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Polarized- and unpolarized-neutron scattering measurements of the spin excitation spectrum in the stripe-
ordered phase of La2NiO4+� ���0.11� are presented. At low energies, the magnetic spectral weight is found to
shift anomalously toward the two-dimensional antiferromagnetic wave vector, similar to the low-energy dis-
persions observed in cuprate superconductors. While spin-wave spectra in stripe phases can exhibit an apparent
inward dispersion, we find that the peak shifts measured here cannot be accounted for by this effect. Possible
extensions of the model are discussed.
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I. INTRODUCTION

Nanoperiodic spin and charge correlations in the form of
stripes have featured prominently in the debate over the
mechanism of superconductivity in the layered cuprates.1 Of
particular interest has been the interpretation of the spin fluc-
tuation spectrum measured by neutron scattering, which ex-
hibits a characteristic hour-glass shape in hole-doped
cuprates.2–11 The hour-glass dispersion is found in cuprates
both with and without static stripe order, and has recently
been observed11 in a very lightly doped insulating cuprate in
which the incommensurate spin modulation is diagonal, i.e.,
at 45° to the Cu–O bonds, rather than parallel to the bonds as
found at higher doping. Theoretical approaches based on
stripes12–18 generally succeed in reproducing the gross fea-
tures of the spectrum, but the low-energy part remains a
concern.19 These models invariably predict cones of spin ex-
citations emerging from four equivalent incommensurate
�IC� wave vectors �two in the case of untwinned unidirec-
tional stripes�. Such spin-wave cones, however, are not ob-
served experimentally in the cuprates. Instead, the spectra
show four IC peaks that disperse inwards with energy with-
out splitting toward the ordering wave vector QAF of the
parent antiferromagnet where they merge before dispersing
apart again at higher energies.

Insight into the role of stripes in the cuprates can be
gained from the structurally related but insulating system
La2−xSrxNiO4+�, whose phase diagram exhibits stable stripe
order over a wide range of hole content nh=x+2� without
the complication of superconductivity.20–25 Stripes in
La2−xSrxNiO4+� are aligned at 45° to the Ni–O bonds, like in
lightly doped La2−xSrxCuO4, but as noted above, the charac-
teristic features of the magnetic dispersion in the cuprates is

not dependent on the alignment of the stripes. Detailed mea-
surements of La2−xSrxNiO4+� have been reported for several
compositions close to x=1 /3 with �=0.26–29 Like in the cu-
prates, the low-energy spectra show four IC peaks, but so far
no evidence has been found for an inward dispersion. With
the exception of an unexplained peak near 25 meV,27,28 the
spectra are consistent with propagating spin-wave modes of
ordered stripes.

In this paper, we report neutron scattering measurements
of the spin excitation spectrum of La2NiO4.11. Previous stud-
ies of the spin excitations in the nickelates have mostly been
performed on compounds whose stripe period is 1.5 to 2
times shorter than found in stripe-ordered cuprates. In
La2NiO4.11, however, the stripe period is similar to that in the
cuprates. Oxygen-doped La2NiO4+� exhibits stripe order for
��0.11�nh�0.22�.23,24 For 0���0.11, commensurate an-
tiferromagnetic �AFM� order of the parent phase ��=0� is
observed but with an ordering temperature that decreases
with �. The advantage of O doping over Sr doping is that for
a given hole concentration there is less disorder in the
stripes, possibly as a result of three-dimensional ordering of
the interstitial oxygen combined with a lack of cation disor-
der.

Our measurements reveal an anomalous inward dispersion
of the spectral weight in the energy range 10 to 25 meV,
while above �25 meV, the IC peaks are found to split into
spin-wave cones. This shows that the magnetic excitations of
a stripe-ordered antiferromagnet can display similar behavior
at low energies to that found in the hole-doped cuprates,
although in La2NiO4+� the complete hour-glass dispersion is
not observed. Our attempts to model the results quantita-
tively suggest that a description that goes beyond linear spin-
wave theory for ideal stripes is required.
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II. EXPERIMENTAL DETAILS

The single crystal of La2NiO4+� used here was grown in
Oxford by the floating-zone method30 and had a mass of
16 g. The oxygen content determined by thermogravimetric
analysis of a specimen from the same boule was
�=0.11�0.01.

Neutron scattering measurements were made on the
MAPS time-of-flight spectrometer at ISIS and on the IN8
and IN20 triple-axis spectrometers at the ILL. A preliminary
report of the MAPS data has already been published.31 On
MAPS, the crystal was aligned with the c axis parallel to the
incident beam direction. Spectra were recorded with several
incident neutron energies, and the scattering from a standard
vanadium sample was used to normalize the spectra and
place them on an absolute intensity scale. On IN8 and IN20,
the crystal was mounted with the c axis and �110� direction
in the horizontal scattering plane �we refer throughout to the
tetragonal unit cell with lattice parameters a=3.85 Å and c
=12.7 Å�, and the spectrometers were configured for a fixed
final neutron energy of Ef=14.7 meV with a graphite filter
after the sample to suppress higher orders.

Measurements on IN20 employed uniaxial polarization
analysis.32 Polarized neutron diffraction �elastic scattering�
data were collected with three orthogonal orientations of P
relative to Q: �1� P �Q, �2� P�Q with P in the scattering
plane, and �3� P�Q with P perpendicular to the scattering
plane. The data were used to probe the spin orientation in the
magnetically ordered phase. The spin-flip �SF� and non-spin-
flip �NSF� components of two magnetic Bragg peaks were
measured for each of the three orthogonal directions of P.
Corrections were applied to compensate for the imperfect
neutron polarization. For the inelastic scattering measure-
ments the neutron spin polarization P was maintained paral-
lel to the scattering vector Q in order to separate magnetic
from nonmagnetic scattering

III. RESULTS

Neutron diffraction measurements revealed patterns con-
sistent with diagonal stripe order �i.e., stripes oriented at 45°
to the Ni–O bonds� characterized by a fourfold group of
magnetic diffraction peaks at IC wave vectors
QIC=QAF� �� /2,� /2,0� and QAF� �−� /2,� /2,0�, where h,
k, and l are integers, QAF= �h+0.5,k+0.5, l� are antiferro-
magnetic wave vectors, and �=0.270�0.005 is the
incommensurability.33 These peaks were observed below
TN�120 K, consistent with previous data.23,24 The observa-
tion of four satellites around QAF is explained by the pres-
ence of domains in which the charge stripes run along the
two equivalent diagonals of the square lattice, as shown
schematically in Fig. 1 for ideal period-4 stripes. The domain

with stripes parallel to the �11̄0� direction gives rise to the
magnetic peaks displaced by ��� /2,� /2,0� from QAF, while
the �110� stripe domain causes the peaks displaced by
��−� /2,� /2,0� from QAF. The correlation lengths for the
magnetic order were found to be �50 Å both parallel and
perpendicular to the stripes in the ab plane, and �90 Å in
the c direction. We also observed the distinct sets of super-

lattice peaks associated with interstitial oxygen ordering re-
ported in Ref. 34.

The polarized neutron diffraction measurements depend
on the Fourier component M�Q� of the magnetic structure at
the ordering wave vector Q=QIC. Following the approach
described in Ref. 35, we used the six measurements �SF and
NSF components for three orientations of P relative to Q� at
the magnetic Bragg peaks Q1= �0.5−� /2,0.5−� /2,3� and
Q2= �0.5+� /2,0.5+� /2,1� to determine the intensities asso-
ciated with the components of M�QIC� along the �110�,
�11̄0�, and �001� directions. The data collected at 2 K gave
I110 / I11̄0=0.062�0.004 and I001 / �I110+ I11̄0�=0.004�0.004.
Within experimental error these ratios did not vary with tem-
perature between 2 and 60 K. For collinear magnetic order
M�Q� is proportional to the ordered moment, and assuming
this to be the case here we find that the ordered moments lie
in the ab plane to within an experimental uncertainty of 5°
and make an in-plane angle of 14.0�0.5° to the stripe direc-
tion.

We now turn to the magnetic excitation spectrum. Figures
2�a�–2�c� show constant-energy slices that illustrate the most
notable features of the observed spectrum. The data, which
were recorded on MAPS with unpolarized neutrons of inci-
dent energy 80 meV and a sample temperature of 7 K, have
been averaged over the indicated energy ranges and plotted
as a function of the in-plane scattering vector Q2D= �h ,k� in
reciprocal lattice units �r.l.u.�.36 The 7–9 meV slice exhibits
four peaks at the magnetic ordering wave vectors. The inten-
sities of the peaks are unequal because the ordered moments
make different angles to Q in the two stripe domains.37

Ja Jb

Jd Jc

(a) [110] stripe domain

(b) [110] stripe domain

[100]

[010]

FIG. 1. �Color online� Model for ideal period-4 diagonal stripes
�DS4 model�. Two equivalent domains are shown, with stripes run-

ning parallel to the �a� �11̄0� and �b� �110� directions of the square
lattice. In relation to hole-doped nickelates, the arrows show AFM
ordered spins on Ni2+ sites and the filled circles represent doped
holes assumed here to be localized on Ni3+ ions. Exchange interac-
tions considered in the spin-wave analysis are indicated.
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These four peaks are also present in the 15–20 meV slice but
have clearly shifted inwards toward QAF= �0.5,0.5�. Above
25 meV these peaks evolve into rings as can be seen in the
30–40 meV slice. The features just described are signifi-
cantly broader in wave vector than the experimental reso-
lution, which is approximately 0.05 r.l.u under the conditions
used to collect the data in Figs. 2�a�–2�c�. Above �50 meV
the rings strongly overlap and merge into a single broad peak
centered on QAF. As shown in Fig. 3, the peak at QAF de-
creases in intensity with increasing energy up to �110 meV,
above which no signal can be detected above the back-
ground.

We performed additional measurements with neutron po-
larization analysis to distinguish magnetic from nonmagnetic
scattering. Figure 4 �main panel� shows a series of constant-
energy scans along the �� ,�� direction measured on IN20 in
the spin-flip scattering channel. With P �Q the SF scattering
is purely magnetic. Up to 10 meV, the scans show peaks

centered at the same wave vectors as the magnetic Bragg
peaks, which are also shown in the figure, but above 10 meV
the peaks move inwards and broaden compared with the res-
olution. Interestingly, even at 10 meV the peaks are about
50% broader than the experimental resolution.

These results confirm that the inward-dispersing peaks
found here are magnetic in origin. The upper panel of Fig. 4
shows a cut through the MAPS data along the direction per-
pendicular to the stripes, averaged over the energy range
45–50 meV. This illustrates the splitting of the IC peaks at
higher energies �see also Fig. 2�c��.

To quantify the dispersion, we fitted Lorentzian functions
to the peaks in a series of constant-energy scans including
those shown in Fig. 4. The fitted peak centers are plotted in
Fig. 5. Data from all three spectrometers are included in the
analysis and are consistent with one another. One can see
clearly how the peak intensity remains centered at the mag-
netic ordering wave vectors up to 10 meV, above which it
disperses inwards. At 20 meV the incommensurability is 20–
25% less than the static value. This analysis confirms that the
shift observable in the raw intensity data is intrinsic and not
simply an artifact from the overlap of the peaks. Above 25
meV, four peaks can be resolved in the scans and the data
were accordingly fitted to four Lorentzian functions. The re-
sulting pair of “V”-shaped dispersion curves are asymmetric,
with higher velocity on the inner branches. This asymmetry
partially counteracts the inward shift in intensity at lower
energies, but even in the highest energy data �45–50 meV�
the pairs of spin-wave peaks are still shifted toward QAF
relative to the magnetic Bragg peaks.

An obvious question to ask now is, do other stripe-
ordered nickelates exhibit similar features to those just de-
scribed? The question is answered for one other composition
in Fig. 6. This figure shows the magnetic dispersion of
La5/3Sr1/3NiO4, which has commensurate period-3 charge
stripes ��=1 /3�. The dispersion was obtained from a series
of constant-energy cuts along the �� ,�� direction through the
MAPS data set of Woo et al.29 As before, a two- or four-
Lorentzian line shape was used to obtain the peak positions.
To within experimental error the dispersion is symmetric
about the magnetic Bragg peak positions, in stark contrast to
the case of La2NiO4.11.

FIG. 2. �Color online� Spin excitation spectrum of La2NiO4.11

measured by inelastic neutron scattering and calculated by linear
spin-wave theory. �a�–�c� Constant-energy slices averaged over the
energy ranges indicated above the figures. Vertical dashes mark the
positions of maximum intensity in the 7–9 meV slices. The data
were collected on the MAPS spectrometer with a sample tempera-
ture of 7 K and with incident neutron energies of 80 meV. The
intensity is in units of mb sr−1 meV−1 f.u.−1, where f.u. stands for
“formula unit” �of La2NiO4.11�. �e�–�g� Simulations based on the
DS4 model shown in Fig. 1 �Ref. 39� with exchange constants Ja

=28 meV, Jb=17 meV and Jc=Jd=0 meV, and 2D Gaussian
wave vector broadening with standard deviation 0.022 r.l.u. The
intensity in the simulations is in arbitrary units.
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IV. ANALYSIS AND DISCUSSION

The data presented in the previous section show conclu-
sively that there is an inward shift toward QAF in the inten-
sity of the spin excitation spectrum of La2NiO4.11 for ener-
gies above �10 meV, whereas there is no such shift for the
commensurate stripe-ordered compound La5/3Sr1/3NiO4.
Since the spins in the stripe phase are localized and ordered
the dominant magnetic excitations are expected to be spin
precession waves, so a natural first step is to see whether the
results can be understood in the framework of linear spin-
wave theory.

Linear spin-wave theory �LSWT� has been used previ-
ously to investigate the spin excitation spectrum of ideal
commensurate stripe structures.38,39 The calculations assume
a Heisenberg spin Hamiltonian, so charge dynamics are in-
cluded only insofar as they modify the strength of the inter-
stripe exchange couplings. To test whether LSWT can de-

scribe the anomalous features of the spin excitation spectrum
of La2NiO4.11, we compared the data with LSWT predictions
for ideal site-centered period-4 diagonal charge stripes as
shown in Fig. 1, dubbed DS4 in Ref. 39, for which the in-
commensurability �=0.25 is close to that observed experi-
mentally ���0.27�. The minimal DS4 model has two ex-
change parameters, one �Ja� coupling nearest-neighbor Ni2+

spins within a stripe domain, and the other �Jb� coupling Ni2+

spins either side of a domain wall in a straight line through a
Ni3+ site. The justification for this model is that it provides a
very good description of the magnetic dispersion of
La5/3Sr1/3NiO4.27,29
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A detailed comparison with the model is not possible be-
cause the experimental spectrum of La2NiO4.11 has consider-
able intrinsic broadening and at high energies is complicated
by the twinning of the stripes. Instead, we estimate the pa-
rameters of the model as follows. The magnetic dispersion of
the Ja−Jb DS4 model has a band width of 4Ja �we assume
S=1�. The experimental magnon bandwidth is
110�10 meV, so Ja=28�3 meV. To estimate Jb, we fitted
the slope of the acoustic magnon branch perpendicular to the
stripes to the data above 25 meV in Fig. 5. This gave
Jb=17�3 meV. The values of Ja and Jb agree closely with
those determined experimentally for La5/3Sr1/3NiO4
�Ja=27.5�0.4 meV, Jb=13.6�0.3 meV� �Refs. 27 and 29�
and Ja is in good agreement with that obtained for La2NiO4
�Ja=31�0.7 meV�.40

Figures 2�d�–2�f� show simulated constant-energy slices
from the Ja−Jb DS4 model alongside the corresponding data
from MAPS. The simulations reproduce most features of the
data but, crucially, they do not exhibit the inward dispersion
of the incommensurate peaks.

It has been shown that an apparent inward dispersion can
be obtained for striped spin structures within LSWT when
Jb�Ja.18 In this case, the inward dispersion is the combined
effect of broadening and a stronger intensity on the surface
of the spin-wave cone nearest QAF. A reduction in Jb /Ja is
only possible within the constraints imposed by the
La2NiO4.11 data if we introduce additional exchange param-
eters. However, the inclusion of diagonal next-nearest-
neighbor Ni–Ni couplings between �Jc� and within �Jd� stripe
domains did not enable us to reproduce the observed 20–
25% inwards intensity shift within the DS4 model without
departing from the observed magnon bandwidth of
�110 meV and/or the data shown in Fig. 5. We also per-
formed simulations for period-4 bond-centered stripes, but
we could not reproduce the inwards intensity shift with this
model either.

Our results suggest that the magnetic dynamics of
La2NiO4.11 require a description beyond the simplest LSWT
of ideal stripes. Some of the following features may be
needed: first, the stripes in La2NiO4.11 are not commensurate
but have a period slightly less than four lattice spacings. A

mixture of �25% period-3 stripes and �75% period-4
stripes is expected, and irregularities in the arrangement may
explain the observed broadening of the spin waves. Second,
La2NiO4.11 is close to the border between stripe order and
La2NiO4-like AFM order.23,24 Competition between these or-
der parameters may influence the magnetic spectrum. Third,
coupling between spin and charge degrees of freedom has so
far been neglected. Finally, we recall that an as-yet unex-
plained resonance/gaplike feature appears in the magnetic
spectrum of La2−xSrxNiO4 with x�1 /3 �Refs. 27 and 28� in
the same energy range as the observed inward dispersion in
La2NiO4.11. It is possible that these anomalous features are
related.

V. CONCLUSION

This work was motivated by the possibility that charge-
stripe correlations might be behind the hour-glass magnetic
spectrum found in the hole-doped cuprates. Our results show
that one feature of the cuprate spectrum, namely, the inward
dispersion at low energies, is also found in an insulating
nickelate with well-correlated but incommensurate stripe or-
der. This similarity is intriguing, but does not necessarily
imply that the inward magnetic dispersion has a common
origin in the two systems since there are important differ-
ences between hole-doped cuprates and nickelates. Neverthe-
less, our results do emphasize that the magnetic spectra of
stripe-ordered materials contain interesting features that need
to be understood better. Attempts to understand the inward
dispersion in the particular case of La2NiO4.11 will need to go
beyond the simplest model of ideal period-4 stripes used
here.
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