interact with each other. Electrostatic interactions are
results were confirmed in Ref. 35 by phonon Raman scatteicompletely screened. The screening is usually expressed by a
ing. The observed dependence on temperature confirms thirm that exponentially lowers the electrostatic interaction
the spin ordering is driven by charge ordering and that flucpotential vs distance, parametrized via the Thomas-Fermi
tuating stripes persist above the ordering transition. In thavave vector. As a result, phonons are also screened in con-
same compound, Yamamogo al > showed, by Raman scat- ventional metals. The situation appears entirely different in
tering, the appearance of phononsAg, symmetry below conducting oxides. Charge carriers do interact and polar
T, attributed to the lattice distortion associated with chargephonons are incompletely screened. As a result, the polaron

094503-2



SIGNATURE OF STRIPES IN THE OPTICA. .. PHYSICAL REVIEW B 65 094503

1.0
0.9 {
T=290K
0.8

0.7 1

0.6 -

03
0.5 1

reflectivity

ol S FIG. 2. Infrared reflectivity

0.1 ] spectrum at 300 K obtained for on

0.4
a (a,b) plane with5=0.11.

0,0

2000 3000 4000 5000

0.3 1

0.2

0.1

0.0 ; .
0 500 1000 1500 2000

frequency (cm™)

concept is expected to replace the conventional metal con- RESULTS AND DISCUSSION
cept. The observed band in midinfrared in oxide conductors

and HTSC, may be attributed, therefore, to a polaron Siqgle450rystals were Prepa“?d by. the melting zone
signaturé®=*4In this framework, a stripe may be viewed as technique™ They were cut into slices oriented by the leau
a chain of polarons. method. Thda,b) plane was then polished optically with SiC

The temperature dependence of infrared reflectivity in &1iSks and a suspension ofm diamond powder for final -
Lay,NiO, 1; single crystal will be reported here. We will at- polishing. In _order to obtain _the expected oxygen excess in
tempt to fit the reflectivity with a model allowing us to dis- these materials, an annealing at 300-400°C for several
criminate between itinerant and trapped polarons. Data wilhours under a 80%Ar20%H, atmosphere is used with a
be analyzed in terms of optical conductivity and by compari-reference crystal sample. Their oxygen excgesms deduced
son with results available with the same method on parerfrom a TGA analysis of the reference crystal sample by mea-
samples with different oxygen dopings. Anomalies will besuring the weight variation in a total reduction under a
searched close to 150 K, where a charge order phenomen®%% Ar+5%H, atmosphere. We have studied a,NéD,, 5
is expected as reported elsewhere in the same sample Bingle crystal with6=0.11 by infrared reflectivity between 4
other methodé! Phonon anomalies are also expected, as thand 290 K, from 20 to 7000 cni, with the electric field of

signature of this dynamic-static transition. the electromagnetic radiation parallel to tfzeb) plane. The
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reflectivity spectra have been obtained with a Fourier transpublished works on nickelat&*® and cuprat®4%4’ com-
form infrared spectrometer BRUKER IFS 113. Spectra havepounds, with a high frequency dielectric constaptvarying

been fitted with the dielectric function model from 3.2 to 3.5 in the present compound depending on tem-
perature. Actually, if present.’s are similar to the value

_ H szLo—weriijow Q§,+i(yp—y0)w found in current cupratezz‘gs.x.=3.6 for the (a,b) plane of

E(w)=¢g, J_ szTo* 17,700 w(@—i70) YBa,Cu;0;, for exampld,*® it is found to be lower than that

(1) of nickelate compounds already publishddb—5 by two of
the authoré® Neither of the previous studies focused on the

Attempts to fit with more conventional models summing specific composition studied here, however. To our knowl-
over Lorentzian oscillators and conventional Drude model€dge, this is the first indication of the uncommon behavior of
indeed failed. As we will see later, several peaks show asynthe studied composition, as will be discussed below. Low
metric profiles which may be described correctly, at least tdg€flectivity levels in the range 0.5-1.2 eV were also observed
some extent, with the model above. Typical experimentaln overstoichiometric LgCuQ, . 5.%° Here the difference be-
data at room temperature are shown in Fig. 2. At high fretween the values,,=3.2-3.5 and the value 4.5-5 of nick-
guency, the level of reflectivity is comparable with that of elates of different stoichiometry is sufficiently large to ex-
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clude the usual error sources of absolute reflectivitytral reflectivity on temperature is shown in Fig. 3. The optical
measurementgi) a geometric misalignment would lead to a conductivity o(w) is then deduced from the dielectric re-
zero-frequency limit of the reflectivity strongly different sponses(w) via

from 1 in the conducting regimésee Fig. 4 at 290 K and

(i) losses due to diffuse reflectance on a rough surface can- _ io(w)

not induce such a difference in the spectral range 20—-3000 g(w)=1- cw @
cm™ ! covered in the fitting process: the surface would appear Y

rough to the eye. This was not the case, and the procedure wiith &, the vacuum dielectric permittivity. The model of Eq.
polishing and measurements was similar to previous reportél) allows us to discriminate local oscillators like phonons or
in the same group, particularly on insulating materials wherdarapped polarons via the first term, while the second, inher-
the flat reflectivity level expected in the transparency rangéted from the Drude model, describes the mobile charge car-
above phonons is a good probe of the quality of the polishingiers. The “double-damping” second term allows a good fit
procedure. The low reflectivity at high energy appears, thereef spectra of all oxide conductors investigated up to
fore, intrinsic to this compound. Nevertheless, note that theow*3-444850-52\yhereas the conventional Drude model
main conclusions of the paper, i.e., especially all temperaturéyp= y,) systematically failed. However, the model is un-
dependences, would not be chandexpects., , of course if able to fit the low-temperature data of the present series of
one would decide to artificially increase the high-frequencymeasurements, as shown in Fig. 4. Actually the model fits the
reflectivity up to a factor of 2. The dependence of the specdata well above 160 K but for spectra below this temperature
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no acceptable fit can be achievdThe origin of the dis- close to 160 K, is attributed to a localization of charges
agreement appears straightforward. The peaks are vemnd/or to itinerant polarons becoming trapped; the second
asymmetric, with a shoulder in the low-frequency tail. Theanomaly is attributed to a combined charge and spin order.
optical conductivityo(w) obtained from Kramers-Kronig in-  An anomaly at 60 K in the integrated plasmon conductivity
version is shown in Fig. 5. The model of EG) allows usto  js observed. The temperature dependence of the spectral
discriminate different contributions of the optical conductiv- weight in the phonon region is shown in Fig. 8. The increase
ity: a midinfrared band, phonons, and mobile charge carriersof additional intensity with decreasing temperature is too
The plasmon contributiofthe second term on the right-hand large to be assigned to the normal temperature dependence of
side of Eq.(1)] of the real part of the spectral conductivity phonons. At 60 K, an anomaly shows up, and can be con-
op(w) (see Fig. 6 which decreases with temperature, espenected with what is observed in the integrated conductivity.
cially when the frequency approaches zero, indicates that theigure 9 indeed does not show any tendency at phonon mode
compound becomes insulator with the localization of chargesoftening. The present spectruffig. 4) resembles others

at a temperature close to 160 K. Integration of the plasmomilready reported by the Calvani group concerning cuprate
contribution to the real part of the spectral conductivity, andsingle crystals at low temperatuie?’ %" They were inter-

the square plasma frequenﬂ)é vs temperature, are plotted preted in terms of additional spectral weight assigned to
in Fig. 7. This last quantity is expected—within a Drude charges bound to the lattice via a polaronic coupling. This
description—to scale with the spectral weight of mobile phenomenon is unambiguously confirmed in our series of
charge carriers. Three regimes are shown. The first anomalgpectra. In addition, our fitting procedure allows us to dis-
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criminate several tendencies and regimes. sponse is often assigned to a charge pseudogap. This model
(i) A Drude-like component in the conductivity is ob- was widely discussed for the-axis polarization of under-
served in the temperature range from 300 K down to 180 Kdoped cuprateésee a recent discussion in Ref. 54 and refer-
Its contribution to the spectral weight decreases upon coolences therein, for example The discussion about the
ing. By “Drude-like” we mean a conductivity that increases pseudo-gap has been extended to () plane®®~>’ The
upon decreasing frequency yielding a zero-frequencyepening of a gap in the conductivity upon cooling appears
centered broad peak. In the temperature range from 160 Kompatible with our observations. However, should the non-
down to 62 K, the static conductivity is nonzero but defi- Drude-like behavior be treated as a lack of response in the
nitely non-Drude-like in that the conductivity decreases uporpptical conductivity (or in the scattering rajewithin a
decreasing frequency. Below 50 K, the conductivity extrapopseudogap picture description, as proposed by many au-
lates to negligible value at zero frequency. thors? Or should we consider that the mobile charge-carrier
(ii) Additional contributions appearing as low-frequency response varies continuously from Drude-like at room tem-
shoulders of the phonon peaks are observed at room tenperature to incoherent scattering at low temperat(ae
perature. Their intensity grows upon cooling to become saoughly flat response plus midinfrared bands and far-
large that Eq(1) becomes unable to fit the data below 160 K. infrared additional response assigned to trapped polarons?
(iii) A broad midinfrared band is confirmed. Actually, the answer might be a delicate balance of several
In the literature, the relative decrease of spectral weight atontributions, as suggested by “atypical” behaviors exempli-
low frequency with respect to an expected Drude-like redied initially in a LaCuQj o single crystaf'® and confirmed
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€ 120 + FIG. 11. Optical conductivity
o 100 | obtained by a Kramers-Kronig
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700 not contribute to the zero-frequency conductivityhich is
negligible, we may suggest the signature of static charge
650 1 - stripes. On the other hand, the midinfrared bump that is ob-
served in many oxide conductors, inside and outside the

600 1 DA stripe phases, is assigned to isolated trapped polarons.
¥ Figure 10 displays the temperature dependence of the
550 1 phonon dampings. Again a change of regime is observed
500 | near 90 K. Damping reflects complicated interactions, in-

450 +

frequency (cm™)

/
ES

cluding phonon-phonon and phonon-electron interactions.
Taking into account the combined spin and charge orders that

! r{] occurs below 90 K, the question of the possible further in-
400 o . teractions of phonons with spins is raised. The strong cou-
' ‘ pling between transport and magnetic properties was already
350 - 2y , addressed in Ref. 21.

%, We come back to the very unusual asymmetric shape of
300 - 5, — peaks at 4 K. In our opinion, the most original results of this
/@/\24" work is displayed in Fig. 11. To find the origin of the shoul-
250 ders, we have attempted to fold the phonon dispersion curves
0 61 02 03 04 05 obtained on a LaNiO, single crystal by two of the present
(E£,0) authors’® All the additional small peaks forming the shoul-
ders almost exactly fit the folding at wave vectorQ.285
FIG. 12. Comparison of extra peaks positions observed in con= 0.015 pmpaga“”@! 'r,] the (110) d'reCt'Oras seen '_n Fig.
ductivity spectrasquareswith highest phonon branches alofgy 12 Such & value is incommensurate with the lattice. The
¢, 0) measured for LANiO, from Ref. 59. magnitude of peaks resulting from such a folding infers the
stripes. Shoulders were suggestedparticular by the Fano
lately®®> in all cases for thea,b) plane as in the present antiresonancebut hardly seen in the report of Ref. 37. The
study. In those examples, the optical conductivity becomeg v.alue found here is consistent with .the. electronic concen-
more Drude-like at low temperature with the onset of a cenlration deduced from oxygen overstoichiomeftyThe fea-

tral peak, than at room temperature where a “pseudogapture at 5.75 .le in Fig. 11 appears as a hple instead of a
develops in the conductivity. The very asymmetric phononpea_‘k' This is t_he same.r_n(_)de that gave rise to large Fano
(or pseudophonanlines observed here at low temperatuream'resqnance in Ref. 37: it infers th_e conducting character of
are very uncommon. They were definitely observed in thjhe stripes and, therefore, the irrelevance of the low-
Calvani group reports, but not in many other investigation requency charge gap.

of other compounds of the nickelate and cuprate families,
neither by us nor by others. In particular, the authors of Ref.
44 were able to fit the temperature dependence $iPx, », We have studied the anomalous behavior of lanthanum
with the model of Eq(1) without any problem, meaning that nickelate for a hole concentration belonging to a phase in
anomalies in the phonon region are not observed for thisvhich other characterizations suggest the existence of
composition. They interpreted the midinfrared band as a postripes. We confirm two anomalies which are attributed to a
laron signature. Preliminary studies showed that the phasehange of regime from mobile to trapped polarons upon
diagram of lanthanum nickelate is close to that of praseodyeooling, and to isolated polarons to multipolarofstatic
mium compound. Inspection of the phase diagthshows  stripes, confirming the combined charge and spin order re-
that the PsNiO,, s compound with§=0.22 lies outside the ported at low temperature by other methods. We have ana-
composition range where stripes are observed, whereas tihged the many additional small peaks observed in the opti-
compound with6=0.11 studied here lies inside. It is there- cal conductivity measured @ K in terms of folding of the
fore tempting to assign the very unusual shoulders observedcommensurateQ=(0.285,0.285,0) wave vector at the
here in the low-frequency tails of phonon bands not only tozone center. More systematic studies of the optical conduc-
polaronic effects, as previously suggested in Refs. 47, 4Qjvity versus oxygen excess in nickelates are highly desirable
and 57, but more specifically to a peculiar arrangement ofo exploit the amazing phenomenon reported and analyzed
charges bounded to the lattice in the form of a multipolaronichere, that appears as an almost direct additional way to char-
stripe. In addition, since this additional spectral weight doescterize stripes.

CONCLUSION
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