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Hour-glass spectra due to oxygen doping
in cobaltates

Check for updates

W. Peng1,7, H. Guo 1,2, W. Schmidt 3, A. Piovano4, H. Luetkens 5, C.-T. Chen 6, Z. Hu 1 &
A. C. Komarek 1

The magnetic excitation spectrum of most high-temperature superconducting (HTSC) cuprates is
hour-glass shaped. The observation of hour-glass spectra in the isostructural Sr-doped cobaltates
La2−xSrxCoO4 gives rise to a deeper understanding of these spectra. So far, hour-glass spectra have
been only observed in those systems that evolve from incommensurate magnetic peaks. Here, we
report on the appearance of hour-glass spectra in oxygen-doped cobaltates La2CoO4+δ. The high-
energy part of the hour-glass spectrum of oxygen doped cobaltates is extremely anisotropic with a
very prominent stripe-like appearance not seen that clearly in purely Sr-doped compounds. A charge
stripe scenario is evidencedby (polarized) neutrondiffractionmeasurements and also corroboratedby
spin wave simulations. Our results indicate that charge stripes are the origin of the anisotropic stripe-
or diamond-shaped high-energy part of the hour-glass spectrum. A link between hour-glass spectra
and charge stripes could be of relevance for the physics in HTSC cuprates.

Many classes of high-temperature superconducting (HTSC) cuprate mate-
rials have been discovered since its initial discovery in 19861 but the
underlying superconducting pairing mechanism remains enigmatic. A
universal property of most HTSC copper oxides is the presence of so-called
hour-glass magnetic spectra2–12. Also these spin excitation spectra have been
discussed controversially in the past13–16. The observation of such kind of
spectra in an isostructural copper-free reference system could be a key for the
solution of the long-standing puzzle of the origin of these spectra. The
observation of hour-glass spectra in cobaltates17 was the first observation of
these kind of spectra in an isostructural copper-free compound. Especially,
the absence of metallic properties in these Co oxide materials could rule out
one important scenario for hour-glass spectra based on Fermi surface
effects17. An alternative scenario is based on charges segregating into
stripes18–24. However, also the origin of hour-glass spectra in these cobaltates -
initially assumed to be related to such charge stripe phases17,25,26 - is still
debated since alternative explanations came up which are based on nano
phase separation of “La1.5Sr0.5CoO4-like” checkerboard charge ordered
(CBCO) and “La2CoO4-like” undoped regions27,28. Therein, no unambigu-
ously visible or only weak (or unclear) signatures of charge stripes27–33 could
be detected in the Sr-doped cobaltate system (free from oxygen excess). So
far, all observations made in this hole-doped Co oxide system have in
common that the hour-glass spectrum arises from incommensurate

magnetic peaks close to third-integer positions in reciprocal space i.e. at
Q = QAFM ± (ϵ, ± ϵ, 0) with QAFM = (H + 1/2, K + 1/2, L) being the
wavevector of the unmodulated antiferromagnetic ↑ ↓ ↑ spin configuration.

Here, we report on the observation of hour-glass spectra in the oxygen-
doped cobaltateLa2CoO4.20 that donot arise fromaclearly incommensurate
magnetic phase as is observed in Sr-doped cobaltates. Instead a commen-
surate diagonal •↑•↓ ↑• charge stripe phase with ϵ = 1/5 appears in this
system which already exists at high temperatures above room temperature
(where already ~90%of the charge stripe ordering superstructure reflection
intensity is attained).We conclude that it is this phase that is responsible for
the striped shape of the high-energy part of the hourglass spectrum that is
very evident in this oxygen-doped cobaltate.

Results and Discussion
Inelastic neutron scattering
The magnetic excitation spectrum of La2CoO4.20 is shown in Fig. 1. As
expected for anhour-glass spectrum, themagnetic excitations disperse from
themagnetic satellite positions inwards andmerge around ~15meV before
dispersing outwards again. The magnetic nature of these excitations was
ascertained with polarized neutron scattering measurements, see Fig. 1c.
Moreover, polarization analysis also provides information about the nature
of these excitations that are in-plane excitations, i.e., the entire oscillation of
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the spins is confined to the cobalt oxygen planes. Constant energy slices are
shown in Fig. 1d–g. Interestingly the high-energy part is extremely aniso-
tropic in oxygen doped cobaltates and the excitations have a stripe-like
appearance with four crossing lines centered around QAFM. This is in
contrast to the much more isotropic high-energy spectra in Sr-doped

cobaltates (without larger oxygen excess δ)27,28. Such stripe-shaped high-
energy excitations could either point to the presence of diagonal charge
stripes or to the presence of one strong diagonal exchange interaction Jdiag in
a single diagonal direction (either [1 -1 0] or [1 1 0]) for an alternative
scenario without charge stripes.

Fig. 1 | Appearance of anHour-glass spectrum.All
spectra were measured and normalized to a fixed
monitor rate. a High and (b) low energy magnetic
excitation spectra of La2CoO4.20. The magnetic
exciatation spectrum of La2CoO4.20 has an hour-
glass shape similar to that observed in the
La2−xSrxCoO4-system

17,28,33. c Longitudinal polar-
ized inelastic neutron scattering measurements for
La2CoO4.20 at 2 K; solid/open symbols: magnetic
neutron scattering intensities for in-plane (My) and
out-of-plane (Mz) excitations. (Note that the x-
direction is parallel toQ, the z− direction is equal to
the c-direction and y is perpendicular to both.) The
intensities were corrected for imperfect flipping
ratio R and normalized by the isotropic magnetic
form factor f(Q) of Co2+, i.e., My ¼ Rþ1

R�1 ðσx�x �
σy�yÞ=f 2ðQÞ and Mz ¼ Rþ1

R�1 ðσx�x � σz�zÞ=f 2ðQÞ. For
clarity the different constant-E scans were shifted as
indicated by the dashed lines. The solid curves are
the Gaussian fits toMy intensities. The calculation of
error bars is described in the Methods section.
d–g Additional constant-E slices showing the hour-
glass shape of magnetic excitations. f, g At higher
energies the spectrum becomes extremely aniso-
tropic with the magnetic neutron scattering inten-
sities being distributed over four distinct bands
(“stripes”) arranged diagonally around QAFM. (g)
These “stripes” are responsible for the diamond-
shape of the high-energy spectrum.
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Elastic neutron scattering
Further insight into the spin configurations could be obtained by polarized
elastic neutron scattering measurements, see Fig. 2a, b. Also here, magnetic
and structural contributions can be distinguished by polarization analysis.
The structural contribution that can be observed at half-integer positions in
reciprocal space could be related to charge ordering or to octahedral tilts.
Other structural contributions also arise from oxygen ordering. In addition
to these expected structural contributions there appear magnetic intensities
at low temperatures, see Fig. 2c, e. There are different kind of commensurate
magnetic reflections at peak positions with ϵ = 0, 1/4 and 1/5. First of all,
magnetic intensities can be found atH~0.3 and 0.7 (ϵ=1/5) for this oxygen
doped compound, see Fig. 2e. The additional observation of the corre-
sponding charge stripe peaks – see Fig. 3a – indicates that these magnetic
reflections are related to a charge stripe phase. Here we will call this stripe
phase “composite” charge stripe phase, see Fig. 3d–f. This is also corrobo-
rated by our spin wave simulations, see Fig. 4a. At first glance, the magnetic
reflection that is centered at half-integer positions in reciprocal space (ϵ= 0)
might indicate Co2+-Co2+ nearest-neigbouring antiferromagnetic (nn-
AFM)correlations (J) that canbe alsoobserved inundopedLa2CoO4

27,34 and
lower-Sr-doped La2−xSrxCoO4 (for Sr-doping levels below roughly
33%)27,33. However, our simulations – see Fig. 4a – provide evidence that
even this half-integer magnetic reflection originates from the same com-
mensurate charge stripe phase – the “composite” charge stripe phase shown
in Fig. 3f. The identical temperature dependence for both kind of magnetic
signals (with ϵ = 1/5 and 0) that can be seen in Fig. 2e, f supports this latter
scenario. The next set of magnetic reflections that can be found at quarter-

integer positions (ϵ = 1/4) – see Fig. 2c (blue data points) –might indicate
Co2+-Co3+-Co2+ next-nearest-neigbouring antiferromagnetic (nnn-AFM)
correlations (J 0) with straight exchange paths as observed in half-doped
(Co2.5+) checkerboard charge ordered La1.5Sr0.5CoO4

35 and could be the
result of disorder or inhomogeneities that lead to CBCO regions in parts of
the sample (phase separation).

This observation of commensurate magnetic peaks is very different
from the case of the La2−xSrxCoO4 system where only one set of clearly
incommensurate magnetic reflections appears at positions in reciprocal
space that are between these sets of commensuratemagnetic reflections - see
the magenta data points for a Sr-doped reference sample33 in Fig. 2c.
Polarized neutrons help to understand this difference: Instead of the known
easy-plane anisotropy (ab plane) for the Sr-doped cobaltates28 we observe a
unidirectional easy axis anisotropy for this oxygen doped cobaltate. This is
evidenced by the absence of any detectable intensities for magnetic
moments in direction of the propagation vector in polarized neutron
measurements - see Fig. 2c. For the phase with magnetic peaks at (δδ 7) the
magnetic moments orient basically only in transversal directions since
σcorr:�xx � σcorr:�zz is non-zero and since σcorr:�xx � σcorr:�yy is essentially zero, i.e.,
Mz > 0, My = 0. (Note that the z-direction is the crystallographic [1 �1 0]-
direction in tetragonal notation, the x-(y-)direction is roughly the [0 0 1]tet-
direction ([1 1 0]tet-direction) for small values of δ. Also for the ϵ = 1/5
magnetic phase the spins are transversally aligned.) This unidirectional
anisotropy is probably the consequence of the distorted crystal structure of
these oxygen doped cobaltates with an elongation of the unit cell in one of
the diagonal directions36 (in addition to the elongation in out-of-plane
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Fig. 2 | Magnetic correlations. a–d Longitudinal polarized neutron scattering
measurements. 2 K and 90 Kmeasurements are compared for different polarization
channels. (Here, the x-/y-axes are defined along the direction parallel/perpendicular
to Q both being within the scattering plane, and the z-axis is perpendicular to the
scattering plane.) In the spin-flip (SF)/non-spin-flip (NSF) channels σ�xx / σxx only
magnetic/nonmagnetic contributions are detected. By the comparison of the three
SF channels a collinear magnetic moment direction is revealed in figure (c). For

comparison, also the magnetic intensities of a La1.63Sr0.37CoO4 reference sample are
shown (magenta data points); taken from aH �H0-scan33). The intensity scales are the
same in figures (a–d). e The temperature and Q-dependence of the magnetic peak
intensities is shown for polarized neutrons with IMy

¼ σcorr:x�x � σcorr:y�y . f A com-
plementary measurement of the detailed T-dependence at certain Q-points with
unpolarized neutrons. The inset shows the magnetic susceptibility χ(T) of
La2CoO4.20. The calculation of error bars is described in the Methods section.
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direction that is also present in the tetragonal Sr-doped cobaltates). Due to
the restriction to collinear spin structures within each structural domain in
La2CoO4.20 first of all nn-AFM collinear ↑↓ spin arrangements (coupled
with at least one J) or nnn-AFM collinear ↑•↓ spin arrangements (coupled
only with weaker J 0) are favored, see Fig. 3d, e. This would explain the
observation of commensuratemagnetism in La2CoO4.20 since a spiralling of
the spins is hampered. Also the alternation of these two different spin
arrangements in a regular manner would give stable collinear spin struc-
tures: charge stripes - see Fig. 3f.Hence, the appearance of a ϵ=1/5magnetic
phase could be naturally explained by charge stripe •↑•↓↑• spin arrange-
ments that basically include a regular concatenation of the spin arrange-
ments with ϵ = 0 and ϵ = 1/4 in an alternating manner (since the charges
should be centered at the Co sites in these highly insulating and rather ionic
cobaltates) - see Fig. 3f. A periodic alternation of charge ordered domains of
this kind would be also consistent with the value of ϵ = 1/5.

The corresponding charge stripe ordering superstructure reflections
could be expected to appear in diagonal scans at H = (0+2ϵ) and (1-2ϵ)22.
Therefore, we studied the temperature dependence of the reflections
observed in these diagonal scans at H =0.4, 0.6, see Fig. 3a, b. These charge
stripe ordering superstructure reflections are present already at room

temperature and their temperature dependence does not show any indi-
cation for a structural phase transition between room-temperature and the
onset of magnetic ordering as would be expected usually for a charge stripe
phase32. Instead, the temperature dependence of these reflections is small
and quite linear without any indication for a transition (jump etc.) and very
similar to that of the other purely structural reflections with of the order of
90% of their intensity already attaining at room temperature. Hence, these
reflections do not belong to a phase that is emerging below room-
temperature as expected usually for a charge stripe phase32. Our detected
charge stripe phasewould set in distinctly above room-temperature. But this
is exactly what is also observed for checkerboard charge ordering in these
cobaltates33. The emergence of these superstructure reflections is also a
difference to the Sr-doped cobaltates where these reflections could not be
observed for the same kind of scans in a Sr-doped sample (without larger
oxygen excess) which has nominally the same hole-doping level of ~ 40%27.

Spin wave simulations
Finally, wemade spinwave simulations for such a “composite” charge stripe
phase shown in Fig. 3f. A detailed description of our model can be found in
the Methods section and a further discussion is also presented in
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the Supplementary Mat. file. First of all the elastic map shown in Fig. 4a
reproduces magnetic peaks at the experimentally observedmagnetic peak
positions. The strongest magnetic peaks in these simulations can be
found at (0.3, 0.3), (0.3, 0.7), (0.7, 0.3) etc. within the HK plane of
reciprocal space. This corresponds to magnetic peaks of the ϵ = 1/5
phase. Furthermore, these simulations show that also the ϵ = 0 magnetic

signal at (1/2, 1/2) that simultaneously appears together with the afore-
mentioned ϵ = 1/5 magnetic peaks at TN1 belong to the same phase – the
“composite” charge stripe phase – which is in agreement with our
magnetic susceptibility and μSR measurements. Our μSR data shown in
Fig. 3c confirms that this charge stripe phase is the 84%majority phase in
this material. (The small contributions of the remaining minority phase
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that is associated with the magnetic signal at quarter-integer positions
below TN2 will be barely visible in inelastic neutron measurements and
can be neglected – especially at somewhat higher energies where the
spectra of half-doped cobaltates show no magn. dispersions35).

Our spin wave simulations are able to reproduce all essential parts and
features of the experimentally observed hour-glass magnetic spectrum as
can be seen from a comparison of Figs. 1 and 4 or in the direct comparison
presented in Supplementary Figs. S7& S8. As can be seen, the occurrence of
a “composite” charge stripe phase is able to explain the strongly anisotropic,
(diamond) stripe-shaped excitation spectrumathigher energies that directly
starts to develop above the neck of the hour glass spectrum - see Fig. 4d.

We would also like to note that two inequivalent Co2+ sites – indicated
by the blue and red shaded areas in Fig. 3f – appear in this “composite”
charge stripe phase which have different ionic environments. This is a
difference to the case of the undoped parent material or to an ideal 1/3-
doped charge stripe phase or also to an ideal half-dopedCBCOphasewhere
all Co2+ sites have an equivalent oxygen environment. For the “composite”
charge stripe phase, we were not able to simulate the hour-glass spectrum
properly if we used the same crystal field parameters for both inequivalent
Co2+ sites (“CBCO” and “undoped” sites) – see the SupplementaryMat.file.
(Note that such two inequivalent sites also appear in ananophase separation
scenario in Sr-doped cobaltates28). Also for the “composite” charge stripe
model the high-energy excitations are related to excitations within the
stripes and along the stripe direction between the “undoped” sites coupled
with large exchange interactions J, see the Supplementary Fig. S13 and the
SupplementaryMovie 1. This resembles a nano phase separation scenario28,
where the high-energy excitations were also attributed to the same type of
“undoped” regions, but where these regions need not be stripe-shaped.

Conclusion
A main difference between oxygen and Sr-doped cobaltate systems is the
collinear spin arrangement due to an easy axis anisotropy in the oxygen
dopedmaterial with a crystal structure that hampers a spiralling of the spins
within the Co oxygen planes and, thus, supports the development of
commensurate magnetism (Fig. 3d–f) as is indicated by the re-distribution
of magnetic intensities away from a single set of clearly incommensurate
magnetic peak positions (as observed for Sr-doped cobaltates28) to com-
mensurate peak positions. The difference between oxygen- and Sr- doped
cobaltates highlights also the role of structural distortions and oxygen
content for the emergence of charge stripes.

Importantly, these unique observations reveal a connection between
anisotropic high-energy spectra and the presence of charge stripe phases
which is revealed by the comparison of oxygen-doped and Sr-doped
cobaltates (without oxygen excess). In contrast to purely Sr-doped
cobaltates27–31,33 charge stripes play the dominant role in this oxygen
doped cobaltate which, in turn, exhibits extremely anisotropic high-energy
spectra with a very well pronounced diamond or stripe-like shape. This part
of the spectrum is more isotropic27,28 for Sr-doped cobaltates where also
structural signatures of charge stripes are either absent27 or barely visible
(small)33. Especially, in the isovalent Sr-doped compound La1.6Sr0.4CoO4

there is no evidence of similar reflections of the charge stripe order as in
La2CoO4.20 and at high energies the spectrum of La1.6Sr0.4CoO4 shows no
stripe-like appearance27. Hence, the different observations in La2CoO4.20

and La1.6Sr0.4CoO4 could have direct relevance for an understanding of the
HTSC cuprates where fluctuating charge stripes are believed to be relevant
to the superconducting pairing mechanism37–39. e.g., Ba-doped La2CuO4

(LBCO)materials are also governed by charge stripes and also exhibit rather
anisotropic high-energy spin excitation spectra2. But for other cuprates like
the Sr-doped counterparts La2−xSrxCuO4 (LSCO) quite isotropic high-
energy spectra have been observed8,40. Since even slowly fluctuating charge
stripes would be expected to produce a similar magnetic response as static
ones, ourfindingsmight suggest that the shapeof thehigh-energypart of the
hourglass spectrum could probably be taken as a fingerprint for the absence
or presence of a significant role of charge stripes for these spectra.

Methods
Crystal synthesis
La2CoO4+δ single crystals have been grown by the optical floating zone
technique using a CSC four-mirror image furnace following the procedures
in ref. 27. Powder X-ray diffractionmeasurements have been performed on
a Bruker D8 Discover A25 powder X-ray diffractometer, see Supplementary
Fig. S1. These measurements indicate that La2CoO4.20 is impurity-free. All
observable peaks can be described (Rietveld refinement) with an (average)
orthorhombic structure model with space group Bmeb as was done for
La2CoO4.22

41. (Note that the true symmetry is incommensurate - probably
with superspace group F2/m(αβ0)0s36). The lattice constants amount to a =
5.5268(10) Å, b = 5.4806(10)Å and c = 12.5870(28)Å. The crystals are
single crystals as ascertained by Laue X-ray and neutron diffraction tech-
niques, see Supplementary Fig. S1. Due to the lower than tetragonal sym-
metry, these single crystals are twinned. The excess oxygen content δ has
been determined by thermogravimetric measurements on 80.03mg sample
mass tobe δ=0.20. Single crystal X-ray diffractionmeasurements have been
performed on a Bruker D8 VENTURE single-crystal X-ray diffractometer
equiped with a Photon large area CMOS detector. The X-ray diffraction
pattern are similar as the ones for La2CoO4.19 in ref. 36.

μSRmeasurements
Zero-field (ZF) andweak transversefield (wTF)muon spin relaxation (μSR)
measurements have been performed on the GPS instrument at PSI, Swit-
zerland, see Supplementary Fig. S2.Nearly 100% spin polarizedmuonswere
injected into the sample, and the decayed positrons which were ejected
preferentially along themuon spindirectionare accumulatedby the forward
and backward counters. The asymmetry is defined as
A(t) = [NF(t)−αNB(t)]/[NF(t)+αNB(t)], whereNF(t) (NB(t)) is the number
of positrons that arrived at the forward (backward) counter at time t, and the
parameter α reflects the different counting efficiencies of the counters. The
muon events are counted in the veto mode, resulting in nearly zero back-
ground. The data were analyzed using theMusrfit package.

For a determination of the paramagnetic volume fraction of the sample
wTF μSR spectra have been also measured in an external transverse field of
30 G (which results in a heavily damped signal for magnetically ordered
phases and an oscillating signal for paramagnetic phases). The amplitude of
the oscillating signal APM has been extracted from a fit of AðtÞ ¼
APM � cosðγμBextt þ φÞ expð�λPMtÞ þ Atail � expð�λtailtÞ to the spectra.
The temperature dependence of the paramagnetic volume fraction is pro-
portional to APM. The error bars are the standard errors of the fit using the

Fig. 4 | Spin wave simulations. The results of our simulations with McPhase for a
“composite” charge stripe phase are shown. aFirst of all the elastic neutron scattering
intensities within theHK0 plane are shown. For better visibility of weaker intensities,
the square root of the intensities is shown in this elastic map. Also our simulations
yield magnetic peaks at (0.3 0.7 0) and (0.7 0.3 0) etc. Furthermore, a weaker
magnetic peak at (0.5 0.5 0) can be observed as well. This shows that the experi-
mentally observed half-integer magnetic peaks do not belong to yet another phase
but that such additional peaks occur in a “composite” charge stripe phase.
b–f Calculated constant energy slices of the simulated spin excitation spectrum. In
panels (b) and (c) it can be seen how spin wave cones evolve from themagnetic peak

positions. In panel (d) the origin (emergence) of the stripe-like high-energy spec-
trum at energies directly above the neck of the hour-glass spectrum (at 15.5 meV) is
shown. Panels (e, f) show how the stripe-like (diamond-shaped) high-energy
spectrum develops at higher energies. g, h The calculated dispersion in energy-
momentum space for diagonal HH0-scans and vertical/horizontal H0.5 0-scans is
shown. Experimentally obtained data is plotted with black dots on top of the spectra.
The calculation of error bars is described in the Methods section. Note that the
outwards-dispersing (low-energy) branches will be suppressed by disorder occuring
in “real” charge stripe systems50 and any imperfections in the “real”material will also
broaden the spectra.
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Musrfit package. Below 30 K, the parameters and the error bars are zero
since no oscillation is detectable.

X-ray absorption spectroscopy (XAS) measurements
XAS spectra of La2CoO4.20 were measured using a bulk sensitive fluores-
cence yieldmethod for theO -K edge and total electron yield for the Co L2,3
edge at the TLS11A beamline of the National Synchrotron Radiation
ResearchCenter (NSRRC) inTaiwan, see Supplementary Fig. S3. For energy
calibration NiO and CoO single crystals were measured simultaneously for
theO -K edge and theCo - L edge spectra, respectively. First of all theseXAS
measuremenets confirm an average Co valence state of +2.40(2) in our
single crystals, i.e., that the composition is La2CoO4.20(1) with 40%Co3+ ions
in this material. These Co3+ ions could be either in the low spin (LS),
intermediate spin (IS) or high spin (HS) state42. Our XAS measurements
show that the Co3+ ions in La2CoO4.20 are in a non-magnetic low spin (S=0)
state. Further details can be found in the Supplementary Mat. file.

Neutron scattering measurements
Unpolarized elastic and inelastic neutron scattering measurements have
been performed on the IN8 spectrometer at Institut Laue-Langevin (ILL) in
Grenoble, France. Doubly focused Si(111) monochromator and pyrolytic
graphite (PG) analyzer were used with a PG filter mounted behind the
sample. The final neutron wave vector was fixed to 2.662Å−1. In Supple-
mentary Fig. S4 selected neutron scans together with Gaussian fits are
shown. Elastic neutron scattering measurements with longitudinal polar-
ization analysis were performed on the IN12 spectrometer equipped with
doubly focused PG monochromator and Heusler analyzer (k = 2.5Å−1). A
velocity selector was used for suppression of higher order contaminations.
The flipping ratio amounts to ~ 19.0. In Fig. 2b, c, the neutron scattering
intensities have been corrected for imperfect neutron polarization (flipping
ratio R) and background (bg) as follows: σcorr:�xx ¼ R=ðR� 1Þ�
ðσ�xx � bgÞ � 1=ðR� 1Þ � ðσxx � bgÞ, σcorr:xx ¼ R=ðR� 1Þ � ðσxx � bgÞ�
1=ðR� 1Þ � ðσ�xx � bgÞ; and in Fig. 2e the data was corrected as
follows: ðσcorr:�xx � σcorr:�yy Þ ¼ ððσ�xx � bgÞ � ðσ�yy � bgÞÞ � ðRþ 1Þ=ðR� 1Þ,
ðσcorr:�xx � σcorr:�zz Þ ¼ ððσ�xx � bgÞ � ðσ�zz � bgÞÞ � ðRþ 1Þ=ðR� 1Þ; figures
(a–f) have the same intensity scale. Complementary elastic neutron scat-
tering measurements with longitudinal polarization analysis were per-
formed on the IN22 spectrometer equipped with vertically focusing
monochromator PG (002) and Heusler (111) analyzer (k = 2.662Å−1;
flipping ratio: ~ 13.6; IMy

¼ σcorr:x�x � σcorr:y�y ). A velocity selector was used for

suppression of higher order contaminations. Polarized inelastic neutron
scattering measurements have been performed on the IN20 spectrometer
(equipped with a cryopad polarimeter, double focusing Heusler (111)
monochromator and analyzer with kf = 2.662Å−1). The flipping ratio R
amounts to ~ 19.6. Herein, we always refer to the I4/mmm unit cell setting
(a = b ~ 3.89Å and c ~ 12.55Å; aortho; bortho �

ffiffiffi

2
p � atet). Error bars in

presentations of experimental neutron scattering data are typically
calculated by the square root of intensities. In Fig. 1c the intensities I

and error bars δI were calculated as follows: IMy
¼ σcorr:x�x � σcorr:y�y ; δIMy

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðδσcorr:x�x Þ2 þ ðδσcorr:y�y Þ2
q

with δσcorr:x�x ¼ ffiffiffiffiffiffiffiffiffiffi

σcorr:x�x

p

and δσcorr:y�y ¼ ffiffiffiffiffiffiffiffiffiffi

σcorr:y�y
p

. In

Fig. 3a, b the statistics is that high that the error bars calculated by the square
root of intensities are of the symbol size or smaller. For each figure, listed
below are the instruments used to collect the data shown in this figure:
Fig. 1a, b: IN8,Fig. 1c: IN20, Fig. 1d–f: IN8, Fig. 2a–d: IN12, Fig. 2e, f: IN22&
Fig. 3a, b: IN22.

Calculations
We performed spin wave simulations using the McPhase program code43.
Therefore, we employed a “composite” charge stripe model and averaged
the resulting spectra for two different stripe domains as shown in Supple-
mentary Fig. S5. For these calculations we first of all considered a strong
AFM nearest neighbour isotropic Heisenberg exchange interaction (J)

between the S = 3/2 spins and also a much weaker AFM exchange coupling
J 0 across the holes (third-nearest neighbours) of the Co2+ ions. Note that
these two exchange interactions were identified as the significant exchange
interactions in Sr-doped cobaltates28 and that our XAS measurements
confirm that the Co3+ ions are in a nonmagnetic low spin state. Further-
more, we also considered spin orbit coupling (λL ⋅ S) and the impact of the
single ion crystal fields on the Co2+ ions (L = 3, S = 3/2). This can be
described by the following Hamiltonian:

H ¼� 1=2
X

i;j21st
JSi � Sj � 1=2

X

i;j23rd
J 0Si � Sj

þ
X

j

X

l;m

Bm
l O

m
l ðLjÞ þ λLj � Sj

" # ð1Þ

with crystal field parameters Bm
l and Stevens operator-equivalents Om

l as
well as the spin-orbit coupling parameter λ35. The first (second) sum in
Eq. (1) considers nearest (3rd nearest) neighbour interactions only, see
Supplementary Fig. S5. In refs. 17,34,35 this approach was described for
these 2-1-4 cobaltates (e.g. for La1.5Sr0.5CoO4). We started our simulations
for La2CoO4.20 with the parameter values of La1.5Sr0.5CoO4

35 for both of the
two inequivalentCo2+ sites in our “composite” charge stripemodel andwith
an additional parameter B�2

2 to properly account for the in-plane
anisotropies, compare the SupplementaryMat.file.Note that this parameter
is allowed for lower, monoclinic symmetries as can be expected for this
oxygen doped cobaltate. (Even for Sr-doped cobaltates28 we could imagine
locally lower symmetries thangenerally assumed.)However,whenusing the
same parameters for both inequivalent Co sites we were unable to describe
the spectra with the initial starting parameters taken from ref. 35 or for
variations of these parameters since low and high energy excitations were
always separated by an energy gap then, see Supplementary Fig. S6. In order
to close that energy gap between high and low energy excitations without
losing the correct dispersion above the neckof thehour-glass it turnedout to
be beneficial to use different crystal field parameters Bm

l for the two
inequivalent Co2+ sites, which we called “undoped” sites and “CBCO” sites,
corresponding to the red shaded and blue shaded regions in Fig. 3f. The
resulting simulated spectra are shown in Fig. 4. A direct comparison
between simulation and experiment can be seen in Supplementary Figs. S7
& S8. The parameters that we used for these simulations (and that were
obtained by iteratively adjusting their values until a reasonably good
description of the experimental data was achieved) are listed in
Supplementary Tab. S1. (The corresponding single ion energy levels are
shown in Supplementary Fig. S9). Note that the crystal field parameters
cannot be determined uniquely here – for further information see
the Supplementary Mat. file.

We have chosen to present constant energy slices in Fig. 4b–f around
(1.5, 0.5) instead of (0.5, 0.5) in order to allow for a direct comparison with
the experiment: all features including even the experimentally observed
asymmetry for the contributions of the two different stripe domains are also
visible in our simulated spectra around (1.5, 0.5).

In Fig. 4 the “thickness” of the energy slices in energy space amounts to
1meV (i.e., ΔE = ± 0.5meV) for all constant energy maps, i.e., for panels
(b–f). The experimentally observed spectra appear to be broader which
might be the result of disorder in the real material. The spectra in energy-
momentum space shown in panels (g–h) were folded with a Gaussian
function with 2meVFWHM to account for instrumental energy resolution
and to some extent also for sample-intrinsic broadening of the spectrum. In
Fig. 4g, h experimentally obtained data points (see the SupplementaryMat.
file for further details) are plotted on top of the spectra in energy-
momentum space. (The vertical error bars amount to 1 meV since the
calculated pure instrumental energy resolution is already somewhat larger
than 1meV).

A detailed visualization of the simulated spectrum using constant-
energy slices in steps of 1meV is shown in Supplementary Fig. S10. And the
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character of different types of excitations can be seen in the Supplementary
Movie 1.

Finally, note that these hour-glass spectra can be also described with a
much simpler approach (based on the “composite” charge stripe model)
with a spin-onlyHamiltonianwith two single ion ansiotropy termsDS2z and
EðSx þ SyÞ2 only – see Supplementary Eq. (2) and Supplementary
Figs. S11–S14 as well as Supplementary Tab S2 for the parameters used. In
these simulations, the crystalfield effectswere treated in a simplifiedmanner
by only two parameters D and E, and the experimentally observed spectra
can be described very well with this approach, see Supplementary Figs. S11
& S14.

Based on this simplified spin-only Hamiltonian further spin wave
calculations using the SpinW program code can be found for La2CoO4.2 and
related layered cobaltate systems La2−xSrxCoO4 (x = 0, 1/3, 1/2) in
the Supplementary Mat. file, see Supplementary Figs. S15–S20 and Sup-
plementary Tab. S3.

Data availability
Experimental data are available from the Institut Laue-Langevin (ILL)44–49.

Code availability
Computer code is available from https://mcphase.github.io/webpage/
(McPhase version 5.5). The parameters used are listed in the Supplemen-
tary Materials file (Supplementary Tab. S1).
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