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The charge ordering in LaSr, sNiO, has been studied using the neutron-diffraction technique. An interest-
ing rearrangement of the charge ordering was observed as a function of temperature. With decreasing tem-
perature, a checkerboard-type charge order is formed b@&w480 K. It is, however, taken over by the
stripe-type charge order with an incommensurability twice as large as that of the spin order'ld&;ow
~180 K. Surprisingly, the stripe phase persists up+00.7 for highly hole-doped samples of Nd Sr,NiO,
with 0.45<x=<0.7.
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One of the most fascinating examples of charge orderingngly, the stripe order persists evenrgt=1/2, and this result
may be the so-called stripe order discovered in the figh- gives rise to the question of whether the ground state of the
superconducting cupratéfkecent studies have revealed thatnickelates atn,=1/2 is the checkerboard charge order or
the stripe order cannot be simply attributed to the Coulomtstripe charge order.
interactions, but that it is a consequence of an interplay [N the present study, we solve such a mystery of the

among spin, charge, and lattice degrees of freedom. A stripgharge ordering in the 50%-doped nickelate, and demonstrate
order is also known to exist in the isostructural nickelatest"@t the charge ordering shows an interesting rearrangement

. : ; . . - from a checkerboard charge order to a stripe order inxthe
?rllt;ougor; theilr]restn[?:il;r;zrsls rTr!atlvﬁz;?gge?m%?;ﬁglggr;: 1/2 Sr-dopgd nickelate. We found that the checkerboard
. o . charge order is formed 8t~480 K, but a part of the system
Lag,SKNIO4. 5, the static stripe order is ggserved for a changes over to the stripe-type charge order with decreasing
wide hole concentration region 04%,<1/2," wheren, 1 This complicated behavior is a consequence of a strong
=x+24. In the stripe ordered state, the doped holes form:grelation of the couplings between charge and spin degrees
charge stripes characterized by a modulation veckes  of freedom.
=(2¢,0,0) in the orthorhombic lattice unita{= \2a,). The Large single-crystal samples were grown by the floating-
Ni spins order antiferromagnetically with antiphase domainzone method. They were pre-characterized by resistivity
boundaries on the charge stripes. The modulation vector aheasurements, and cut into the size of 6 ¢gnt25 mm for
the spin order thus becomegso=Qar*(€,0,0), where the present neutron-diffraction study. The neutron-diffraction
Qar=(1,0,0) is the wave vector for a simple antiferromag-€experiments were performed using a triple axis spectrometer
netic order. The incommensurabiligykeeps a linear relation GPTAS installed at the JRR-3M reactor in JAERI, Tokai,
to ny, for n,=<1/2, e~ny,.23 The stripe order is most stable at Japan with a fixed incident neutron momentum lof
e=1/3 where it shows the highest charge and spin ordering=3-81 A" *. We chose a combination of horizontal collima-
temperatures and the longest correlation length. Moreever, tors of 40-40'-40"-80" (from monochromator to detecfor
exhibits a systematic deviation from the linear relationand set two pyrolytic graphité>G) filters before the inpile
aroundn,~ 1/3 by approaching= 1/3, which manifests the and_aft(_er the sample positions to eliminate higher-order con-
quite unique nature Of the Stripe Order in the Sr_doped nickIam|nat|0nS. The temperature Of the Samp|e was Controlled
elate systenfi® by a high-temperature-type closed-cycle He gas refrigerator
On the other hand, another well-known ground state of avithin an accuracy of 0.2 K. Although the crystal has a te-
hole-doped system is the so-called checkerboard-type chard@gonal structure(space groupl4/mmn), we employ a
order. The doping concentration of 50% holes is ideal for théarger unit cell of the size/2a,x \2a,xc, relative to the
checkerboard charge order, and this charge order is widelgimplel4/mmmlattice.
seen in isostructural transition-metal oxides with=1/2 We first show the temperatuk&) dependence of the in-
such as manganittsind cobalate§.Note that thee=1/2  plane resistivity within theab plane {Lc) of our
limit of the stripe order in nickelates coincides with the La;sSihsNiO, sample in Fig. 1. Though the resistivity is
checkerboard charge order. Early electron-diffraction andilmost metallic at high temperaturg p(600 K)~2.5
transport studie? indeed, indicated the existence of a x107° Q cmy, it still increases monotonically &k is low-
checkerboard charge orderrai=1/2. From our recent stud- ered. A careful examination of thE derivative of the resis-
ies on the highly Sr-doped nickelate system, however, wéivity, dIn p/dT (inseb suggests that th€ dependence of the
failed to detect any superlattice peaks from the incommentesistivity changes its slope twice: the first clearer change
surate or checkerboard charge order in xel1/2 sample.  locates aﬂ'go~480 K, and the second crossoverlike change
Instead, we observed ancommensurate spiarder with an  occurs atTi,~180 K. We note that the anomaly at,
incommensurabilitye~0.44 [see Fig. Zc) below].® Surpris-  ~480 K is substantially higher than the anomaly reported in
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early studies of the resistivity and electron-diffraction e 29 5 51 a2 0303 o4 05 oe 0,
pattern€® and that the one al o~ 180 K is recognized in h (rl.u.) k(rlu)

the present study. It is possible that these anomalies in the fiG. 2. (a) and(b) Temperature dependencies of the profiles of
resistivity correspond to a two-step process of the charggharge order peaks at and around (5,0@)and (4,3,0 (b). (c)
localization, a}nd they may indicate that two different types ofpyofile of a spin order peak (1,0.44,0) at 10 K.(&, they axis is
charge ordering are formed below the temperatures of tW@jted by 100 counts for each datum. Horizontal bars and solid lines
respective anomalle_s. ) ~in (@) and(b) indicate the instrumental resolutioffsll width at half

In order to find signals due to possible charge orderinggnaximum and Lorentzian profiles convoluted with the instrumen-

inferred by the anomalies of the resistivity, we surveyedy) resolution, respectively. A solid line i) is a fit to a Gaussian.
reciprocal-lattice positions aroundh,k,0) with h+k=odd,

where superlattice peaks due to the checkerboard charge afer in La sSr, <Co0,, 26(2) A.” We also measured the pro-
der are expected. FiguregaP and 2b) show scan profiles files of the charge order peaks along fld®1] direction to
along the[100] direction around (5,0,0) and (4,3,0) at sev- examine the stacking of the charge ordeot shown. We
eral T's. In Fig. 2c) is also shown a profile of a magnetic found that the scattering intensity of either type of charge
peak at (1¢,0) measured along tH®10] direction at 10 K.  ordering has a very weakdependence. The profile of the
In Figs. 2a) and 2b), quite sharp peaks appear at commen-checkerboard order exhibits peaks lat even positions,
surate positions d6,0,0 and(4,3,0 belowTS,. These pro-  while that of the stripe order shows a weak bumpl at
files clearly demonstrate that the checkerboard charge orde=odd. From the observed profiles, we estimate the out-of-
ing is formed in ourx=1/2 sample belowlS,, consistent plane correlation length of the checkerboard charge order
with the early electron-diffraction experiment. ¢ tobe~1 A at 300 K and~2 A at 10 K, while that of
More importantly, a pair of satellite peaks emerges belowthe stripe orderg'ccc')' to be ~3 A at 10 K. For the checker-
T&o on both sides of the commensurate checkerboard charggard charge order, the stacking along fA€0] direction
order superlattice peaks with further lowerigas indicated  and that along thf010] direction are equivalent, because the
by arrows in Figs. @) and 2b) (h~5+0.13 andh~4  grrangement of the charges is isotropic within Blidanes.
+0.13, respectively With use of the incommensurability of The quite short correlation length of the spin and charge

the magnetic reflection_s~0.44, the satellite peaks are in- stripe order between NiOplanes is likely caused by a frus-
dexed as If=2¢,k,0) with h+k=even. Thereby, we iden- 4o of the stacking of the charge stripes.

tify them as tf?e chargde and_ ZE'”O Zlipe_:_lﬁttice psaks frgm the In order to examine an ordering process of the two charge

Isetggeu_;y%ecgnglrt?o?e?;a?rthv:ftwo t)'/pe's of Sr?:r;e z?(;\(/e?tcl:%neiiﬁzders’ theT dependencies of the intensity of the commen-

at low temperatures in the Sr-doped nickelate wigk 1/2 Surate peak at (5,0,0) and the satelite peak at (4.13,3,0)
) =(5—2¢,3,0) are depicted in Fig. 3. With decreasifigthe

To determine correlation lengths within the Ni@lanes, . . 10
the profiles of the charge order peaks in Fig. 2 are fitted to 41t€nsity at (5,0,0) starts to grow arouri o~ 480 K.

Lorentzian form with the instrumental resolution. The corre- 1 his temperature is in good agreement with the anomaly in
lation length for the checkerboard charge order becomete resistivity(Fig. 1), but is much higher than the charge
gggmgfo A at 300 K, but is reduced t&20 A at 10 K fol-  ordering temperature reported in Ref. 8. Further decreasing
lowing the development of the stripe charge order belowT. the intensity reaches a maximum arodifgh~ 180 K, and
TS, At 10 K, the correlation length of the stripe charge then turns to decrease beloW,. The maximum of the
order £ is ~20 A. Both £&0 and £ are nearly equal, commensurate component is well correlated with the onset
but much shorter than the correlation length of the spin orde@f the satellite(incommensurajecomponents. The intensity

&1 ~120 A (10 K).2 It should be noted thaiSy is also very  of the satellite peak at (4.13,3,0) gradually develops below
close to the literature value for the checkerboard charge offy. Clearly, this temperature coincides with the second
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haviors of th(_e stripe char_ge and spin order manifest the ma Hole concentration N =X + 23
velous stability of the stripe order at the commensurate hol.
concentratiomy~1/2 in the Sr-doped nickelate. FIG. 4. (Color Phase diagram dR,_,SrNiO,: (a) Hole con-

The robustness of the stripe order observed in xhe centration dependence of the transition temperatufgs, TSo.
=1/2 sample motivated us to investigate the higher dopingndT,,. For details, see textb) Hole concentration dependence of
region forx>1/2. From our preliminary neutron-diffraction the incommensurability e. Circles denote the data for
measurements on the Nd SrNiO, system, we found that La,_,SrNiO,, while diamonds are for Nd ,Sr,NiO,. Open sym-
the well-defined stripe-type order persisted even in thebols are taken from Ref. 2.
samples with the Sr concentration as highxas.7. We also o )
observed a weak Signa| of the checkerboard Charge Orderirq\late forx>1/2 is similar to that ok=1/2. The details of the
in the x=0.6 sample. The observation of the stripe orderingcharge and spin ordering at>1/2 will be reported
for x=1/2 is itself very unusual, and the nature of this stripeelsewheré?!
ordering deserves further experimental and theoretical stud- Next, we discuss the ordering process of the charge and
ies. spin ordering inx=1/2. The incommensurate charge order-

In Fig. 4, we summarize the ordering temperatufgs, ing in x=1/2 can be understood in terms of a discommensu-
TS, and Ty, and the incommensurability of the stripe  ration picture of the stripe ordering introduced in our previ-
ordering in La_,St,NiO,. 5 as well as N¢_,SrNiO, as a  ous study’ An example of the stripe order neap=1/2 is
function of the hole concentratiam,. All of these values for illustrated in Fig. 5, based on the discommensuration picture.
the Nd samples are in excellent accord with those for the L&he checkerboard charge order consists of a matrix of the
samples. As reported previously shows a systematic de- 1xOX | pattern where arrows represent the spin direction
viation from the linear relation ok=n, aroundn,=1/3. on Ni?" sites, whilex and O symbols denote the oxygen
Interestingly, we found tha¢ saturates fox=1/2 with the sites and a hole on the Ni sites, respectively. The width of the
value e~0.44 as shown in the lower panel of Fig. 4. This unit cell of this ordering pattern becomasas illustrated in
result shows that the stripe state is robust against the holeig. 5a). In the next step, a discommensuration will be in-
doping even fon,=1/2, and may indicate that the electronic troduced to such a pattern. For this purpose, an object of size
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of the commensurate and stripe ordered regions at low tem-
FIG. 5. Model patterns of the charge ordering in the Npglane P 9

along the[100] direction for the commensurate charge ordered staté:)erature.S in the kaelate. system fox 1/2. The present .
(a) and the incommensurate charge ordered state4a#/9, (b) and observation suggests the importance of the role of the spin-

(c). Small filled circles with arrows, open circles, and crosses de£xchange interactions in the charge ordering in the Sr-doped

note N?* sites, holes, and oxygen sites, respectively. Arrows indi-nickelate system.

cate the spin directions of the Ni sites. Broken lines outline the It would be interesting to compare the present stripe for-
unit cell of the charge ordering. The holes in the discommensuratiomation atx=1/2 with the appearance of the stripe phase in a
region (shaded area®ccupy the metal sites ifb) and the oxygen cuprate with a very low hole concentration. Very recently,
sites in(c). Matsudaet al. revealed that lightly doped La,Sr,CuQ,

with x<<0.02 shows a phase separation between a nondoped

3a/2 containing one holg¢shaded areas in Figs(§ and Néel ordered . dadi | stri h ) th
5(c)] will be embedded for every three checkerboard units. eetor Sre region and a diagonal stripe-pnhase region wi
c~0.02.7 In the lightly doped cuprates, the stripe with a

The hole at each discommensuration region may occupy ef ) )
ther a Ni site aO X 1 X | X O [Fig. 5b)] or an oxygen site modulatlpn ofe~0.02 emerges 'fror'n the mgtnx of the.non—
as]x | ® | X1 [Fig. 5c)]. It should be noted that one cannot doped Nel o_rdered state, while in the _nlckelate with
determine whether a hole occupies a Ni site or an oxygen sitg 1/2, the stripes emerge from the matrix of the checker-
in the discommensuration region only from the present studypoard charge order, and result in an antiphase domain modu-
although O-centered discommensuration may be preferrel@tion with a propagation vector of 1/2e~0.05. In this
by the Coulomb repulsion between the holes. In any evensense, the present results for thg=1/2 nickelate can be
the introduction of the discommensuration leads to an infegarded as a counterpart of the behavior of the cuprate with
commensuratéstripe charge ordering with the incommen- n,=0.02. We would like to suggest that, in general, a stripe
surability e=(3+1)/(2X3+3X1)=4/9=0.44, consistent phase is magnetically favored more than the state with a
with our observations. homogeneous hole distribution even in the limiting case of
An important result of the discommensuration is the en-0% or 50% doping.
ergy gain by the spin-exchange interactions. For the check- |n conclusion, we observed in L&Sr, NiO, a rearrange-
erboard charge ordered state, the exchange interaction bgrent of the checkerboard-type charge ordering to the stripe-
tween the nearest-neighbor sites is unique, and there is on{ype one. With decreasinf, a checkerboard charge order is
the one between Ri and N* ions. By contrast, when the formed belowTS,~480 K. This charge order is, however,
charge order becomes incommensurate, other kinds of exaken over by the stripe-type charge order with an incom-
change interactions between Ni ions can be introduced in thg\ensurability twice as large as that of the spin order below
d|s_comm(.ansurat|on+ “992'9”5: the Ni-centered d|scom_mensq-ICCO~180 K. The stripe ordered phase survives upxto
ra_tzl(zn y'e'dﬁ NF*-Ni bonds [Fig. Sb)] while  _g7 i, Nd,_,Sr,NiO,. These results evidence the unusual
Ni*"-hole-NP* bonds are brought about by the O-centered;ohystness of the stripe order, and suggest the importance of

discommensuratiofFig. S(c)]. Because the exchange inter- ihe interactions between spins and charges in the Sr-doped
actions for these bonds are expected to be much stronggfckelate system.

than that between Ri and Nf*,? the energy gain due to
the spin-exchange interactions is larger in the stripe state, The authors thank K. Chatani and K. Hirota for a loan of
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