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Charge ordering and charge dynamics in Nd_,Sr,NiO, (0.33=x=<0.7)
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Charge ordering phenomena and their effects on charge dynamics have been investigated for single crystals
of R, ,SrNiO, (R=La, Nd) with x=0.5 for R=La and 0.33x=<0.70 for R=Nd by measurements of
neutron diffraction and optical reflectivity spectra. The essential features of charge dynamics fex0.33
=<0.5 appear to be least affected RyspeciesLa or Nd). In x=0.5, commensurate checkerboa@B)-type
charge order shows up at such a high temperatufgcgs 480 K. An incommensurate stripe order, that tends
to take over the CB-type charge order at lower temperatures, is also clearly observedksf.to The
remarkable evolution of the pseudogap feature as lowering temperature is observed in the optical conductivity
spectrum. Asx is increased, the energy scaldds), the onsefT (Tpg) of the pseudogap, and the in-plane
resistivity upturnT (Tpab) scale with each other and decrease monotonically after taking a maximum at
=0.5, asTgO is simultaneously reduced. The results indicate that the charge dynamics is significantly regulated
by emergence of the CB-type charge correlation, and that the melting of the CB-type charge order must be
playing a key role in driving the insulator-metal transitionxat0.9.
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I INTRODUCTION lation vectors of charge and spin are given égharge

Spin/charge ordering and related charge dynamics havg(ze’o’o) andgepn=(1-¢,0,0) in the orthorhombic set-

been important topics in a broad range of materials Withtmg’ respectively. In this< gregiqn,e Is apprqxi'mately 'equal
strongly correlated electrofiDccasionally the order pattern to the hole (_:oncentrat_lom, as s ch_qractenstlc of stripe or-
depends on the filling level of the system, a typical case ofi€- The stripe order is most stabilizedxat e=1/3 where
which is stripe ordering, as extensively studied in theth® modulation vectors of the charge and spin become
La,_,Sr,CuO, (LSCO) systen? In LSCO, that is among a equivalent. The incommensurate charge ordering transition at
family of high-T. superconductors, the stripe order changesTco~ 240 K is detected as anomalies of transport, optical,
its direction with hole doping frondiagonalto vertical, al- ~and  thermal  properties in  various kinds  of
most concomitantly with the insulator-superconductor transimeasurementS™*° At x=1/2, which is another fixed point
tion atx~0.053 The interrelation among the doping concen- for commensurability, a rather complicated ordering process
tration, ordering pattern, and charge dynamics has beefas been observed in a recent neutron diffraction
widely investigated both experimentally and theoretically. measuremenf First, a commensurate checkerbod@B)-
The Lg_,SrNiO,4 (LSNO), isostructural with LSCO, is also type charge order is observed to evolve beldW,,
well known to show a similar type of diagonal stripe order- ~480 K, which is eventually taken over by, while coexisting
ing in the low-doped region (0.135x<0.5)*"%In contrast  with, an incommensurates(- 0.44) stripe order with lower-
to LSCO, the insulating nature of the ground state in LSNQOing temperature beIoW'é:O~ 180 K. The lowT stripe order
is significantly robust against hole doping, where theseems to subsist from the lower doped region with changing
insulator-metal (I-M) transition does not occur until its e value. Thus, the anomaly specificxe: 1/2 shows up as
x~0.9.19712 This is possibly due to the higher spin value the stabilization of higheT- scale CB-type order, which is
(S=1) and/or the stronger electron-phonon coupling. How-distinct from the stripe in origin. In this study, we have per-
ever, partly due to the difficulty in preparing single crystal formed measurements of neutron diffraction and optical con-
specimens, the material phase in such a high-doped regiafuctivity spectra inR,_,SiNiO, (R=Nd) system, for
(x>0.5) close to the I-M transition has remained to be ex-which large single crystals are available over a widee-
plored. gion (0.33<x=<0.7 so faJ (Ref. 17, than in theR=La case
The stripe order in LSNO witlx<0.5 is characterized by (up to x=0.5). The purpose of this paper is to clarify the
an incommensurabilitg, with which the superlattice modu- ordering phenomena in a higher-doped regiorxof0.5 to
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5.6— . . 12.6 JRR-3M reactor in JAERI, Tokai, Japan with a fixed incident
Ndy. StNiOy g foulrsonies | neutron momentum ok;=3.81 A"1. The typical size of

- sample was 5 m@ax 25 mm. We chose a combination of
horizontal collimators of 4040'-40'-80" (from the mono-
chromator to the detectprand set two PG filters before the
monochromator and after the sample positions to eliminate
the higher order contamination. The temperature was varied
from 10 to 590 K using a closed-cycle He refrigerator. Al-
though most of the samples have the crystal structure of
pseudo-tetragonall 4/mmm) whose unit cell size is de-
scribed asa; X a;Xc;, we employ an orthorhombic setting
122 with larger unit cell size\2a,x \2a,x ¢, for convenience of

1 easier comparison with the preceding works.

12.5

124

,_.
0
™

a, b-axis length (A)
c-axis length (A)

FIG. 1. Room-temperature lattice parameters fop N&r,NiO,
(NSNO) system. The crystal structure at room temperature is low 1. RESULTS AND DISCUSSION
temperature orthorhombid.TO) in x<0.45 and high temperature
tetragonalHTT) in x=0.50. Solid lines are merely the guide to the
eyes.

A. Charge ordering and charge dynamics inx=0.5
for R= La and Nd

In this section, we present the experimental results for the
make comparison with the low-doped region, and to investiX=0.5 RSNO (R=La and Nd and discuss how the charge
gate how they influence the charge dynamics, especiallflynamics is influenced by the charge ordering. The CB-type
when the system approaches the insulator-metal transition.charge order as well as the incommensurate charge/spin
stripe has recently been observed by neutron diffraction in
the x=0.5 LSNO® In the x=0.5 NSNO, the CB-type
charge order was unfortunately not able to be discerned by

Single crystals of Nsl,Sr,NiO, (NSNO) were grown by  diffraction measurements due to the HTT-LTO lattice-
a floating-zone method similar to the case of Lgsr,NiO,  Structural transition at-230 K, which allows the strong
(LSNO) crystals** By x-ray powder diffraction measure- Bragg peaks of the LTO phase to take over the possible
ments, the average crystal structure and symmetry at rooHperlattice peaks corresponding to the CB-type charge or-
temperature were determined to be high-temperaturéjered state. However, the resistivity and optical Conductivity
tetragonal(HTT) I4/mmmfor x=0.5 and low-temperature- data forR=La and Nd show a close resemblance as shown
orthorhombic(LTO) Bmab for x<0.45. The lattice param- later in this section, suggesting that the electronic properties
eters at room temperature for NSNO system are plotted ifincluding the CB-type charge ordering are least affected by
Fig. 1. The LTO phase seems to extend to a highegion  the R substitution, or the HTT-LTO structural transition.
compared toR=La compounds, where the LTO phase dis- The temperatur€l) dependence of the in-plane resistivity
appears ax~0.22%7 This must be due to the difference in Pab for Nd;_,SKNiO, with 0.33<x=<0.7 is presented in Fig.
the ionic radius oR. Apart from the structural transition, the 2. At h|gh T, a fairly conductive behavior is observed with
x dependence of the lattice parameters resembles that ko~10" % Q cm. For the case at=0.33, there is a steep
LSNOX so as thec-axis length takes a local maximum at change inp,, at ~500 K which is likely due to the HTT-
x=0.5. Forx=0.5, a HTT-LTO phase transition was dis- LTO transition. Upon lowering, the respective,, eventu-
cerned at around 230 K. Fae0.6, the HTT-LTO transition ally diverges, indicating the insulating ground state. Among
no longer exists, at least down to 10 K. the temperatures, that temperature whegg starts to di-

Resistivity was measured along taé plane by a stan- Verge is the highest ix=0.5. This is more apparent the
dard four-probe method. For the optical measurements, th@(logp)/dT vs T curves shown in the inset of Fig. 2: An
ab plane was cut from the crystal boule, and was polished t@brupt decrease af(log P)/dT below the CB-type charge
the optical flatness with alumina powder. Reflectivity spectreorder transition temperaturd,S,~480 K, is observed for
was measured using a Fourier-transform interferometer for #=0.5. p,p, of thex=0.5 LSNO(shown by a broken line in
photon energy range of 0.01-0.8 eV and grating spectromFig. 2 almost coincides with that of the=0.5 NSNO, in-
eters for 0.6—36 eV. Synchrotron radiation at UVSOR, Insti-dicating that the charge dynamics goes almost parallel for the
tute for Molecular Science, was utilized for the measureR=La and Nd compounds witk=0.5. A change inp,p
ments between 6 and 36 eV. The temperature was variegpon the charge ordering transition is observed not so clearly
from 10 to 590 K in the measurement between 0.01 and 3 e\as in x=0.33, possibly because of the small charge-
Optical conductivity spectra were obtained by Kramers-modulation amplitude of the CB-type order compared to the
Kronig analyses of the reflectivity data at respective temperastripe order inx=0.33.
tures, which were extrapolated with the room-temperature As shown in Fig. 3, the in-plane optical conductivity
data for the higher-energy regioe=@ eV). o(w) spectra also show a similar behavior fee=La and

The neutron diffraction measurements were performed usNd. Upon lowering temperature from590 K, a gap struc-
ing the triple axis spectrometer GPTAS installed at theture is gradually formed. AfT>T.y, however, a fully

II. EXPERIMENT
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FIG. 2. Temperature dependence of the in-plane resistivity for 0 ot u iy
Nd,_,SrNiO, (NSNO) with x=0.33, 0.45, 0.5, 0.6, and 0.7. A 0.04  0.05 004 0.05
solid triangle on thep,;, curve ofx=0.33 denotes the anomaly due Photon Energy (V) Photon Energy (¢V)

to the HTT-LTO structural transition which is not explicitly relevant . .

to charge ordering phenomena. A resistivity curve with a broken FIC;. g.OZ%mp\?ratutrﬁ dt_epe?dence of NI_(t) ber;dlnngI:\l(glor;zmode

line is the data of La ,S,NiO, (LSNO, x=0.5). The inset shows around ©. eV in the in-plane(w) spectra o (a_) (

d(log p)/dT of NSNO for respective. =La), x=0.5 and(b) NSNO (R=Nd), x=0.5. Solid rectangles
show the appearance of a new mode bely.

opened (zero-conductivity gap is not observed in accord type charge order fromr 600 K, far higher than the ordering
with the fairly conductive value of resistivity. Such a temperatureTS,. Here we notice that there exists an isos-
pseudogapi.e., a gaplike feature with finite conductivity at bectic (equal-absorptionpoint (~0.57 eV and 0.60 eV for

.0_)*)0) formation indicates that the_ coherent charge motiorg—| 5 and Nd, respectivelywhere the spectral weight in the
is strongly suppressed by a dynamical component of the CBg\yer energy region is transferred to the higher energy region

as decreasing. Hereafter, we regard the isosbectic point as
00— FF——7—— an energy scale of pseudogafdp), below which the dy-
| () La, 5SrysNiQ, | namics of doped holes is strongly damped. When further
decreasingl below Tgo, a real gap showing zero conduc-
tivity might be anticipated to show up in the low-energy part
as the charge order parameter, which gradually shifts the
isosbectic point to higher energy. However, a well-defined
gap feature in ther(w) spectrum is not observed until the
temperature is cooled down sufficiently bel@§,. This is
partly because the magnitude of the gap is small.xIn
=0.5, the charge gap becomes at me§t12 eV at~150 K
[estimated by linearly extrapolating the rising edger¢®);
also see Fig. B which is much smaller than that
(~0.3 eV) inx=0.33 LSNO® In both of the spectra for
R=La and Nd, a slight recovery of spectral weight below the
isosbectic-point energy is observed belevit50 K. It corre-
sponds to the reduction of the CB-type charge order gap by
the formation of a stripe order which competes with the CB-
type order. Thel-dependent characteristics will be discussed
in detail later in this section.

A clear anomaly in decreasing below T, is also ob-
served in the infrared phonon spectrumogfw). At high T
above 500 K, infrared-active modes expected for the HTT
(I14/mmm) phase are commonly observed in both spectra for
R=La and Nd. However, when loweringbelow 400 K, the
in-plane Ni-O bending mode at0.043 eV starts to split, as

FIG. 3. In-plane optical conductivity specisdw) of () LSNO,  shown in Fig. 4. From th& dependence, this anomaly is
x=0.5 and(b) NSNO,x=0.5 below 1 eV at various temperatures. attributed to the lowering of the crystal structure symmetry
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CB-type charge order parameter. With decreading starts

to evolve gradually at such a high as ~450 K. With a
further lowering ofT, however, it decreases at180 K. This
behavior arises from the competition between the commen-
surate CB-type charge order and the incommensurate stripe
order, the latter of which is formed beloWS,~180 K. The
in-plane correlation lengths of the CB-type and stripe-type
charge orders estimated from the width of the respective su-
perlattice peaks are botk20 A at 10 K, indicating their
short-range character. More details on the neutron diffraction
measurement fok=0.5 LSNO are described elsewhéfe.
Since thex=0.5 NSNO undergoes a structural transition to
the LTO phase at-230 K, which allows a normal Bragg
peak at(5 0 0), the measurement of the CB-type superlattice
peak forx=0.5 was only possible for LSNO, as already

= mentioned. TheANgz shown in Fig. %b) is a measure of

= spectral-weight loss due to th@seudoygap opening. For

c:f L 0.048 eachT we calculated the spectral weight below the isosbectic
S 0048 0.046 point by the effective number of electron$\eq(w.)

& 0,046 1 =(2m/we2N)f8”°a(w')dw’, wherem, N, and w. represent

g el g 710044 the free electron mass, the number of Ni atoms per unit vol-
£ 0044 ’l"l"l"l“l = Joon ume, and the isosbectic point, respectively. Then we per-

formed the subtraction dflo; for eachT from the one at the

highest T (e.g., 590 K for R=La) as ANg(T)
=Ng(590K)—Ng(T). As for the analysis of phonon
FIG. 5. Temperature dependence (@f the (5 0 0 neutron-  anomaly, the frequency of the Ni-O in-plane bending mode
diffraction superlattice peak intensity normalized by a standardyhjch splits belowTSO was estimated by Lorentzian curve
Bragg reflection for R=La, x=0.5) and R=Nd, x=0.6,0.7),(b) fitting and plotted in Fig. &).
loss of the opti_cal-conductivity spectral intensity due to the It is immediately noticed in Fig. 5 that the CB-type charge
ESEUdOgap openingAer) for (R=La, x=0.5) and R=Nd, x ;4o hsei,dogap formation, and phonon anomaly are closely
;ﬁ:_xoz'g ’S;ir;(ri]g) (—IQ\IL?I dbe:;j'g%fg(;r;on mode frequency faR ( related to each other. As the superlattice peak evolves below
' ' ' R ~450 K, the Ni-O bending mode shows some redshift fol-

induced by the charge order formation. A similar anomaly inlowed by the emergence of another mode at slightly lower
lattice dynamics was also reported in a Raman scatteringiidicating that the phonon anomaly probes the CB-type
study onx=0.5 LSNO?® for example as the evolution of a charge order formation. Note that the pseudogap starts devel-
strong breathing mode beloWSy in Ay, symmetry. Such  Oping already at 590 K. This suggests that the charge dynam-
phonon anomalies are often observed in typical charge ordefcs in this system is influenced by the CB-type charge corre-
ing systems, such as Mn oxides, Fe oxides, andl/3 lation at a sufficiently highefT than Tgo. This is also
LSNO 118202Iag noticed in Fig. 4, the mode splitting due to evidenced by the transport data: The resistivity starts increas-
the CB-type order is observed commonly o+ La and Nd.  ing from a temperature above 600 K, while thelependence
However, the phonon spectral shape R+La is sharper, Of ANgy at lowerT fairly resembles that of the superlattice
perhaps due to the clearer gap opening which gives rise tBeak in Fig. $a). The simultaneous reduction of superlattice
less dielectric screening of phonons. Incidentally, the effecpeak intensity and Neg(T) is observed below 180 K, as the
of the LTO-type tilting distortion which exists below 230 K IC stripe begins to be formed.Thus, ANgy at T<Tg,, re-
for x=0.5 NSNO is too small to be discerned in the infraredflects the optical gap induced by the CB-type charge order,
phonon spectrum. and the gap due to the stripe appears to be smaller than that
In Fig. 5, we compare th€ variation of several quantities of the CB-type order irx=0.5. Also note that quite a com-
which characterize the CB-type charge order. Figure 5 alsonon feature is observed even whigiis changed from La to
includes the results fox=0.6 and 0.7 NSNO(see Sec. Nd, although the magnitude of pseudogap differs slightly
l11B), yet in this section let us confine ourselves on the re{see and compare the isosbectic-point position indicated by
sults forx=0.5 LSNO and NSNO. The intensity of the su- arrows in Fig. 3.
perlattice peak5 0 0) shown in Fig. %a) was measured by From the above results, we conclude that the CB-type
neutron diffraction in the If 0 |) zone. To remove thd  charge order inx=0.5 has an anomalously high temperature
dependence of the background intensity, the scattering inter@nd energy scale. Nevertheless, the CB-type order seems to
sity at(4.7 0 O was also measured and subtracted. ™6  be weak in amplitude. Besides the hole itinerancy ofthe
0) reflection, which is not allowed in the HTT phase, appears=0.5 state, this may be partly due to the stacking frustration
when the unit cell is doubled in size by the CB-type chargealong thec axis, which is caused by the degeneracy of
order formation. Hence, it can be used as an estimate of thequivalent stacking directions, i.e., along eitfie2 0 1/2 or

Temperature (K)
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[0 1/2 1/2. It prevents three-dimensional long range order- Nd» .Sr.Ni

: : . _ _ 51, NiO

ing, which makes the CB-type order quasi-two-dimensional 2x 4 ELc
and thus diffusive. The origin of incommensurate stripe or- P — 1000

der, on the other hand, may be attributed to spin-spin inter-
action as argued in Ref. 16. The spin interaction gives rise tc
an incommensuratéstripe-type correlation to gain the ex-
change energy between the nearest neighbor sites. Thus, |
the magnetic correlation gradually evolves in lowerihghe OF——++H——HH
stripe order takes over some part of the CB-type order at
T&o. and eventually the spin correlation itself also freezes at 05
lower temperaturd 5.2 Whether such a coexistence of CB
and stripe phases appears as a macroscopic phase separat z:
or microscopic phase mixture could not be determined with %
the present experimental results alone. It is likely that coop- 2
eration and competition among Coulomb interaction, &
electron-phonon coupling, and spin correlation give rise to r
such a complexT-dependent ordering phenomenon, as ob- O -+
served. ¥

x=0.33

500

0.5F

RTINS ST S Y N S N SN N S A

Optical Conductivity (™ cm™)

B. x dependence in Nd_,Sr,NiO, (0.33=x=<0.7)

In this section, we discuss thedependence of the order- O p—+HHHH—
ing phenomena in th&=Nd system, whose single crystal- [oges x=0.7
line samples with higher Sr concentration upxte0.70 were i =
available for measurements of optical reflectivity and neu- y
tron diffraction. We have observed for=0.33,0.45, and C I —
0.50 that the stripe order temperaturd@s,, and TS, are T B T v —
close to those in the LSNO systéfhFor x=0.5, we have Photon Energy (eV) Photon Energy (eV)
found in the present study that the stripe order robustly sub-
sists up tox=0.7. The CB-type charge order was also ob- FIG. 6. Temperature dependence of the in-pldight E vector
served, though diffusive, in the=0.6 samplgsee Fig. 8 for 1 c) reflectivity (Ieft_ S|de_ and optical conductivity(right side
those transition temperatujedVe will discuss these results SPectra for N, Si,NiO, with x=0.33, 0.45, 0.5, 0.6, and 0.7. The
at the end of this section together with the transport anéespectlve.spgctra are shown at temperatures of every 100 K be-
optical properties. tween the indicated ondsee the text for details

The resistivity behaviors for 0.38x<0.7 are presented
in Fig. 2. The most insulating at low temperature is the ity at the lowestT, i.e., a barely metallic feature, was even-
=0.33 crystal, in which the resistivity anomaly signals thetually observed abOVEM-|~0-9-11’1_2 _ _
charge stripe order beloWS,~ 230 K. The anomaly is more ~ Now let us move on to th variation of the optical con-
clearly discerned in a plot ad(logp)/dT vs T (the inset of  ductivity spectrumr(w), as shown in Fig. 6. Figure 6 shows
Fig. 2) as the local minimum at around 230 K. The resistivity thé spectra at various temperatures with an interval of
jump at~550 K can be attributed to the HTT-LTO transi- ~100 K (measurements were performed at every 50 K in
tion. With increasing, the resistivity seems to decrease oncePractice, though not all are shown her&he saturation of
(x=0.45), while it increases again &t=0.50 especially in the T dependence was observed at the respective highest
the intermediatel region, due to the emergence of the CB- (Presented with light gray lings except for x=0.33
type charge ordering. With a further increasever 0.5, the (>290 K) andx=0.5 (>540 K). For x=0.7, we con-
resistivity tends to decrease rapidly in a wideregion, firmed that the saturation occurs around 340 K by r(_eflectlwty
though it still diverges a§—0. TheT dependence is also ~Measurements between 0.08 and 0.8(ebt shown in the
dependent, as observed in the change of the onset tempeftgure. The original reflectivity spectra for the respective
ture (T, ) of the resistivity upturnT, _obviously takes the 2re shown in the left side of Fig. 6. S_everal peak structures

o tab _ Pab , observed below 0.1 eV are due to optical phonon modes. The
maximum (>800 K) atx=0.5. It seems to decreaseas

decreased: however, sttt 700 K for x=0.45. and is not observed reflectivity spectra for allare strongly dependent

. o L on T in a wide energy region, reflecting the evolution of
Eg’ﬁglg dsifglr?]e'? for?s— E'igodléefg; ;h_e (I)‘-;g (t;za(;snllg[r]nn lt:f:)(: charge correlation with lowering. At high T, all the spectra
y " Pab e ' ' show comparatively similar features with appreciable spec-

x>0.5, on the other hand,, ~decreases to 580 and 380 K {rg| weight below 0.5 eV and well-screened phonon struc-
atx=0.6 and 0.7, respectively. Even a higher doped regionures. Asx is increased above 0.5, however, the spectral fea-
(up tox=1.4) has recently been explored with use of singleture becomes more metal-like and I€gslependent. In the
crystalline thin films of LSNO, where non-diverging resistiv- optical conductivity spectréhe right panel of Fig. § which

Thoov Ly
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200 5T 50 FIG. 8. The electronic phase diagramRjf_,SrNiO, (R=La
and Nd. Transition temperatures of stripe charge ord&rd),
h00)

stripe spin order'('sco), and checkerboar(CB) charge order'(go),

FIG. 7. Temperature variation of the superlattice peak profile apbserved by neutron diffraction measurements, are plotted as func-
around(5 0 0 indicative of the checkerboard-type charge order.tions ofx together with the onset temperatures of pseudogap forma-
The scanning direction is alondn 0 0). The solid lines are results  tion (Tpg) and the resistivity upturn temperaturg,( ). The energy
of a Gaussian curve fitting, whereas tidinear broken lines indi-  of the pseudogapApg), as defined by the isosbectic point of the
cate the scattering intensity from the background. optical conductivity spectrédsee Fig. 6, is also plotted with the

) ) o scale on the right coordinate. The triangtércle) marks represent
were transformed by Kramers-Kronig analysis, qualitativelythe results for NSNGLSNO) in the present study. The curves in
similar T-dependent behaviors are observed forxalés al-  the diagram are merely a guide for the eyes.

ready discussed fox=0.5. The isosbectic point af _ )

>Tco, defined as\pg in Sec. 1A, shows a cleax depen- ~ Pending phonon mode for 0=5x=<0.7, respectively. At the

dence. The\ pg values(indicated by arrows in Fig.)are 0.4 first glance, the very similar relation as discussed Xor

eV for x=0.33, 0.55 eV for 0.45, 0.60 eV for 0.50, 0.48 ev = 0.5 also stands fox=0.6 and 0.7. The onset temperature

for 0.60, and 0.30 eV for 0.70. Thepg provides an estimate Of phonon mode splitting decreases from 450%(.5) or

of energy scale of charge correlation between doped hole400 K (x=0.6) to 150 K &=0.7) as the CB-type charge

As for the temperature scale, the onset temperature dirder parameter diminishes with On the other hand) N

pseudogap formatiofipg is estimated within an uncertainty IS closely correlated with the CB-type charge order superlat-

of 50 K as the temperature where saturatioff afependence ticé peak intensity for botfi- and x-dependence. To be ex-

is observed. Thapg values thus estimated are 540 K for ~ act, ANg is more enhanced in a high-and highx region

=0.45, >540 K for 0.50, 490 K for 0.60, and 290 K for than the superlattice peak intensity, which must be due to its

0.70, respectively. Botihpg and Tpg reach a maximum at  finer sensitivity to the dynamical component of charge order.

x=0.5, indicating that the strongest charge correlation takedhe charge correlation, which manifests itself as the opening

place at this half-doped state. of pseudogap and suppresses coherent hole motion, is thus
In Fig. 5a), the T dependence of the neutron-diffraction assigned to the CB-type charge order fluctuation in<5

superlattice peak5 0 0 intensity normalized by a standard <0.7. ) _

Bragg reflection is plotted foR=Nd andx=0.6 and 0.7. In To summarize the results mentioned above, the overall

Fig. 7, we exemplify thd-variation of the peak profile along Phase diagram is presented in Fig. 8. From the results of
(h 00) ath~5 for x=0.6. At 10 and 100 K, diffusive peak Neutron diffraction, we can conclude the variation of the
ath~5 can be distinguished, while at 600 K the peak dis-9round state as f_oIIows: IR<0.45, the stripe order witla .
appears and only the flat background is observed. This su=X subsists, while no clear evidence for the CB-order is
perlattice peak is characteristic of the CB-type charge ordefbserved. For=0.5, on the other hand, the CB-type charge
as described in Sec. Ill A. The solid lines are Gaussian fitte@rdered phase seems to coexist with the stripe phase whose
curves whereas the-linear broken lines indicate the scat- incommensurability é~0.44) is nearly independent of'®
tered intensity from the background. In Figah theT varia-  As for the transition temperatures of stripe ordef, and
tion of the background intensity measured(4t7 0 0 has  Tso rise withx to take a maximum at=1/3 with 240 and
been subtracted for the respective samples.X=00.7, the 180 K, respectively, and then turn to decrease monotonically
(5 0 0 peak exists but is so weak and diffusive that we carwith further doping. However, the spin stripe order is ob-
only show its intensity at 10 K with an appreciable error bar.served up tx=0.7, indicating the robustness of spin inter-
In Figs. %b) and Hc) we present the spectral weight action. The CB-type charge order, on the other hand,
change ANy estimated with the same procedure as de-abruptly appears at=0.5 at such a high temperature as
scribed in the previous section and the frequency of Ni-OTSo~480 K. As further increasing, TS, rapidly decreases
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to ~400 K for x=0.6, and forx=0.7 the superlattice dif- dependence indicative of pseudogap formation, and the re-
fraction becomes diffusive and barely discerned at w Sistivity upturn andr-dependent Hall coefficient are also ob-
Thus, the clear difference in tHE scale andx dependence served. They all have been attributed to remnant charge/spin
indicates that the stripe and the CB-type order must be difordering correlatiort? Taking the nearly parallel behaviors
ferent in origin, as already argued in Sec. IllA. The reasorbetween LSNO and NSNO in the pre-transition region (0.5
why the order pattern ix=0.5 is x independent might be sst.?) |n.t0 account, the I-M tran5|t|on in LSN@efs. 11
that the excess holes tend to reside in ti8-3r2 orbital ~and 13 is likely attributed to the melting of the CB-type
state. This is supported by the fact that thexis length takes charge order.

the maximum ak= 0.5 and tends to decrease with increasing

x abovex=0.5, as shown in Fig. 1. This suggests a decrease IV. SUMMARY

(increase of the 3z>—r? electron(hole) count. The increase . ) . .

of the 32—r2 hole count is also evidenced by the gradual We have performed_ neutron diffraction and optical stl_Jd|e_s
evolution of in-gap state io-axis o(w) which was observed ©On the charge ordering and related charge dynamics in
by absorption measurements of LSNO thin films in a high-L82-xSKNiO4 (x=0.5) and Nd_,SrNiO, (0.33<x<0.7)
doped &>0.5) regiont!2® Furthermore, a similar behavior systems. We found that a commensurate checkerl-imﬁ

has also been reported for the so-called CE-type spin-chargE/P€ charge order abruptly emergesat0.5. In addition, an
orbital order in Py_,CaMnOs. In this case, a commensu- incommensurate stripe order was observe(_j to subsist up to
rate charge order similar to the CB-type ordeRENO takes x=0.7, wherg modula’gon vector and ordermg_temperatures
place at 0.3 x<0.5% Its x-independent order pattern in a change continuously in the lower-doped region and then
wide doping region can be attributed to the occupancy ofaturate fox=0.45. These results indicate that there are two
372—r2 orbital by excesglectrons which was confirmed by different kinds of ordering processes in this system, which
electron diffraction measuremefitThus, the present case in coexist and compete with each other as the low-temperature
RSNO may be regarded as thele counterpart. state. The in-plane resistivity upturn and the pseudogap for-

The onset temperature of resistivity Uptuf that of mation in .the optical conductivity spectrum seem to reflect
P . yup T]”;b) the evolution of the CB-type charge order correlation, whose
pseudogap formationTeg), and the pseudogap energy o neratyre scale takes a local maximumxat0.5. The

(Apg) are also plotted in Fig. 8. These quantities can give g, ngition temperature of the CB-type charge order could also
good estimate of the energy scalg of the charge correlatloge detected as the splitting of the specific infrared phonon
that SUppresses the coherent motion of holes. They seem [9sde. The amplitude and the temperature and energy scales
be correlatgd .W't.h each other, taking a broad maximum ?gf the pseudogap monotonically decreas& excreases from
x=0.5. This indicates that the correlation among dopegy 5 1 0 7, similar to the decrease of the amplitude and tran-
holes becomes the strongeskat0.5 by taking a form of the  gjiio temperature of the CB-type charge order. These results
CB type. With the increase ofabove 0.5, on the other hand, suggest that I-M transition around-0.9 in this system may

Ty Tpe: andApg monotonically decrease as the CB-type qccyr concomitantly with the disappearance of the CB-type
order is weakened. It would be interesting to compare theharge order.
present results with transport and optical properties of LSNO
investigated recently using single-crystalline thin films in
0.5=x=<1.4112According to the results on the thin films, a

nondiverging resistivity was at first observedkat 0.9 which The authors thank K. Chatani and K. Hirota for the rent of
is viewed as the critical point of the insulator-meteéM)  the wideT cryostat for the high temperature neutron diffrac-
transition. Inx<<0.9, a similar pseudogap behavior was ob-tion measurements. Some of the auth@fs |. and R. K)
served in the in-plane(w) spectra. The energy scale of the were supported by the Japan Society for the Promotion of
pseudogapApg, also similarly decreases asis increased, Science for Young Scientists. This work was partly supported
and eventually becomes undetectable at aroxpg=0.9, by Grant-In-Aids for Scientific Research from the Ministry
crossing the lowet limit (~0.2 eV) of the thin-film mea- of Education, Culture, Sports, Science, and Technology,
surement. In 0.&x<1.2, howeverg(w) still shows theT  Japan.
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