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In recent studies of La22xSrxNiO4 it has been suggested that ordering of the dopant-induced holes occurs
only commensurately at special values ofx, such as13 and

1
2. Commensurate order of both charge and spin

densities has also been found in a crystal withx50.20. The present neutron scattering study of anx50.225
crystal demonstrates that the spin and charge order can also be incommensurate. In fact, the incommensura-
bility is temperature dependent, as observed previously in La2NiO4.125, indicating that such behavior is
intrinsic to the doped NiO2 layers and not dependent on ordering of the dopant ions. A careful analysis of the
unusual variation of peak widths as a function of momentum transfer perpendicular to the planes shows that the
charge- and spin-density modulations are tied to the lattice, with the shift in phase of the charge modulations
from one layer to the next equal to exactly one in-plane lattice spacing. A comparison of results for a number
of samples shows that the charge and spin ordering temperatures vary linearly with hole concentration, with
charge order always occurring at higher temperature, clearly indicating that the ordering is driven by the
charge.@S0163-1829~96!05742-6#

I. INTRODUCTION

The combined ordering of charge and spin is proving to
be a common phenomenon in transition-metal oxides. In
hole-doped La2NiO4, the first evidence for unusual mag-
netic correlations was obtained in a neutron diffraction
study1 on a single crystal of La1.8Sr0.2NiO3.96; similar mag-
netic ordering was also observed2 in La2NiO4.125. Indica-
tions of charge order in La22xSrxNiO4 were found in elec-
tron diffraction3 and transport measurements4 on ceramic
samples. Recent neutron diffraction studies5,6 of a
La2NiO4.125 crystal were the first to detect diffraction from
both the magnetic and charge order in the same sample.
Quantitative analysis of those measurements has firmly es-
tablished that the order~at least below the magnetic ordering
transition! consists of a stripe phase, in which hole-rich
stripes act as antiphase domain boundaries between stripes of
antiferromagnetically ordered Ni spins. Related work on
La22xSrxNiO4 crystals withx50.135 and 0.20 has demon-
strated that similar charge and spin stripe order occurs in the
Sr-doped material.7

While some features of the order are now clear, many
questions remain. For example, Cheong and co-workers3,4

have suggested that ordering is restricted to special values of
x, such as13 and

1
2, where commensurability is possible. Fur-

ther evidence thatx5 1
3 is special was provided in a recent

thermodynamic study.8 Our previous neutron scattering
study7 of a single crystal withx50.20, although not at a
special value ofx, did show commensurate order, albeit with
a short in-plane correlation length of;40 Å. In contrast, the
stripe order found in La2NiO41d is incommensurate, with
the wave vector varying significantly with temperature.5,6

The difference between the cases of Sr and O doping leads
one to ask whether the incommensurability and temperature
dependence of the ordering wave vector in the latter case
might be associated with the three-dimensional~3D! order of
the oxygen interstitials.

The present neutron scattering study of anx50.225 crys-
tal gives a definitive answer to this question. The stripe order
is found to be clearly incommensurate, and the ordering
wave vector shows a temperature dependence similar to the
oxygen-doped sample. Thus, these features appear to be in-
trinsic to the doped NiO2 planes, with the temperature de-
pendence suggesting that competing interactions are in-
volved in the ordering.

Given the incommensurability, one may ask about the
phase of the charge modulation with respect to the lattice. A
probe of the phase is given by the stacking order of the
charge stripes. It has been shown previously6 that the charge
stripes align themselves from one layer to the next so as to
minimize the long-range part of the Coulomb interaction.
With an incommensurate wave vector, keeping stripes in one
layer equally far from their nearest neighbors in the next
layer requires that the phase of the charge modulation be
arbitrary. Is this the case for thex50.225 crystal? The an-
swer turns out to be hidden in the unusual variation of peak
widths measured as a function of momentum transfer per-
pendicular to the planes. A careful analysis of both the mag-
netic and charge-order scattering shows that the charge
stripes do not have an arbitrary phase: They are tied to the
lattice and can only shift by increments of the lattice spacing.
This result is evidence that local interactions compete with
long-range forces.

A final question concerns the driving force for the stripe
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order. Cheong and co-workers3,4 have emphasized the pri-
mary role of the charge, and the thermodynamic study by
Ramirezet al.8 supports this idea. We had originally thought
the spin and charge order to occur simultaneously,5 but, al-
though the strength of dynamical magnetic correlations
grows with the charge order, it is now clear that magnetic
order occurs at a lower temperature. The dominant role of
the charge becomes manifest when one looks at the doping
dependence of the transition temperatures. Comparing results
on various samples, we show that both the magnetic and
charge-order transition temperatures vary linearly with hole
concentration.

The rest of the paper is organized as follows. The next
section contains a brief review of nomenclature and notation,
followed by a description of experimental procedures. The
results and analysis are presented in Sec. IV. Trends with
hole concentration are discussed in Sec. V.

II. NOTATION

The average structure of the composition under study re-
mains in the high-temperature tetragonal~HTT! phase~space
group I4/mmm) down to at least 10 K; however, the charge
and spin order are more easily described in a unit cell of size
A2a3A2a3c compared to the HTT cell. Hence, we chose
to index diffraction features in terms of such a cell with
corresponding space groupF4/mmm.

Detailed descriptions of the spin and charge stripe-order
model have been given elsewhere;6,9 for the present purposes
we note that the spin-density modulation is characterized by
the wave vector

ge5~11e,0,0!, ~1!

where wave vector components are specified in reciprocal
lattice units (2p/a,2p/a,2p/c). If G is a reciprocal lattice
point of the average structure, then superlattice peaks appear
atG6ge . Since Ne´el order in the planes is characterized by
QAF5(1,0,0), it follows that the magnetic peaks appear in
pairs aboutQAF split by (6e,0,0). @Because of twinning of
the modulated structure~it costs no extra energy to create a
domain rotated by 90°) peaks also appear at (0,6e,0) with
respect toQAF .# In real space the corresponding spin struc-
ture consists of locally antiferromagnetic order with an over-
all sinusoidal modulation of perioda/e. The characteristic
wave vector for the charge density modulation is

g2e5~2e,0,1!, ~2!

corresponding to a real-space modulation period ofa/2e,
half that of the magnetic period.

III. EXPERIMENTAL PROCEDURES

The single-crystal sample was grown by radio frequency
induction skull melting as described elsewhere.11 The start-
ing composition had a Sr concentration ofx50.25; however,
electron microprobe analysis of the resulting large crystals
showed that the actual Sr concentration wasx50.225. The
conditions for controlling the oxygen stoichiometry were de-
termined by thermogravimetric analysis as a function of an-
nealing temperature and oxygen partial pressure.12,13Oxygen
stoichiometry ~i.e., d50.00) in the present sample was

achieved by a final annealing at;800 °C in 1 bar O2. Pre-
liminary neutron diffraction measurements indicated that the
sample contained several crystals with different orientations.
For the work reported below, a crystal block of volume
;0.1 cm3 was chipped from the bulk sample.

The neutron scattering measurements utilized the H9A
and H7 triple-axis spectrometers at Brookhaven National
Laboratory’s High-Flux Beam Reactor. At H9A, which is on
the cold source, neutrons of energy 5.0 meV were selected.
Typical effective horizontal collimations of 408-308-808-
808 ~from reactor to detector! were used, along with a cold
Be filter to eliminate neutrons at shorter harmonic wave-
lengths. At H7, a neutron energy of 14.7 meV, horizontal
collimations of 408-408-408-408, and two pyrolytic graphite
~PG! filters were used. At both spectrometers the neutrons
were monochromatized and analyzed by PG crystals set for
the ~002! reflection. The 5 meV neutrons at H9 were ex-
ploited to study the magnetic scattering peaks, which are
strongest at small momentum transferQ, while the higher-
energy neutrons at H7 where required to measure the nuclear
scattering associated with charge order.

Most of the measurements were performed with the crys-
tal oriented to have its@010# axis vertical, so that the
(h0l ) zone of reciprocal space was in the horizontal scatter-
ing plane. A few checks were also made in the (hk0) zone.
The aligned crystal was mounted in an Al can with He ex-
change gas that was attached to the cold finger of a Displex
closed-cycle He refrigerator. The temperature was monitored
with Si diode and Pt resistance thermometers to an accuracy
of better than61 K. The lattice parameters at 10 K were
measured to bea55.42 Å andc512.64 Å.

FIG. 1. ~a! Diagram of the (h0l ) zone, showing positions of
diffraction peaks, with indexing based on space groupF4/mmmfor
the average nuclear structure. Solid circles, fundamental Bragg
peaks; open circles, magnetic superlattice peaks; open triangles,
nuclear superlattice peaks corresponding to charge order. Shaded
bars indicate ranges of representative scans of elastic scattering.~b!
ScanA, through the magnetic peaks at (16e,0,1), atT510 K. ~c!
ScanB, through the magnetic-order peak at (31e,0,1) and charge-
order peak at (422e,0,1), measured atT510 K ~solid circles! and
140 K ~open circles!.
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IV. EXPERIMENTAL RESULTS

A. Description

Figure 1~a! shows the positions within the (h0l ) zone of
magnetic~open circles! and charge~open triangles! superlat-
tice peaks associated with the three-dimensional stripe order
observed5,6,10 in La2NiO41d with d5 2

15. In our previous
study7 of a La22xSrxNiO4 crystal withx50.20 we observed
well-defined peaks of finite width when scanning alongh
through the superlattice points, but very broad diffuse scat-
tering in scans alongl . On increasingx to 0.225 we find that
the peaks have sharpened considerably in both directions.
Typical low-temperatureh scans through magnetic and
charge peaks@indicated asA andB in Fig. 1~a!# are shown in
Figs. 1~b! and 1~c!. A measurement of the (12e,0,1) mag-
netic peak with tighter horizontal collimations and lower-
energy neutrons yielded a Lorentzian line shape with a half-
width of 0.007 Å21. This corresponds to a correlation length
of ;150 Å. From the peak positions we find that, at low
temperature,e'0.275, compared to 0.25 in thex50.20
(d50.00) crystal.

Scans alongl through the magnetic and charge peaks@in-
dicated asC andD in Fig. 1~a!# are shown in Fig. 2. Al-
though the peaks are broad, they are very well resolved.
~Note that the plotted intensity has been corrected for the
background signal, so that the finite intensity between peaks
is intrinsic.! As expected, magnetic peaks appear at all inte-
ger values ofl , but charge-order peaks occur only whenl is
an odd integer; however, the variation of peak widths with
l is quite unusual. For the magnetic scattering, the peaks at

odd l are considerably sharper than those at evenl , even
though the integrated intensities of all peaks are essentially
the same. The widths of the charge-order peaks are approxi-
mately equal to the average of the two magnetic widths. The
analysis of thel -dependent scattering will be discussed be-
low.

The temperature dependences of various peak parameters
are presented in Fig. 3. The top panel shows the intensity
integrated alongh and normalized to 1 at 10 K; similar re-
sults are obtained by integratingl scans. One can see that the
magnetic order disappears near 100 K, while the charge or-
der does not approach zero until;150 K. The center panel
shows the peak half-widths obtained from a Gaussian fit
along h and a Lorentzian fit alongl . ~As will be shown
below, the correct peak shape alongl differs from a Lorent-
zian; nevertheless, the Lorentzian analysis is simple and
gives an adequate description of the trend with temperature.!
Theh widths shown for both the magnetic and charge peaks
are resolution limited below 100 K. Thel widths clearly
increase as the intensity decreases, suggesting a somewhat
glassy transition, consistent with the lack of long-range or-
der. The bottom panel presents the temperature dependence
of the peak-position parametere, which increases as order is
lost, in a manner similar to that found5,6,10 in La2NiO41d
with d5 2

15.
To make the comparison with the oxygen-doped system

more complete, we also checked the relative intensities of
the (16e,0,0) and (1,6e,0) magnetic peaks. For thed5 2

15

FIG. 2. ~a! ScanC @see Fig. 1~a!# through magnetic peaks along
Q5(11e,0,l ). ~b! Scan D through charge-order peaks along
(422e,0,l ). Both scans were measured atT510 K, and the plotted
intensity has been corrected for background. Solid lines are fits that
are described in the text.

FIG. 3. Results for representative magnetic-order~solid sym-
bols! and charge-order~open symbols! peaks as a function of tem-
perature. Top panel: intensity integrated alongh, where
Q5(h,k,l ). Middle panel: peak widths~half-width at half maxi-
mum! measured alongh and l . Theh widths are limited by resolu-
tion at low temperature. Bottom panel: incommensurate splitting
parametere.
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phase the ratio ofuFu2 ~whereF is the structure factor! for
the latter peaks to the former is approximately 0.065, which
is consistent with having the spins lie in the plane pointed
perpendicular to the modulation direction.6 In contrast, the
ratio for thex50.225 crystal is 0.65. This larger ratio might
indicate that, in the Sr-doped sample, there is a finite com-
ponent of the spins parallel to the modulation direction, but it
may also in some way be associated with the finite correla-
tion length.

We have already commented on the temperature depen-
dence ofe. One feature observed with the oxygen-doped
samples, but not here, is a tendency fore to lock in to certain
rational fractions.5,10 The particular fractions observed can
be understood if the positions of ordered hole stripes within
an NiO2 plane are restricted by the lattice, with some of the
stripes centered on Ni sites and the rest centered on
oxygens.10 Further evidence for pinning of the stripes by the
lattice comes from thel dependence of the structure factors
for the spin and charge superlattice peaks. Because of Cou-
lomb repulsion, hole stripes in neighboring planes run paral-
lel to each other with a staggered alignment, so as to maxi-
mize the spacing between nearest neighbors; however,
pinning of the stripes to the lattice prevents an ideal stagger-
ing of stripe positions. An approximate staggering is
achieved by shifting the stripe positions within one plane by
one lattice spacing with respect to the nearest-neighbor
planes. Thel dependence of the structure factors is then
given by

uFnu2;11cos~2pne!cos~p l !, ~3!

where n51 for the first-harmonic magnetic peaks and
n52 for the second-harmonic charge-order peaks. A related
signature is present in thex50.225 data, but some analysis is
required to extract it. We present this analysis next.

B. Analysis

To analyze thel dependence of the spin- and charge-order
scattering, we consider the problem of scattering from well-
ordered layers with exponential decay of the correlations be-
tween layers. IfFn is the structure factor for thenth layer,
then the scattered intensity is given by14

I5(
m

~N2umu!^FnFn1m* &eip lm, ~4!

where the layer spacing is taken to bec/2. If Q is of the form
(h,0,l ), then for our problem it is possible to write

^FnFn1m* &5uFu2Pm . ~5!

For exponential decay of the correlations,

Pm5pm, ~6!

with

upu5e2c/2j, ~7!

wherej is the correlation length. Now, if we make the usual
large-N approximation and ignoreumu compared toN, then
Eq. ~4! becomes

I'NuFu2(
m

pmeip lm5NuFu2
12p2

11p222pcosp l
. ~8!

This formula gives peaks at even integerl if p is positive,
and peaks at odd integerl if p is negative. The width of the
peak depends onp, while the integrated intensity~for a peak
at l5 l 0, integrated froml 02

1
2 to l 01

1
2! is independent of

it.14

To make connection with experiment, first consider the
case ofe5 1

4, which allows ideal staggering of the charge
stripes and perfect stacking order. One then has, for the mag-
netic scattering,

Pm
s 5H 1 form even,

0 form odd

5 1
2 @~ps!

m1~2ps!
m#, ~9!

with ps51, and, for the nuclear scattering associated with
charge order,

Pm
c 5H 1 form even,

21 form odd

5~2pc!
m, ~10!

again withpc51. These correlation factors give the proper
extinction rules, i.e., magnetic peaks at both even- and odd-
integerl but charge peaks only at odd-integerl .

If the stacking of stripe layers is the same as in the
oxygen-doped samples, then foreÞ 1

4 slightly more compli-
cated expressions are required. For perfect correlations one
has

Pm
s 5 1

2 $@11cos~2pe!#~1!m1@12cos~2pe!#~21!m%
~11!

and

Pm
c 5 1

2 $@11cos~4pe!#~1!m1@12cos~4pe!#~21!m%.
~12!

To introduce a finite correlation length, it would seem rea-
sonable to replace the factors (61)m by (6p)m; however,
for the magnetic scattering this would cause the odd-integer
and even-integer peaks to have different integrated intensi-
ties, which is inconsistent with experiment. We can satisfy
the experimental constraint of uniform integrated intensities
if, instead, we set

Pm
s 5~ps1!m1~2ps2!m, ~13!

with

ps65p@16cos~2pe!#. ~14!

This form corresponds to an increasing probability of stack-
ing faults as a function of layer separation,m. For the charge
peaks, we note that for the experimentally observed
e50.275 we have cos(4pe)520.95, so that it should be suf-
ficient to make use of Eq.~10!. Assuming that the spin order
and charge order have the same correlation length, this
model then predicts that

ps1 /ps250.73 ~15!
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and

~ps11ps2!/pc52. ~16!

We have fit the data using Eq.~8!, in each case approxi-
mating uFu2 by a slowly varying Gaussian and replacingN
by a scale factor. The Gaussian width, scale factor, andp
factors were varied to obtain the least-squares fits indicated
by the lines in Fig. 2. The fits gave the parameter values
ps150.53160.007, ps250.71760.004, and pc50.625
60.016, yielding

ps1 /ps250.7460.01 ~17!

and

~ps11ps2!/pc52.0060.05, ~18!

in excellent agreement with the model. From the value of
pc we obtain a correlation lengthj51.06c, or approximately
two layer spacings.

V. DISCUSSION

We have seen that, for thex50.225 crystal, the charge
orders first, with magnetic order following at a lower tem-
perature. The primary role of the charge in driving the order-
ing becomes even clearer when one compares results from
several different studies. In the upper panel of Fig. 4 we have
plotted the charge and spin ordering temperatures that have
been reported in various diffraction studies1,3,4,7,6,10of both
Sr- and O-doped La2NiO4 as a function of the net dopant-
induced hole concentrationnh5x12d. ~Note that determi-
nation of the net hole concentration requires accurate knowl-
edge of both the Sr and O concentrations. The value ofnh for
the x50.2 sample studied by Haydenet al.1 has been ad-
justed to account for oxygen deficiency, as discussed in Ref.
7.! Remarkably, we find that not only does the charge order-
ing temperature increase withnh , it appears to do so lin-
early. The spin ordering temperature also appears to vary
linearly with nh , although with a smaller slope. It has been
shown previously6,15–17 that in La2NiO41d with d,0.11,
where the magnetic order remains commensurate, the Ne´el
temperature drops from 335 K atd50 to 50 K at
d50.105. The increasing spin ordering temperatures in the
stripe-ordered regime must be driven by the charge order.

The lower panel of Fig. 4 shows how the splitting param-
etere, measured at low temperature, varies withnh . As we
have noted previously,7,9 the trend in the stripe-ordered re-
gime is e'nh , which is consistent with the calculations of
Zaanen and Littlewood.18 The deviations from this trend we
believe to be real, and, along with the temperature depen-
dence ofe, they suggest the importance of the long-range
part of the Coulomb interaction. The inset in the figure
shows the variation of the in-plane inverse correlation length
k as a function ofnh for the Sr-doped crystals that we have
studied.7 The line through the points is a quadratic fit; ex-
trapolation suggests thatk→0 nearnh50.25. Surprisingly,
this value ofnh corresponds fairly closely to the point at
which the magnetic order in the oxygen-doped nickelate
changes from commensurate to stripes. The latter behavior is
also correlated with a change in the dimensionality of the
interstitial order from 1D to 3D. Perhaps these correspon-
dences are more than a mere coincidence.

The analysis of Zaanen and Littlewood18 suggests that
one should think of holes that bind to domain walls within an
antiferromagnetic background. This picture strongly influ-
enced our previous discussions of stripe order;5–7 however,
the fact that the charge orders first is more consistent with
the charge segregation concept of Emery and Kivelson.19,20

The observation7 that the low-energy magnetic spectral
weight falls off as the charge order disappears indicates that
without charge order the antiferromagnetic correlations dis-
appear. Local antiferromagnetic order can occur only after
the charge has segregated into hole-rich and hole-poor re-
gions. The long-range part of the Coulomb interaction should
suppress true phase separation and influence the stripe
order.20,21

Competition between Coulomb and magnetic interactions
can qualitatively explain the temperature dependence of the
splitting parametere shown in Fig. 3. The local electronic
and magnetic interactions presumably favore5nh , as sug-
gested by the Hubbard model analysis.18 On the other hand,

FIG. 4. Summary of results on charge and spin order for a
number of doped La2NiO4 samples reported in the literature. Upper
panel shows transition temperatures for charge and spin order,
while lower panel shows incommensurabilitye, all as a function of
hole concentrationnh . Inset shows variation of the low-temperature
inverse correlation length determined by neutron scattering for three
La22xSrxNiO4 crystals. Solid circles, present work and Ref. 7;
solid triangles, Refs. 6 and 10; open squares, Ref. 3; open dia-
monds, Ref. 1.
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the Madelung energy is proportional toug2eu22, and hence it
is reduced by increasinge. As the magnetic order disappears,
the Madelung energy should become relatively more impor-
tant, leading to an increase ine as observed.

The trends indicated in Fig. 4 suggest that the charge
ordering phenomenon is not necessarily restricted to special
hole concentrations; however, it is possible that the ordering
transition becomes sharper when the stripe modulation has a
short-period commensurability. The rounded transitions in
our x50.225 sample are presumably due to the frustrating
effects of the random potential associated with the Sr ions. A
short-period commensurability might also enhance the effec-

tive coupling of the charge modulation to the lattice. Further
diffraction investigations of stripe order~especially the mag-
netic component! in the x>0.25 regime are needed.
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