
PHYSICAL REVIEW B 1 JANUARY 1998-IIVOLUME 57, NUMBER 2
Neutron-diffraction study of stripe order in La 2NiO41d with d5 2
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We report a detailed neutron-scattering study of the ordering of spins and holes in oxygen-doped
La2NiO4.133. The single-crystal sample exhibits the same oxygen-interstitial order but better defined charge-
stripe order than that studied previously in crystals withd50.125. In particular, charge order is observed up to
a temperature at least twice that of the magnetic transition,Tm5110.5 K. On cooling throughTm , the wave
vectore, equal to half the charge-stripe density within an NiO2 layer, jumps discontinuously from13 to 0.2944.
It continues to decrease with further cooling, showing several lock-in transitions on the way down to low
temperature. To explain the observed lock-ins, a model is proposed in which each charge stripe is centered on
either a row of Ni or a row of O ions. The model is shown to be consistent with thel dependence of the
magnetic peak intensities and with the relative intensities of the higher-order magnetic satellites. Analysis of
the latter also provides evidence that the magnetic domain walls~charge stripes! are relatively narrow. In
combination with a recent study of magnetic-field-induced effects, we find that the charge stripes are all O
centered atT.Tm , with a shift towards Ni centering atT,Tm . Inferences concerning the competing inter-
actions responsible for the temperature dependence ofe and the localization of charge within the stripes are
discussed.@S0163-1829~98!00902-3#
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I. INTRODUCTION

La2NiO 4 is a Mott-Hubbard insulator consisting of ant
ferromagnetic NiO2 planes alternating with La2O2 layers.
The NiO2 planes can be doped with holes; however, contr
to conventional expectations, the material remains nonme
lic up to quite large hole concentrations.1–3 There is now
considerable evidence that the insulating behavior occurs
cause the dopant-induced holes tend to order themselve
periodically spaced stripes.4–11 These charge stripes ru
diagonally relative to the square lattice defined by
Ni-O-Ni bonds. In the essentially undoped regions betwe
the stripes the Ni spins can order antiferromagnetically, w
the charge stripes acting as antiphase domain walls.6–13 This
behavior represents an excellent example of ‘‘topologic
doping in a correlated insulator.14

In comparing results obtained on samples doped both
Sr substitution and by addition of excess oxygen, sev
trends have become clear. In samples where both charge
spin orderings have been observed, the charge generall
ders at a higher temperature than the spins.7,9,11 ~The one
apparent exception is the case6 of La2NiO 41d with d
50.125. It will be shown in the present paper that, in th
composition as well, the charge orders first.! Furthermore,
both the charge and spin ordering temperatures increase
proximately linearly with the net hole concentrationnh .7,9,10

Also varying linearly withnh is the low-temperature spacin
between charge stripes, corresponding to a hole densit
roughly one per Ni site along a stripe.

The observed low-temperature hole density within
570163-1829/98/57~2!/1066~13!/$15.00
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stripes is consistent with the mean-field calculations
Zaanen and Littlewood.15 They evaluated an appropriat
three-band Hubbard model at zero temperature and fo
that electron-phonon couplings tend to reinforce the stab
of charged domain walls in an antiferromagnetic bac
ground. The numerical calculations yielded a relatively n
row charge stripe centered on a diagonal row of Ni atom
Zaanen and Littlewood pointed out that the domain-w
states form a half-filled one-dimensional~1D! band, which is
unstable to a Peierls distortion. Such a distortion would c
ate a gap at the Fermi level, thus explaining the insulat
behavior.

Despite the apparent success of the Hartree-F
calculations15 in describing the low-temperature stripe stru
ture, such an approach runs into difficulties at high tempe
ture. In the absence of stripe order, a Hartree-Fock anal
of the doped nickelate would yield a metallic state, where
numerous studies16–21 have shown that even above th
charge-ordering temperature the optical conductivity
dominated by midinfrared absorption bands, with nov50
Drude component. Furthermore, neutron-diffraction stud
of the ordered state have shown that in some cases the s
spacing changes with temperature,6,9 implying a variation in
the charge density within a stripe. Thus, one cannot rely o
unique stripe charge density to explain the insulating beh
ior.

It is clear that there are mysteries remaining to be unr
eled. For example, what is the nature of the temperatu
dependent variation of the stripe spacing? How narrow
the charge stripes, and to what extent are they pinned to
1066 © 1998 The American Physical Society
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57 1067NEUTRON-DIFFRACTION STUDY OF STRIPE ORDER . . .
lattice? Are charge stripes actually centered on Ni rows
are other configurations possible? To address these issu
well-ordered sample is required.

Much of the work cited above has focused on Sr-dop
La2NiO 4. That system has the advantage of allowing a c
tinuous variation of the hole concentration by dopants wh
random positions are fixed at relatively high temperatu
The down side is that the disorder of the dopants appea
prevent the development of long-range stripe order.4,7,9,11

The alternative is to study oxygen-doped La2NiO 41d . The
constraint here is that one must work with the phases
nature provides: ordered phases occur only at special va
of d, and for an arbitrary value ofd one may observe phas
separation.8,10,22–27On the positive side, long-range order
interstitials and charge stripes coincide in a composit
originally characterized asd50.125.6,8,10,28

Analysis of neutron-diffraction measurements on one p
ticular d50.125 crystal8 indicated that the ordered interstitia
structure actually corresponds to an ideal oxygen exces
d5 2

15 50.133. Thus, thed50.125 composition is oxygen
deficient relative to the ideal phase. As will be explain
below, we have prepared a new crystal that appears to
respond much more closely to the ideal value ofd. The mag-
netic Bragg peaks measured on this crystal are sharper
those observed with thed50.125 crystal,6,8 thus allowing
better sensitivity to the features of interest. We have rece
reported results on magnetic-field-induced stagge
magnetization29 and on spin excitations in the stripe-order
phase30 measured on the same crystal. In the present pa
we concentrate on various aspects of the static stripe ord
zero field.

In earlier studies6,28 of d50.125 crystals, an apparent
discontinuous jump from zero to finite intensity of both t
magnetic and charge-order superlattice peaks was obse
on cooling belowTm5110.5 K. With thed50.133 crystal
we observe a similar discontinuous jump in the intensiti
but we find that charge order clearly survives atT.Tm with
a jump in the stripe spacing to a value commensurate wi
second harmonic of the interstitial order. In the latter regi
the charge-order peak intensity decreases exponentially
temperature, so that no clear transition to the disordered s
has been observed.

To obtain a more precise measure of the incommensu
splitting e of the magnetic peaks atT,Tm , we measured the
temperature dependence of the position and intensity
third-harmonic peak. Where previous work6 had provided
weak evidence thate, which varies with temperature, tend
to show lock-in behavior at certain rational fractions, t
present results show clear plateaus ate5 2

7 ~98 K<T<102
K! and e5 5

18 ~75 K<T<92 K!. The lock-ins demonstrate
that the charge stripes are coupled to the lattice. To exp
the continuous distribution ofe values found at other tem
peratures, an analogy is made with the problem of finding
ground-state arrangement of integral charges on a o
dimensional lattice at arbitrary filling. From the solution31,32

to the latter problem, it appears that a devil’s staircase
ordered phases should be possible; however, due to ent
long-range order is observed only for phases with relativ
short periods. The fact thate varies with temperature indi
cates that competing interactions must be involved in de
mining the order.9
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Coupling to the lattice is also evident in the way that t
stripes align themselves from one layer to the next. If th
were no interaction with the lattice~as was assumed
previously8!, then the stripes within a layer would be un
formly spaced, and their positions would be staggered fr
one layer to the next in order to minimize the Coulomb e
ergy. Such a symmetric stacking of the layers of stripes
lead to forbidden superlattice peaks corresponding to
charge order, similar to the situation for nuclear reflectio
due to the average body-centered stacking of the NiO2 lay-
ers. However, the pinning of the charge stripes to the lat
means that the shift of the stripe pattern from one layer to
next can only occur in increments of the lattice spacing. A
consequence, the intensities of the magnetic peaks osc
as a function of the component of the momentum trans
that is perpendicular to the planes. We show that the mo
lation of the intensities can be modeled quantitatively
terms of the stacking structure factor when a small amoun
stacking disorder is taken into account. It follows that t
missing charge-order peaks are not forbidden, but just
tremely weak.

To characterize the widths of the charge stripes, we h
measured the higher harmonic magnetic Bragg peaks. N
row domain walls give squared-off magnetic domains, a
deviations from a sinusoidal modulation are reflected in
nite Fourier components beyond the first harmonic. Anot
contribution to the higher harmonics can come from an
ternation of the stripe spacing associated with the pinning
the lattice. We show that although the intensities of t
higher harmonics are all quite weak, with the strongest~the
third! being,2% of the first, they are consistent with na
row charge stripes. Furthermore, the weakness of the
monics in the case ofe5 2

7 indicates that stripes can be ce
tered both on rows of Ni atoms and on rows of O atom
Assuming that the stripes are Ni centered at low temperat
the temperature dependence ofe implies that the stripes be
come O centered at high temperature. This leads to a pre
tion of ferrimagnetic correlations in the stripe-ordered
gime at T.Tm , which was recently confirmed by
measurements in a magnetic field.29

The rest of the paper is organized as follows. The n
section contains a description of experimental procedu
and it is followed by a brief review of nomenclature an
notation. The temperature dependences of the intensities
positions of superlattice peaks are presented and analyze
Sec. IV. The results relevant to interlayer stacking of strip
are treated in Sec. V. In Sec. VI the intensities of the m
netic higher harmonic satellites are analyzed. The sign
cance of these results is discussed in Sec. VII, and a b
summary is given in Sec. VIII.

II. EXPERIMENTAL PROCEDURES

The single-crystal sample used in the present study
grown by radio-frequency skull melting as describ
elsewhere.24 The oxygen concentration was selected by a
nealing at 464°C for 5 days in flowing O2 ~1 bar! followed
by a quench to room temperature. The annealing conditi
were chosen to give a nominald of 0.150, based on earlie
work on the phase diagram.24 An initial neutron-diffraction
study of this crystal in 1993 indicated that the domina
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1068 57WOCHNER, TRANQUADA, BUTTREY, AND SACHAN
oxygen-ordered phase is the same as that found previou8

in a crystal withd50.125. There were also weak diffractio
peaks indicative of a second phase with a differentd; how-
ever, these were absent;1.5 years later when the prese
study was initiated.~One fact that might be relevant to th
disappearance of the second phase is that the crystal
stored in a He atmosphere, which is relatively reduci
rather than in air.! The room-temperature lattice paramete
obtained at that later time area55.461 Å andc512.674 Å.
Making use of the calibration established by the earlier x-
diffraction study,24 the c/a ratio of 2.3208 indicatesd
50.13660.005, consistent with the ideal value of2

15 for the
model ordered interstitial structure identified8 in the case of
d50.125.

The neutron-diffraction measurements were performed
the H4M, H8, and H9A triple-axis spectrometers at the H
Flux Beam Reactor located at Brookhaven National Labo
tory. At H9A, which is on the cold source, neutrons of e
ergy 5.0 meV were selected. Effective horizontal collim
tions of 408-408-208-408 ~from reactor to detector! were
used together with a cold Be filter to eliminate neutrons
shorter harmonic wavelengths. At H4M and H8 a neutr
energy of 14.7 meV, horizontal collimations of 408-408-408-
408 or 408-408-808-808 and a pyrolytic graphite~PG! filter
were used. At all spectrometers the neutrons were monoc
matized and analyzed by PG crystals set for the~002! reflec-
tion.

The cold neutrons at H9A were used to study the we
higher-order satellites of the magnetic-scattering pea
which are strongest at small momentum transferQ. The ex-
cellent signal-to-background ratio of H9A together with t
larger scattering angles in the case of cold neutrons c
pared to higher energy neutrons enabled the determinatio
third-order satellite positions with high precision. Th
higher-energy neutrons at H4M and H8 were required
measure the nuclear scattering associated with lattice
placements due to charge order. Except for the th
harmonic measurements, where scans were taken alonQ
5(h,0,1), integrated intensities were determined fromu
22u scans.

All measurements were performed with the crystal o
ented so that the (h,0,l ) zone of reciprocal space was in th
horizontal scattering plane.~The notation and choice of un
cell are explained in the following section.! The aligned
crystal was mounted in an Al can filled with He exchan
gas that was attached to the cold finger of a Displex clos
cycle refrigerator. The temperature was measured with
diode and a Pt resistance thermometer to an accuracy of
ter than61 K.

The ordering kinetics of the oxygen interstitials can
rather slow, and the cooling rate through the ordering tra
tion can affect whether long-range order is achieved.
example, extremely slow cooling is required to optimize t
order in the case33 of d50.105, and rapid cooling also ha
measurable effects in studies8,10 of d50.125. In the presen
case, no significant effects of cooling rate on interstitial or
were observed. On the other hand, the cooling and hea
history for T<Tm has an influence on the relative fractio
of coexisting magnetic phases, the width of the tempera
regions where the magnetic wave vector is locked-in to
tional fractions, and the detailed spectral weight of high
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order magnetic satellites and their peak widths. Therefo
the temperature dependence was studied during slow, ca
warming after an initial cool down to 10 K.

III. NOTATION

In order to describe and explain the data it is first nec
sary to review the structure8 and explain our notation. Within
the resolution of our instrument, the fundamental reflectio
of this crystal indicate a tetragonal symmetry~space group
I4/mmm) down to at least 10 K, whereas the structural s
perlattice peaks suggest an orthorhombic symmetry. To
scribe the diffraction peaks we will use an indexing based
an orthorhombic cell~or pseudotetragonalF4/mmm) with a
unit-cell size A2at3A2at3ct relative to the basic body
centered-tetragonal cell. Note that in the body-center
tetragonal cell thea and b axes are parallel to the Ni-O
bonds within the NiO2 planes, whereas in the larger cell th
we use the axes are rotated from the bonding directions
45°.

Four different types of superlattice peaks can be found
this sample. Two of them correspond to the ordering of
oxygen interstitials and the other two involve ordering of t
doped holes and the Ni spins. Each set of peaks is chara
ized by a wave vectorgj such thatQSL , the position of a
superlattice peak of typej , is given by

QSL5G6gj , ~1!

whereG is a reciprocal-lattice vector corresponding to t
average pseudotetragonal unit cell. The oxygen order is c
acterized by two wave vectors,

gO~1!5S 1

3
,0,1D ~2!

and

gO~2!5S 0,
4

5
,
4

5D , ~3!

where wave-vector components are specified in recipro
lattice units of (2p/a,2p/a,2p/c). The twinning associated
with the interstitial order is described in Ref. 8.

To describe the superlattice peaks associated with st
order it is necessary to expand the set of reciprocal-lat
vectors considered in Eq.~1!. The symmetry relationship be
tween the two NiO2 planes perF4/mmmunit cell leads to
forbidden reflections. For example, for reciprocal lattice ve
tors of the type (H,0,L) one has the requirements that bothH
and L be even integers. We will show in Sec. V that th
stripe patterns in neighboring layers arenot related by sym-
metry, and as a result the relevant reciprocal-lattice vec
include the case whereL is odd.

The positions of the magnetic and charge-order supe
tice peaks within the (h,0,l ) zone are illustrated in Fig. 1~a!.
The charge order is determined by

g2e5~2e,0,0!, ~4!

with the average distance between domain walls in real sp
equal toa/2e. The magnetic order involves two modulatio
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57 1069NEUTRON-DIFFRACTION STUDY OF STRIPE ORDER . . .
wave vectors. Simple antiferromagnetic order would be
scribed byg5QAF5(1,0,0). Stripe order results in a secon
modulation

ge5~e,0,0!, ~5!

so that the net wave vector isg5QAF6ge . In real space the
spin structure consists of locally antiferromagnetic ord
with an overall modulation perioda/e, twice that of the
charge period, reflecting the fact that the hole stripes ac
antiphase boundaries for the spin structure. The ideal
real-space spin and charge structure fore5 1

4 is presented in
Fig. 1~b!.

Of course,ge and g2e represent only the dominant sinu
soidal components of the magnetic and charge-order mo
lations, respectively. Deviations from sinusoidal modulatio
will result in superlattice peaks corresponding to higher F
rier components of the order. The modulation wave vec
for the nth harmonic is simply

gne5~ne,0,0!. ~6!

For the magnetic scattering, only harmonics withn odd will
appear, split aboutQAF . ~The absence of magnetic harmo
ics with n even follows directly from the antiphase nature
the order.! Harmonics withn even correspond to charge o
der.

IV. TEMPERATURE DEPENDENCE OF STRIPE ORDER

A. Experimental results

The overall temperature dependence of the stripe orde
best characterized by looking at first- and second-harmo

FIG. 1. ~a! Diagram of the (h0l ) zone, showing positions o
diffraction peaks, with indexing based on space groupF4/mmmfor
the average nuclear structure. Solid circles, fundamental Br
peaks; solid triangles, magnetic superlattice peaks; solid squ
nuclear superlattice peaks corresponding to charge order;
squares, allowed but unobserved charge-order peak positions.
gen ordering peaks are excluded.~b! Model of spin and hole order
ing in a NiO2 plane, as discussed in the text; circles indicate po
tions of holes~Ni centered!, arrows indicate correlated Ni moment
The dashed line outlines a unit cell, and double lines mark posit
of domain walls.
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peaks. Figure 2 presents results for a magnetic superla
peak at (31e,0,1) and a charge-order peak at (422e,0,1).
The upper panel shows the integrated peak intensity norm
ized with respect to 10 K, while the lower gives the pe
position h measured in a @h,0,0# scan. As found
previously,6,28 cooling throughTm5110.5 K results in a dis-
continuous jump in intensity of both the magnetic a
charge-order peaks, with a concomitant temperature de
dence of the peak positions. The new feature that we hav
report is a peak ate5 1

3 for T>Tm . Scattering at this position
could come from either magnetic or charge order~or both!;
however, theQ dependence of the structure factor indica
that it corresponds uniquely to charge order.~The intensity
of e5 1

3 peaks disappears at smallQ, where the magnetic
form factor is largest.!

The discontinuity of the transition atTm is illustrated in
Fig. 3. At a temperature 0.5 K below the transition we o
serve one peak due to magnetic order and another co
sponding to charge order. Right atTm a third peak appears a
e5 1

3, coexisting with the previous two. At 0.5 K aboveTm
only thee5 1

3 charge-order peak survives. In contrast to t
behavior atT,Tm , the position of the peak remains locke
at e5 1

3 while its intensity gradually decreases with increa
ing temperature.

g
es,
en
xy-

i-

s

FIG. 2. Temperature dependences of a magnetic peak
(31e,0,1) ~open squares! and a charge-order peak at (422e,0,1)
~filled circles!. The upper panel shows integrated intensities norm
ized with respect to 10 K, the lower gives the peak position inh.
Inset: logarithm of normalized intensity vs temperature for t
charge-order peak above 110 K. Line through points is a linear
as discussed in the text.
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1070 57WOCHNER, TRANQUADA, BUTTREY, AND SACHAN
The temperature dependence of thee5 1
3 peak is presented

on a logarithmic scale in the inset of Fig. 2. The linear var
tion of the intensity forT*150 K is analogous to a Debye
Waller-like behavior with

I;e22T/T0, ~7!

and T056765 K. Such a temperature dependence is
sharp contrast to the usual critical behavior associated
an order-disorder transition. In connection with this, it
useful to note that

g2e5S 2

3
,0,0D[2gO~1! , ~8!

so that there is a type of commensurability between
charge stripes in the planes and the interstitial order al
one direction of the lattice. The Debye-Waller-like decay
the intensity suggests that the charge correlations are flu
ating about an average ordered configuration determine
the ordered interstitial oxygens. It is possible that the cha
order does not entirely disappear until the interstitials dis
der.

The ordering of the spins atTm is associated with jumps
both in the charge-order intensity and ine. Previously6 it was
found that the superlattice peak intensities show sim
power-law correlations with the quantity

FIG. 3. Elastic scans alongQ5(h,0,1). Scans were measured
temperatures of 110 K~a!, 110.5 K ~b!, and 111 K~c!.
-

n
th

e
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f
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3
2e. ~9!

From the measurements betweenTm and 80 K, we find for
the magnetic-peak intensity that

I mag'aq2, ~10!

as illustrated in Fig. 4. This result is completely empirical,
there is no theoretical prediction for the connection betwe
the intensity and wave vector.

A prediction does exist for the relationship between t
intensities of the magnetic and charge order peaks be
Tm . Zachar, Kivelson, and Emery34 have solved an appro
priate Landau model for coupled charge- and spin-dens
wave order parameters,r andS, respectively. They find tha
when the charge is the first to order, it is possible to hav
first-order transition when the spins order, as we observe
temperatures below the magnetic transition, the relations
between the order parameters is predicted to be, to low
order,

r2r05AuSu2, ~11!

whereA is a constant andr0 denotes the magnitude ofr just
above the magnetic transition temperature. Since the inte
ties of the magnetic and charge-order peaks are related to
order parameters byI mag;uSu2 and I ch;uru2, Eq. ~11! im-
plies that, forT,Tm ,

@ I ch~T!#1/22@ I ch~Tm
1!#1/25A8I mag~T![DI ch

1/2, ~12!

whereI ch(Tm
1) is the intensity of the charge-order peak a

temperature just aboveTm . Keeping in mind that the mode
does not describe the temperature dependence of the w
vector, so that there may be missing correction terms,
show in Fig. 5 that this relationship is at least plausible n
the transition.

The steplike structures in the lower panel of Fig. 2 a
suggestive of lock-in transitions. To obtain more prec
measurements ofe versus temperature, we studied a thir
harmonic magnetic peak, (123e,0,1). This reflection occurs
at a relatively low scattering angle, and a scan through

FIG. 4. Normalized intensity of a magnetic peak at (31e,0,1)
vs (1/32e)2 for 80 K<T<Tm . Line through points is a linear fit
as discussed in the text.
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peak along the@h,0,0# direction is nearly transverse toQ.
For such conditions the resolution inh is excellent. In our
case the resolution was limited by the sample mos
~'0.7°!. At many temperatures the peak shape and width
limited by the asymmetric mosaic distribution of the samp
Representative scans are shown in Fig. 6. At other temp
tures we observed either a single broadened peak, or
coexistence of a broadened peak and a mosaic-limited o

A summary of the results is given in Fig. 7. In all pane
the dominant component is represented by the filled sym
and the secondary component by the open ones.~The excep-
tion to this rule occurs in the range between 50 and 70
where the integrated intensity of the broader second com
nent is actually greater than that of the sharper peak.! The top
panel shows the integrated intensity, with the total intens
from both components~dashed line! normalized to one at 10
K. The middle panel and inset showe. The bottom panel
gives the peak width, divided by 3~in units of 2p/a), so that
it can be compared directly with the middle panel.

The temperature dependence ofe is rather interesting. Al-
though it was measured on warming, it is more convenien
discuss the behavior starting fromTm and considering the
changes as the temperature decreases.~Hysteresis effects
should be small as long as one cools sufficiently slow!
Initially, e jumps from 1

3 to 0.2944' 5
17. From there it de-

creases linearly with temperature until it hits a plateau
0.2865 2

7. ~There is also a hint of a plateau at 0.2935 12
41,

although the stability of this particular value is surprising,
discussed below.! The 2

7 plateau extends from 102 down t
98 K. Below this,e jumps to another region of linear de
crease, until it locks into a value of 0.27785 5

18 near 93 K.
From this point down to 10 K a5

18 component is always
present; however, the entire system is locked into this va
only down to;75 K. Near 70 K the third harmonic split
into two peaks: a sharp one at5

18 and a broad one centere
near 0.275. The integrated intensity of the broad peak do
nates down to;50 K, below which most of the intensity
shifts back into the sharp518 peak. In contrast to what wa

FIG. 5. Intensity of the (422e,0,1) charge-order peak, plotte
in the form DI ch

1/2(T) and normalized to the 10-K value, vs th
normalized (31e,0,1) intensity.
ic
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found6 with the d50.125 crystal, we have not observed a
component centered at311 50.2727.

B. Analysis

In order to make sense ofe(T), we can start with the
Zaanen and Littlewood15 prediction of charge stripes with
hole density of one per Ni site. Assuming that all dopa
induced holes go into O 2p states lying within the NiO2
layers, one would then expect a domain-wall density oe
52d per row of nickel atoms. In our case this givese5 4

15

50.267. It appears that the measurede is approaching this
value as the temperature decreases, but it never quite
there. If we assume that all of the holes are indeed ordere
the stripes, then the hole density~per Ni site! within a charge
stripe, ns , is given byns52d/e. Even if all holes remain
confined to the stripes as the temperature is raised, the
that e increases implies thatns is decreasing. At 80 K we
have ns50.960, at 100 Kns50.933, and atT*Tm ns
50.800.

The existence of plateaus ine(T) indicates that the stripe
order can couple to the lattice; however, the almost conti
ous variation ofe between plateaus shows that the stri
density is not restricted to a few special values. To desc
the possible stripe arrangements, we need consider only
one-dimensional ordering along the charge-modulation

FIG. 6. Elastic scans alongQ5(h,0,1). Scans were measured
temperatures of 108.5 K~a!, 101 K ~b!, and 80 K~c!.
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rection@see Fig. 1~b!#. Within this model, let each row of N
or O atoms be represented by a single site. Thus, there
two Ni sites per unit cell, separated by1

2 a, with an O be-
tween each pair of nickels. The stripes may be pinned
particular sites in the lattice, either by electron-phonon c
pling or Coulomb interaction with the ordered oxygen inte
stitials. The information on the particular pinning sites
contained in the phase of the scattered neutron waves, w
cannot be detected in our single-scattering measurement
be definite, we will assume that a stripe can be pinned
either a Ni or an O row.~It will be shown below that this
assumption leads to testable predictions.! Although it is not
necessary for the present discussion, we will also assume
the charge stripes are quite narrow.~The actual charge dis
tribution can be probed by analyzing the intensities of
higher-harmonic superlattice peaks, as will be discusse
Sec. VI.! For a Ni-centered stripe, we assume that there is
static moment on the site where the hole is centered, con
tent with previous measurements on thed50.125 sample,8

but neighboring nickels have full spins. For an O-cente
stripe, we assume that there is no static moment assoc
with the hole spin.

FIG. 7. Temperature dependences of third harmonic magn
peaks at (123e,0,1). At most temperatures two components w
differente are coexisting. In all panels, the~usually, see text! domi-
nant component is represented by the filled circles and the sec
ary by open triangles. The top panel shows the integrated inten
normalized to the total intensity from both components at 10 K. T
middle panel and inset showe and the bottom panel the peak widt
divided by 3~in units of 2p/a).
re
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Since the stripes are charged, they will repel each ot
As a result, the stripes will arrange themselves so as to m
tain the maximum possible spacing, with the constraint t
each stripe is centered on a Ni or O site. To understand
possible configurations, we can consider the equivalent p
lem of finding the ground-state arrangement of integ
charges on a one-dimensional lattice at arbitrary fillin
which has been solved by Hubbard,31 by Pokrovsky and
Uimin,35 and by Bak and Bruinsma.32 For any given filling,
there will be at most two stripe spacings, which differ by t
minimum increment in stripe position. In our case, this
crement is1

4 a, corresponding to a shift from a Ni to an O si
~or vice versa!. The energy is minimized when the two spa
ing units are ordered in a periodic fashion. The most sta
configurations are those with a single spacing. In our reg
of interest, the single-spacing phases occur ate5 1

4 , 2
7, and

1
3 , with stripe separations of 2a, 7

4 a, and 3
2 a, respectively.

We can represent these different phases using a nota
in which an up or down arrow represents a Ni spin, a d
represents an O site, and an open circle represents a s
Thus, the configuration corresponding toe5 1

4 with Ni-
centered stripes looks like

~13!

Note that each spin domain has a net moment, but that
moments of neighboring domains are antiparallel. Shift
the stripes onto O sites gives

~14!

where now we can associate moments with the dom
walls. While the arrangement of Ni spins adjacent to a d
main wall appears to be different in the Ni-centered and
centered cases, the spin orientations in both cases are co
tent with a shift of the antiferromagnetic phase byp on
crossing a charge stripe.

For e5 2
7, we get equal numbers of Ni-centered and

centered stripes:

~15!

If we drop the requirement of a single spacing, we can h
either purely Ni-centered stripes:

~16!
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or purely O-centered stripes:

~17!

In the single-spacing phasee5 1
3, Ni-centered stripes give

~18!

while O-centered stripes yield

~19!

For ourd50.133 crystal, the magnetic order vanishes wh
e shifts to 1

3; nevertheless, inelastic-scattering measureme
show that the spins remain correlated.30 In the configuration
with O-centered stripes, the domain walls have moments
are in phase with each other. As will be discussed furthe
Sec. VI, one might expect the moments of Ni ions imme
ately adjacent to an O-centered domain wall to be somew
reduced compared to those in the middle of a magnetic
main. If the modulation of the moments defining the a
tiphase domains were purely sinusoidal, then there would
no net moment in the system; however, any deviation from
pure sine wave would lead to ferrimagnetism. In contrast,
spins all form antiparallel pairs when the stripes are cente
on Ni rows. Recently we demonstrated29 that one can induce
staggered magnetic order in thee5 1

3 phase by applying a
uniform magnetic field. This result clearly indicates that t
stripes in the high-temperature phase are centered on O r

So far we have considered only phases with unifo
stripe spacing, whereas the real system appears to
through a range of more complicated phases. While we h
emphasized the possibility of two types of charge stripes
is important to note that the observed values ofe can be
explained with a single type of stripe. In that case, the
evant phases of uniform spacing are limited toe5 1

4 and 1
3.

To describe the possible intervening phases it is conven
to introduce a simple notation. First note that fore5 1

4, there
is one spin period in four lattice spacings, or, equivalen
one charge stripe per four rows of Ni atoms~with two rows
per fundamental unit cell!. It follows that this phase can b
denoted in terms of the real-space repeat unit of the ch
stripes aŝ 4&. Similarly, e5 1

3 corresponds tô3&. The con-
figuration ^43& represents alternating stripe spacings of fo
Ni rows and three Ni rows. This corresponds to two strip
per seven Ni rows, ore5 2

7. An arbitrary configuration will
consist ofn four-row spacings andm three-row spacings
giving6

e5
n1m

4n13m
. ~20!

For such an arbitrary configuration, the ground-state ene
is minimized by arranging the stripes in a pattern that is
n
ts
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-
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-
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ass
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nt

,

ge
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y
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close to uniform as possible.31,35 Some examples are show
in Table I. Bak and Bruinsma32 have demonstrated that th
possible ground states form a complete Devil’s staircase

Of course, if two types of stripes are considered, then
must include a possible stripe spacing of7

2 Ni rows. Note that
to be commensurate with the Ni-row spacing such units m
occur in pairs. Let the number of pairs of7

2 spacings per rea
space repeat unit bep. Then, in the range14 <e< 2

7, the val-
ues ofe are given by

e5
n12p

4n17p
, ~21!

while, in the range2
7 <e< 1

3, the appropriate formula is

e5
2p1m

7p13m
. ~22!

Examples are shown in Table II.
One can distinguish between models with either one

two types of stripes by analyzing the intensities of high
harmonic satellites. Such an analysis is discussed in Sec
The proposed pinning of the stripes to particular lattice ro
has implications for the layer to layer stacking of the strip
as we discuss in the next section.

V. STACKING OF STRIPES

To minimize the Coulomb repulsion between char
stripes in neighboring planes, the stripes should run para
to each other with a staggered alignment. Such a bo
centered-type arrangement would maximize the spacing

TABLE I. Some of the more stable stripe configurations in t
range1

4 ,e,
1
3 assuming a single type of charge stripe. The notat

is explained in the text.

n m e Configuration
Fraction Decimal

2 1 3
11 0.2727 ^443&

5 3 8
29 0.2759 ^44344343&

3 2 5
18 0.2778 ^44343&

1 1 2
7 0.2857 ^43&

2 3 5
17 0.2941 ^43343&

TABLE II. Some of the more stable stripe configurations in t
range 1

4 ,e,
1
3 assuming two types of stripes. The notation is e

plained in the text.

n p m e Configuration
Fraction Decimal

1 1 0 3
11 0.2727 ^4 7

2
7
2 &

2 3 0 8
29 0.2759 ^4 7

2
7
2

7
2 4 7

2
7
2

7
2 &

1 2 0 5
18 0.2778 ^4 7

2
7
2

7
2

7
2 &

0 1 0 2
7 0.2857 ^ 7

2
7
2 &

0 2 1 5
17 0.2941 ^ 7

2
7
2

7
2

7
2 3&
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TABLE III. Examples of uFu2 for both magnetic and charge-order peaks in the case of body-cen
stacking of stripe-ordered layers.

e uF(16e,0,l )u2 uF(36e,0,l )u2 uF(262e,0,l )u2 uF(462e,0,l )u2

l even l odd l even l odd l even l odd l even l odd

1
4 2 2 2 2 0 4 0 4
3
11 0 4 4 0 4 0 0 4
5
18 2 2 2 2 0 4 0 4
2
7 2 2 2 2 0 4 4 0
1
3 4 0 0 4 4 0 0 4
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tween nearest neighbors; however, pinning of the stripe
the lattice would prevent such an ideal staggering. Wit
our model, the stripe pattern should only be able to shift
integral~or possibly half integral! units of the lattice spacing
a. We can distinguish between these two possibilities, sy
metric versus integral-shift stacking, by analyzing thel de-
pendence of the superlattice intensities.

Consider first the case of a symmetric, body-cente
stacking of the stripes. As discussed in the previous sec
a given value ofe can be written as a ratio of two integer
r /s. The commensurate period of the magnetic structur
thensa, and the period of the charge structure issa/2. The
displacement of the stripe pattern from one layer to the n

is then (14 s,0,12 ), in lattice units. The structure factor descri
ing such a stacking is

F511eip~1/2 sh1 l !, ~23!

where the intensity is proportional touFu2. For a charge-
order reflection of the type (2n12e,0,l ), wheren is an in-
teger,uFu2 is either 4 or 0. In the case ofe5 1

4, one finds that
uFu2 is equal to 0 forl equal to an even integer and 4 for od
l , independent ofn. For the general case ofe5r /s, however,
the value ofuFu2 depends not only onl , but also onr , s, and
n. There is a similar variability for magnetic reflections. T
illustrate this, we have listed values ofuFu2 for a number of
different cases in Table III. Note in particular that the bod
centered-stacking model implies zero intensity for the
22e,0,1) reflection whene5 2

7, which is clearly inconsisten
with the results shown in Fig. 2.~The tabulated values o
uFu2 for e5 1

3 have implications for the interpretation of ma
netic and charge-order scattering as reported in a re
study11 of La1.67Sr0.33NiO 4.!

Alternatively, if the stripes are pinned to the lattice, th
the stripe order in neighboring layers is described by
basis vectors (0,0,0) and (ma,0,c/2), wherem is an integer
number. Taking the simplest case ofm51, one finds that, for
the nth harmonic superlattice peak,

uFnu252@11~21! lcos~2pne!#. ~24!

This formula indicates that, for fixedh, the intensities of
magnetic peaks should oscillate as a function ofl . It turns
out that this is just what is observed.

We measured integrated intensities for ten first-harmo
peaks at (16e,0,l ), with l 50 to 4, at the 80 and 100 K
plateaus, corresponding toe5 5

18 and 2
7, respectively. To de-

scribe the experimental results, it is helpful to express
integrated intensities of then51 magnetic reflections as
to
n
y

-

d
n,

is

xt

-

nt

e

ic

e

I 1~ l !5A f2uF1u2, ~25!

whereA is a normalization constant, and we use the para
etrization f 5e2Q2/2s2

to approximate the Ni magnetic form
factor as well as the Debye-Waller factor. The parametes
was determined by a least-squares fit to the data. The va
of uF1u2 extracted from the 80 K measurements are shown
Fig. 8. The dominantl dependence of these results is d
scribed by the formula

uFnu25A8@11~21! lBn#, ~26!

where we have kept the notation general by labelingF andB
with n, and the scale factorA8 is meant to remind us that w
have not determined from the experimental intensities
absolute magnitude ofuF1u2. The values ofB characterizing
the measurements at 80 and 100 K are listed in Table
Equation ~24! predicts that B15cos(2pe), which yields
B1520.174 at 80 K (e5 5

18 ), and B1520.223 at 100 K
(e5 2

7 ).
The model allowing an interlayer offset of the stripe pa

tern by one lattice spacing gives qualitative agreement w
experiment, although the calculated magnitude of the par
eter B1 appears to be systematically too large by 30%. W
can get a better fit to the data if we allow for some disord
in the stacking in terms of different offsets. The Coulom
energy between charge stripes in neighboring layers is
the same for all possible integral offsets. If we allow for tw
possible offsets,a andma, with relative probabilities 12a
anda, respectively, then, assuming a random distribution
the offsets, the structure factor becomes

Fn511@~12a!e2 i2pne1ae2 i2pnme#e2 ip l . ~27!

In the 5
18 phase, the Coulomb energy is minimized form

51, and also form58. We fit the measured intensities wit
this model, varying the parametersa and s to obtain the

TABLE IV. Values of thel -dependent coefficientBn ~described
in the text! for harmonicsn51 –4. For n51, experimental and
fitted values are given. Forn53, experimental values are compare
with values calculated using the parameters determined from
n51 fit. Only calculated values are given forn52 and 4.

T B1 B3 B2 B4

~K! Expt. Fit Expt. Calc. Calc. Calc.

80 20.13(1) 20.132 0.34~7! 0.398 20.964 0.841
100 20.15(1) 20.153 0.54~2! 0.508 20.854 0.508



th

y
t

r

th
a

h
.
io
n-
e

re

os

is
nic
de-
fect
on-
so-
for

e-
of

can
e
ic

ed
n-
t

tic
ist-
e

ea-

ent
to

n
d
l-

les

a
e
B.

he

e-
-

d

d

57 1075NEUTRON-DIFFRACTION STUDY OF STRIPE ORDER . . .
results shown in Fig. 8. The parameter values and
weighted reliability factorRw are listed in Table V. For27, the
relevant offsets arem51 and 3~with a shift by 2.5a being
equivalent in energy tom51). Again, the fitting results are
listed in Table V. The calculated values ofB1 for both cases
are given in Table IV.

One can see from Eqs.~24! and~27! that the relative size
of the l -dependent intensity oscillation varies withn, the
harmonic order. Thus, another test of our model is to appl
to another value ofn. We have parametrized measuremen
of (123e,0,l ) peaks (l 51 to 4! in terms of the coefficient
B3, and the results forT580 and 100 K are listed in Table
IV. We then calculated values ofB3 using the paramete
values already determined in the fits to then51 intensities.
The calculated values are in very good agreement with
measurements. For reference, we have also included in T
IV calculated values ofB2 andB4.

Before leaving this section, it is of interest to consider t
consequences of our model for then52 charge-order peaks
Measurements have not detected any intensity at posit
(2n62e,0,l ) with l even. Considering just the stacking co
tribution ~that is, ignoring the structure factor due to th
atomic displacement pattern within a single layer!, we can
calculate the relative intensities of even-l peaks compared to
odd-l peaks. Using our results fore5 5

18 gives a ratio of 2%,
while for e5 2

7 we obtain 8%. These relative intensities a
still quite difficult to detect. Fore5 1

3 we calculate a ratio of
33%, which would be detectable except that the peak p
tion overlaps with the second harmonic ofgO~1! .

FIG. 8. Comparison of the structure factorsS1( l ) for the experi-
mental data~corrected forA f2) and least-squares fit for the first
harmonic intensities of the518 phase.

TABLE V. Fitted values of the occupation fractiona for layers
with basis vector (ma,0,c/2) in the average magnetic unit cell an
s, the Ni magnetic form-factor constant.Rw5(wn

2(I obs

2I n)2/(wn
2I obs

2 ;wn5 statistical weight.

T e m a s Rw

80 K 5
18 8 0.123~2! 3.2~2! 0.034

100 K 2
7 3 0.1182~2! 3.1~2! 0.035
e

it
s

e
ble

e

ns

i-

VI. MAGNETIC HARMONIC SATELLITE SPECTRUM

Information on deviations from a sinusoidal modulation
contained in the relative intensities of the higher harmo
superlattice peaks. In particular, we are interested in the
gree to which the spacing of the stripes deviates from per
periodicity as well as the degree to which the charge is c
fined within narrow stripes. By reason of their greater ab
lute intensities, the magnetic harmonics are best suited
quantitative analysis.

For thee5 5
18 phase found at 80 K, there are nine ind

pendent harmonics. Figure 9 illustrates the spectrum
higher-order magnetic and charge satellites found in a s
along (h,0,1) for 0<h<1. Because of the weakness of th
higher harmonics, the intensity is plotted on a logarithm
scale. Thenth order satellites of magnetic origin are denot
by the subscriptm, while those due to charge order are i
dicated by the subscriptc. An oxygen ordering peak a

( 1
3 ,0,1) ~labeled O! and an unexplained peak close tonm

53 ~labeled *! are also recorded.~The latter very weak peak
is probably due to a misaligned grain.! Because of insuffi-
cient cooldown time for this special scan, the first magne
and charge satellites are split in two due to partial coex
ence of the5

18 and 2
7 phases. Higher-order contributions of th

2
7 phase could not be observed in this scan.

In order to allow a quantitative analysis, separate m
surements~following a more careful cool down! were per-
formed to obtain integrated intensities for all independ
magnetic harmonics. These were done at 80 and 100 K
characterize the5

18 and 2
7 phases, respectively. All peaks i

the rangeQ5(h,0,1) with 21,h,1 were measured, an
values at1h and 2h were averaged. The results, norma
ized to the intensity of the first harmonic, are listed in Tab
VI and VII.

To model the harmonic intensities, we must start with
specific model of the spin density within a unit cell of th
stripe pattern, such as the models shown in Sec. IV
Within such a one-dimensional unit cell, if we number t
sites with an integer indexm and denote the spin on themth
site asSm , the discrete Fourier transform of the spin arrang

FIG. 9. Spectrum of higher order satellites in the5
18 phase at 80

K along Q5(h,0,1). Thenth order magnetic satellites are labele
with subscriptm, the ones due to charge order withc. An oxygen
ordering peak is labeled O and one of undefined origin with~* !.
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ment corresponding to thenth harmonic is then

S̃n5
1

N (
m50

N21

Sme2 ipme2 i2pnem, ~28!

where N536 ~14! for e5 5
18 ( 2

7 ). The intensity of the
nth-order satellite is given by

I n;u S̃nu2uFnu2, ~29!

whereFn is given by Eq.~27!. Because the measuremen
span a very small range ofQ, the variation of the magnetic
form factor and the Debye-Waller factor can be neglecte

We first consider the2
7 case, because it provides the o

portunity to distinguish between three different models:~a!
equally spaced stripes centered alternately on Ni and O ro
~b! stripes with alternating spacings centered only on
rows, or ~c! stripes centered only on O rows. These thr
possibilities are illustrated in Eqs.~15!–~17!, respectively. In
each case, all spins are drawn with the same magni
~unity!, suggesting quite narrow charge stripes. To allow
some smoothing of the spin modulation, we treat the rela
magnitude of a spin immediately adjacent to an O-cente
stripe as a fitting parameter. Since no such sites occu
model ~b!, in that case alone we take the magnitude of
spins next to Ni-centered stripes as the fitting parameter.
intensities calculated with each of the models are prese
in Table VII, and the fitted spin in each model is listed
Table VIII. Model ~a!, with equally spaced stripes, give
very good agreement with experiment, and the other
models are ruled out rather convincingly. As a further tes
model ~a!, we allowed a second parameter, the size of
spin adjacent to a Ni-centered stripe, to vary, and found
it decreased only slightly, from 1.0 to 0.94, while the size
the spin next to an O-centered stripe remained unchang

To model the results for the518 phase we considered onl
a model similar to~a!, with both Ni- and O-centered stripe
although in this case they are not all equally spaced. Th
gives the same value as in the2

7 case for the spin magnitud
next to an O-centered stripe~see Table VIII!. The calculated
harmonic intensities are listed in Table VI. TheR factor is
somewhat worse than in the27 case, but we also have a su
stantially larger number of harmonics to fit. The quality

TABLE VI. Relative intensities of thenth order magnetic sat
ellite peaks in theQ range (h,0,1) with21,h,1 for e5

5
18. Both

observed and fitted values are listed.

n (I n /I 1)obs ~%! (I n /I 1)calc ~%!

3 1.70~21! 1.008
5 0.10~10! 0.168
7 0.10~7! 0.024
9 0.001~1! 0.136
11 0.001~1! 0.014
13 0.90~16! 0.642
15 0.10~3! 0.309
17 0.10~5! 0.121

Rw 0.47
s,
i
e

de
r
e
d
in
e
he
ed
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e
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fit

the fit seems quite reasonable given the relative comple
of the structure and the possible systematic errors in mea
ing the very weak harmonics.

Given that the analysis of the magnetic harmonics in
cates fairly narrow charge stripes, it is of interest to study
charge-order harmonics. The information obtained about
charge modulation is still indirect, because the neutrons
only directly sensitive to the induced atomic displacemen
Furthermore, quantitative modeling is difficult because of
strongQ dependence of the structure factor, even for a sin
layer.8 Nevertheless, an attempt was made to detect hig
harmonics. Since the lowest-order superlattice peaks
charge order correspond ton52, the next harmonic isn
54. The strongestn52 peak within the accessibleQ range
is at (422e,0,1). Searching in the nearby region we fou
finite n54 peaks at (424e,0,l ) with l 50 and 2. AtT58 K
the intensities of the latter two peaks, relative to the stro
n52 peak, are 1.4~7!% and 2.2~7!%, respectively.

VII. DISCUSSION

In the Landau model for coupled charge- and sp
density-wave order parameters,34 there are two possible or
dering scenarios. If, on cooling, the first-ordering transiti
is driven by the pure charge term in the free energy, th
spin ordering will tend to occur at a lower temperature; o
erwise, the spin and charge order will appear simultaneou
Our present results for thed50.133 phase of La2NiO 41d
show that charge order appears first, consistent with the
havior found in La22xSrxNiO 4 ~Refs. 4, 7, 9, 11, 36! and in
La1.62xNd0.4SrxCuO4 ~Refs. 37, 38!. Thus, it is the free en-
ergy associated with the charge alone that drives the or
ing. Of course, one must keep in mind that the charge str
would not be likely to form and order in the absence of t
magnetic moments of the Ni ions.15 In the charge-ordered
phase atT.Tm , the Ni spins remain strongly correlated,
demonstrated by inelastic neutron-scattering measurem
reported elsewhere.30

TABLE VII. Same as previous table, but fore5
2
7. The different

models are described in the text.

n (I n /I 1)obs (%) (I n /I 1)calc (%)
Model ~a! Model ~b! Model ~c!

3 0.81~19! 0.910 0.355 1.836
5 0.04~4! 0.051 0.063 0.217

Rw 0.13 0.56 1.42

TABLE VIII. Values for the relative magnitude of the Ni spin
adjacent to a domain wall obtained in fitting the relative intensit
of the higher-order magnetic satellite peaks. Models~a!, ~b!, and~c!
are described in the text.

Model Fitted reduction factor for̂SNi& near DW
e5

2
7 e5

5
18

~a! 0.65~2! 0.66~6!

~b! 0.44~4!

~c! 0.26~8!
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The exponential decrease of the charge-order peak in
sity at high temperatures is unusual, but appears to be a
ciated with a commensurability with the superlattice form
by the interstitial oxygens. This coupling, together with t
simultaneous appearance of interstitial order and cha
stripe order as a function ofd, leads one to wonder whethe
the energy associated with the charge and spin correlat
might influence the ordering of the interstitial oxygens. P
haps this connection could be tested in a future experim

The first-order transition atTm and the concomitant jump
in I ch are consistent with the generic Landau model.34 The
main feature not explained by that model is the tempera
dependence ofe. The similarity of the series of lock-in tran
sitions to what is observed in solutions of anisotropic ne
nearest-neighbor Ising models39,40 suggests the importanc
of competing interactions.~Of course, it is likely that com-
peting interactions are also responsible for the very existe
of stripes in this system.41–44! One relevant factor is the long
range part of the Coulomb interaction, which favors a u
form distribution of charge, and hence a large value
e.9,42–44A competing factor is the superexchange energy
sociated with antiferromagnetic Ni spins. This interaction
vors wide magnetic domains, and therefore a small value
e.42,45 The competition between these energies will depe
on the relative magnitudes of the order parametersr andS,
resulting in a temperature-dependente. The observation9 of a
very similar temperature dependence~without the lock-ins!
in La22xSrxNiO 4 with x50.225, where the dopant ions a
randomly distributed, demonstrates that this behavior d
not require well ordered dopants.

The lock-in transitions provide evidence for some co
pling to the lattice. We have explained how the values oe
observed at lock-in plateaus can be understood in term
long-period commensurate structures. Only commensu
structures with relatively short periods can be stabilized
finite temperature. Between the plateaus entropy will tend
favor incommensurate structures.39 The values of epsilon
corresponding to observed commensurate structures ma
first appear to be somewhat arbitrary rational fractions; ho
ever, it is interesting to note that they form the first levels
a Farey tree.45,46A similar correspondence was observed p
viously by Shimomura, Hamaya, and Fujii47 in an x-ray-
diffraction study of commensurate-incommensurate tra
tions in the system@N~CH3) 4# 2MCl 4, where M5Zn, Fe,
and Mn. A Farey tree is constructed by evaluating a
quence of Farey mediants. Given two rational fractions,n8/n
andm8/m, the Farey mediant is (n81m8)/(n1m). Starting
with the fractions1

4 and 1
3 one obtains the tree shown in Fig

10. The experimentally observed values ofe are marked.
Farey-tree structures have also been noted in studies o
two-dimensional Falicov-Kimball model in regions of th
phase diagram dominated by stripe configurations.48

It was shown previously8 in a neutron-diffraction study o
stripe order in ad50.125 sample that the ordered Ni m
ments are quite large, with a maximum amplitude that
.80% of that observed in undoped La2NiO 4. Here we have
shown that the observed intensities of magnetic harmo
are consistent with fairly narrow domain walls. These
sults, together with the poor conductivity of the nickelates
general, suggest that the dopant-induced holes are stro
localized within relatively narrow charge stripes. The wea
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ness of the higher harmonics relative to the first harmo
peak occurs because of the small number of atomic s
between domain walls: the difference in harmonic intens
between a square wave and a sine wave is small when t
are only a few lattice sites per period. It follows that th
absence of strong higher harmonics in magnetic sca
ing studies of copper-oxide superconductors such
La22xSrxCuO4 is not inconsistent with the existence o
stripe correlations in those materials.

It is interesting to consider the change in character of
charge stripes with temperature. As we have sho
elsewhere,29 the charge stripes in thee5 1

3 phase, aboveTm ,
are centered on oxygen rows. From the analysis of the
monic intensities, we have shown here that, in thee5 2

7

phase, the charge stripes are half O centered and hal
centered. Continuing to lower temperature, the domain w
become dominantly Ni centered. In fact, this shift of t
stripes from O to Ni centered is correlated with the evoluti
of the magnetic order parameter. We have observed tha
least near the transition, the intensity of the first magne
harmonic is proportional to the square of the quantityq de-
fined by Eq.~9!. One can easily show that 3q is equal to the
density of Ni-centered stripes. The significance of this cu
ous correlation is not clear.

Along with the shift in lattice alignment, we have argue
that the charge density within the stripes must vary w
temperature. It follows that the insulating nature of the m
terial cannot be explained simply by invoking a Peierls tra
sition in 1D half-filled stripes.15 Instead, it appears that th
electronic localization must be understood in terms of int
actions in the direction transverse to the stripes. Wh
electron-phonon interactions are often discussed, the t
perature dependence ofe makes it clear that purely elec
tronic effects are more important than coupling to the latti
It has been suggested previously49,50 that ‘‘magnetic confine-
ment’’ effects are relatively strong in nickelates, especia
when compared to cuprates. Perhaps this effect, assoc

FIG. 10. Farey-tree composition rule for wave vecto
~densities! between 1/4 and 1/3. The observed rational valu
for e are marked by the symbolss and n for La2NiO4.133 and
La2NiO4.125, respectively.
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with the size of the transition-metal moments, is the m
important feature distinguishing the nickelates from the c
prates.

VIII. SUMMARY

We have reported a detailed study of stripe ordering i
single crystal of La2NiO 41d with d5 2

15. On cooling, charge
order occurs before magnetic order, although there is a s
stantial jump in the charge order parameter at the first-or
magnetic transition. No clear charge-order transition h
been observed, as the intensity of a charge-order superla
peak decays exponentially with temperature. BelowTm , the
value of e decreases with temperature, exhibiting seve
lock-in transitions. A model in which each charge stripe
centered on either a row of Ni or O ions has been shown
be consistent with thel dependence of the magnetic pea
st
u-

a

ub-
der
as
ttice

ral
is
to
k

intensities and with the intensities of higher-order magne
harmonic peaks. Modeling of the latter also indicates re
tively narrow magnetic domain walls. With decreasing te
perature the charge stripes are initially all centered on
rows, and then begin to shift to Ni rows belowTm , with
Ni-centered rows dominating at low temperature.
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