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The magnetic excitations in ferromagnetic SrRuO3 were studied by inelastic neutron scattering combining
experiments on triple-axis and time-of-flight spectrometers with and without polarization analysis. A quadratic
spin-wave dispersion with an anisotropy gap describes the low-energy low-temperature response. The magnon
dispersion extends to at least 35 meV and there is no direct evidence for a continuum of Stoner excitations below
this energy. However, the magnon response is weakened at higher energy. In addition to the anomalous softening
of the spin-wave stiffness and of the gap, which is induced by the topology of the Bloch states, the magnon
excitations are broadened in energy and this effect increases upon heating.

DOI: 10.1103/PhysRevB.107.174429

I. INTRODUCTION

Among the Ruddlesden-Popper ruthenates Srn+1Run

O3n+1, SrRuO3 is the only simple material to exhibit ferro-
magnetic order at zero magnetic field [1–3]. This ferromag-
netism inspired the proposition of p-wave superconductivity
in Sr2RuO4 [4,5] with a pairing mechanism involving ferro-
magnetic fluctuations [6]. But the magnetism in SrRuO3 itself
is intriguing because of the connection to anomalies in vari-
ous properties. At the ferromagnetic transition temperature of
TC = 165 K there is a kink in the direct-current transport
measurement [7]. In addition the cell volume does not shrink
in the ordered phase, which is known as the invar effect [8].
The spin degree of freedom thus seems to be coupled to
charge and lattice degrees of freedom [7–9]. SrRuO3 can be
categorized as a “bad metal,” because the high-temperature
resistivity passes through the Ioffe-Regel limit around 500 K
without indication of saturation [9]. In metallic magnets the
question about the local or itinerant character is always chal-
lenging [10]. Based on a pressure study of TC, the SrRuO3

material has been classified as a moderately weak itinerant
ferromagnet [11], while a recent ARPES study proposes a
dual nature for majority and minority states in SrRuO3 [12].
According to itinerant Stoner theory, the low-q spin-wave
dispersion corresponds to a bound state and passes into a
continuum of electron-hole pair excitations [10,13] that so far
has not been reported for SrRuO3.

Magnetization measurements reveal a large anisotropy
with the magnetic easy axis pointing along the elongation
of the RuO6 octahedron (orthorhombic c axis in space group
Pnma) [14]. The anisotropy field of ∼10 T documents strong
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spin-orbit coupling in this material [14–17]. This strong
spin-orbit coupling also implies anomalous magnetotranport
properties that can be attributed to Weyl points in the elec-
tronic structure [18–22]. For SrRuO3 the relation between
the intrinsic anomalous Hall effect and the topology of the
electronic structure was demonstrated for the first time [18].
The combination of orbital band degeneracy, magnetic ex-
change splitting and spin-orbit coupling induces Weyl points
and a Berry phase [20], which are accepted to explain the
peculiar temperature dependence of the anomalous Hall effect
[18,20,23–25]. Other anomalous magneto-transport proper-
ties corroborated the strong impact of Weyl points in SrRuO3

[21,22,26].
Previous inelastic neutron scattering (INS) studies on the

magnetic excitations in SrRuO3 focused on the temperature
dependencies of the magnon gap � and of the spin-wave stiff-
ness constant D [20,25]. Single-crystal studies find anomalous
temperature dependencies for both parameters that were at-
tributed to the impact of the Bloch states topology [25]. The
Weyl points lead to an interconnected renormalization of the
two spin-wave dispersion parameters � and D [20,25]. Here
we use the combination of polarized and unpolarized INS
experiments with and without polarization analysis to char-
acterize the spectrum of magnetic excitations in a broader
energy range. At low energies we find a nearly parabolic
spin-wave dispersion, and magnon scattering extends to at
least 35 meV, but there is no signature of a Stoner continuum.
However, the magnetic excitations in SrRuO3 are extremely
broad.

II. EXPERIMENTAL

SrRuO3 crystallizes in an orthorhombic lattice (space
group Pnma) at room temperature after undergoing two
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FIG. 1. Coaligned multicrystal assembly for neutron scattering
experiments. The single crystals of nearly cylindrical shape with a
diameter of around 4 mm and a length of up to 1.5 cm are individually
fixed in aluminium clamps, which are attached to two aluminium
rods. This setup enables each crystal to be rotated individually
around two axes for easy coalignment.

structural transitions: from cubic to tetragonal at 975 K and
from tetragonal to orthorhombic at 800 K [1–3]. This symme-
try reduction results in six possible twin-domain orientations
which imitate the cubic symmetry. Therefore the pseudocu-
bic lattice (space group Pm3̄m) with lattice parameter ac =
3.93 Å is used here and all scattering vectors Q are given
according to this lattice. The relations between orthorhombic
lattice parameters and the cubic directions are as follows: a ‖
[1, 0, 1]c, b ‖ [0, 1, 0]c, and c ‖ [1̄, 0, 1]c with a ≈ c ≈ √

2ac

and b ≈ 2ac [14]. The sample can be detwinned by applying a
magnetic field of more than 1 T above TC along [1̄, 0, 1]c and
then cooling down into the ferromagnetic phase [14]. It devel-
ops a single domain state where the easy axis (orthorhombic c)
points along the applied field. This monodomain state persists
at low temperatures even when the field is turned off [14].
Magnetic detwinning was used in experiments at the triple-
axis spectrometers PANDA and IN20.

The inelastic neutron scattering (INS) data were collected
using single crystals grown by the floating-zone method [17].
The grown crystals exhibit ferromagnetic order below TC =
165 K with a saturation magnetization Msat = 1.6 μB/f.u.
[17]. The coaligned multi-crystal assembly which was used
for most of the neutron scattering experiments is depicted in
Fig. 1, it contains six crystals with a total mass of about 8 g.
The compact crystal assembly yields a high material density
inside a sample volume of roughly 2 cm × 2 cm × 2 cm.
On PANDA a mounting with only one crystal was used for
experiments under magnetic field.

The neutron scattering experiments were conducted at
the triple-axis spectrometers 4F and 2T at the Laboratoire
Léon Brillouin (LLB) in Saclay, France, at IN20 at the
Institute Laue Langevin (ILL) in Grenoble, France, and
at PANDA at the Forschungsneutronenquelle Heinz Maier-
Leibnitz (FRM-II) in Garching, Germany. The time-of-flight

data were collected on MERLIN [27] at the ISIS Neutron
and Muon source in Didcot, United Kingdom. The sample
was oriented in the [1, 0, 0]c/[0, 1, 1]c scattering plane for all
scattering experiments. The triple-axis spectrometers are used
with focusing pyrolitic graphite crystals as monochromator
and analyzer and scans were performed with a fixed final
energy (values of the final neutron wave vector k f between
1.5 and 1.57 Å−1 on the cold and 2.662 Å−1 on the thermal
instruments, respectively). Only for the polarized experiment
on IN20, we used polarizing Heusler monochromator and
analyzer crystals; in this experiment neutron polarization was
guided at the sample by large horizontal field of up to 3.8 T.
A filter in front of the analyzer (Be filter on PANDA and
4F, pyrolitic graphite filter on 2T) or a velocity selector (on
IN20) are used to suppress higher order scattering. For the 4F
and 2T experiments the sample was cooled with a close-cycle
refrigerator, while on PANDA and IN20 cryomagnets were
used. On MERLIN the following configurations of incident
energy and chopper frequencies were used at 10 K: chopper
frequency 450 Hz with incoming energy Ei = 180, 68, 34,
and 21 meV yielding a resolution at the elastic line of 11,
2.5, 1.2, and 0.6 meV, respectively; and chopper frequency
350 Hz with Ei = 120, 43, and 22 meV yielding a resolution
of 7.5, 1.7, and 0.7 meV, respectively. The sample was rotated
by 90◦ in 0.5◦ steps. Since the energy resolution improves
at higher energy transfer, the resolution is below the bining
applied in most cases to calculate cuts in the four-dimensional
data. At 160 K, only the data with the lower chopper fre-
quency were recorded. We used the HORACE program suite
to calculate the intensity distribution from the data obtained on
MERLIN [28].

Data obtained at IN20 and at MERLIN are available in
Refs. [29,30], respectively.

III. RESULTS AND ANALYSIS

A. Unpolarized experiments on triple-axis spectrometers

INS determines the magnon signal in four-dimensional
Q − E space, and the triple-axis spectrometer allows arbi-
trarily defined scans. We combine data taken on instruments
installed at cold and thermal neutron moderators to cover a
broader energy range. Typical neutron scattering data from
three different spectrometers measuring the magnon signal
are displayed in Fig. 2. Constant energy scans along high-
symmetry directions around the ferromagnetic zone center
Q = (1, 0, 0) reveal the magnon dispersion as the peak po-
sition changes with increasing energy transfer [panels (a) to
(c) in Fig. 2]. Part of these data were presented in Ref. [25]
focusing on the anomalous temperature dependence of the
magnon stiffness and anisotropy gap. Note that the scans
cover both sides of the magnetic zone center. Hence, the two
peaks appearing in each scan visualize the symmetry of the
magnon dispersion. The cold triple-axis spectrometers 4F1
and PANDA with their high energy resolution enable a direct
measurement of the magnon gap via a constant Q scan at the
zone center [Fig. 2(d)]. For the data description the MATLAB

based software tool RESLIB [31] is used where a given model
cross section S (q, E ) is convoluted with the instrumental
resolution function of the specific instrument and fitted to
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FIG. 2. (a)–(c) Constant energy scans across the magnon dispersion in SrRuO3 obtained at T = 10 K on cold triple-axis spectrometers 4F
(LLB) and PANDA (MLZ), and on the thermal spectrometer 2T (LLB). Note that the PANDA data were measured after detwinning the sample
with magnetic field. The magnon scattering was modeled following the ferromagnetic dispersion relation including energy broadening (light
blue lines) and then folded with the Q and E dependent resolution function (colored lines). Data are vertically offset for clarity. (d) Constant
Q scan at Q = (1, 0, 0) described with the same dispersion relation showing the anisotropy gap at T = 10 K (data taken on 4F). (e) The fitting
yields a value of 2J1S for each scan along different high symmetry directions. The data are distinguishable by colored background in respect
to the instrument and by symbol shape in respect to the cubic direction (circle: � = [ξ, 0, 0]; square: � = [0, ξ , ξ ]; triangle: � = [ξ, ξ , ξ ]).
The weighted average of 2J1S = 6.1(2) meV is represented by the red line while the light red area denotes its error margin. Data in gray are
not used for the averaging. Data in panels (a) and (b) were already presented in Ref. [25].
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the data. This procedure enables one to separate the pure
excitation-related physics from the effects of the instrumental
resolution on the experimental data. The intensity stemming
from the magnon is modeled by a Lorentzian L(E ) with the
FWHM γ and the amplitude A, see Eq. (4). The E (q) de-
pendence is modelled by the specified dispersion relation. To
describe the low-energy data, where the tail of the magnetic
and nuclear Bragg peak at the zone center yields inelastic
scattering, a Gaussian G(q, E ) centered at q0 = (0, 0, 0) and
E0 = 0 is included in the model cross section.

The dispersion relation E (q) can be derived from the gen-
eral Heisenberg Hamiltonian [Eqs. (1) and (2)], although the
itinerant character of the magnetic order in SrRuO3 strongly
limits the applicability of such a model as it will be discussed
below.

H = HSSI + HZFI + HEZI (1)

= −
∑
〈i j〉

2Ji jSi · S j −
∑

i

K
(
Sz

i

)2 − μBgB
∑

i

Sz
i . (2)

For the description of spin waves in SrRuO3, three con-
tributions are considered: (i) the spin-spin interaction1 with
the interaction parameters Ji j , (ii) the zero-field single-ion
anisotropy parameter K ,2 and (iii) the electron Zeeman term
with the Landé factor g and the external field B that is set par-
allel to the magnetization (orthorhombic c or cubic [0,1,1̄]c).
Note that the indices i and j represent different spins. For zero
external field B = 0 and only nearest-neighbor interaction J1,
the dispersion relation for a ferromagnet with a cubic lattice
[32] is given in Eq. (3). The anisotropy parameter K results in
a finite magnon gap � at q = 0.

The magnon dispersion, the Lorentzian distribution and the
scattering function are given by

Eq = � + 2J1S

⎡⎣6 − 2
∑

i=x,y,z

cos(2πqi )

⎤⎦, (3)

L(E ) = A

2π

γ

(E − Eq)2 + γ 2
, (4)

S (q, E ) = G(q, E ) + L(q, E ) · (nE + 1), (5)

where nE = (exp(E/kBT ) − 1)−1 denotes the Bose popula-
tion factor.

The constant-Q scan at the zone center [Fig. 2(d)] can be
well described with the dispersion model and yields a value
of � = 0.94(3) meV at 10 K for the magnon gap in SrRuO3.
This gap is a manifestation of the single-ion anisotropy of
Ru where spin-orbit coupling leads to a preferred alignment
of spins along a certain crystallographic direction (easy axis
parallel to orthorhombic c). Its size is in agreement with
the anisotropy field of ≈ 10 T determined by magnetization
measurements [14] and with the energy of the ferromagnetic
resonance of ≈250 GHz =̂ 1.03 meV observed in time-
resolved magneto-optical Kerr effect measurements [33] as
well as in a recent Brillouin light-scattering experiment [34].
Its temperature dependence is discussed in Ref. [25]. In the

1The sum is built over the pairs 〈i j〉 that appear only once.
2Here an easy-axis anisotropy is assumed.

following analysis, the magnon gap is fixed in the model,
which restricts the fitting of the constant-E -scan profiles to
background, the amplitude and the single dispersion parame-
ter 2J1S. This parameter contains the coupling constant in the
Heisenberg model J1 and is connected with the so called spin
stiffness D. The magnon stiffness is defined by approximating
the ferromagnetic dispersion relation (3) for small q. The
approximation yields a quadratic dispersion relation with the
spin stiffness D given in Eq. (6).

Ek ≈ �mag + 2J1Sa2
c︸ ︷︷ ︸

D

k2. (6)

Here, k = q 2π
a denotes the magnon propagation vector in

absolute units. The theoretical description of the experimental
data is displayed by the lines in Figs. 2(a)–2(d). The light
blue lines represent the cross section model for the q and E
values specific to each scan and the lines in same colored
as the data visualize the convolution of the model with in-
strumental resolution. By comparison of the model with the
convolution the influence of the instrumental resolution on
the experimental data becomes visible. The ellipsoid shape
of the resolution function in Q − E space leads to a focusing
effect where the magnon signal on one side of the constant
E scan is enhanced. Additionally the instrumental function
governs the width of the magnon peaks in the experimental
data since it significantly broadens the peaks derived from
the model. Nevertheless the description of experimental data
clearly needs a finite width of the model which indicates that
the magnons are intrinsically broadened, even at 10 K. The
intrinsic width of the model is set to 40% of the specific
energy. The twinning in the SrRuO3 crystals can imply some
broadening, since this superposes different directions of the
orthorhombic lattice. The pseudo-cubic direction [1, 0, 0]c is
parallel to the long orthorhombic axis b (in Pnma) of one twin
orientation and parallel to the in-plane diagonals [1, 0,±1]o

for the other orientations [14]. At low temperatures, the split-
ting of the orthorhombic lattice constants renormalized to the
pseudocubic ones amounts to less than 0.6% [8]. Therefore
the twinning related superposition of scattering vectors does
not account for the large effects observed unless the magnon
dispersion becomes very anisotropic, which appears unlikely.
The sizable intrinsic broadening of the magnon results most
likely from the coupling to electron-hole excitations called
Landau damping [35,36] in agreement with the kink of elec-
tric resistivity at the ferromagnetic transition [7,9]. In addition
nonlinear scattering with spin excitations can limit the life-
times of the magnons [37,38]. The temperature dependent INS
data in Ref. [25] and the discussion below indicate further
enhanced broadening at higher temperatures.

As mentioned before, the peak positions in the constant E
scans are determined by the 2J1S parameter which is fitted
in the analysis of each scan. Figure 2(e) shows the resulting
2J1S values for each scan separated for the three instruments
(background color) and the different high symmetry directions
(symbol). Unfortunately, the fitting of all scans in a multi-fit
routine using one set of generalized fitting parameters is not
feasible with the used software tool due to the individual
backgrounds of the different instruments. Therefore the re-
sults of fitting all scans are averaged and yield a general 2J1S
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FIG. 3. Low-energy magnon dispersion derived from triple-
axis spectrometers. For low energies the magnon energy shows a
quadratic dependency on the propagation vector that is given here
in absolute units. The k value is calculated from the individually
fitted values of 2J1S (given in Fig. 2(e)). The red line represents
the parabolic magnon dispersion determined by equation 6 with
the averaged value of 2J1S. A similar fit was already presented in
Ref. [25].

of 6.1(2) meV. This translates to a spin stiffness in SrRuO3

of D = 94.2 ± 3.0 meV Å2. This averaged spin stiffness de-
scribes the low energy data of all instruments reasonably well
as one can see in the E − k dependency for the magnon signal
in Fig. 3. Here the k values are calculated from the fitted
2J1S of each individual scan [given in Fig. 2(e)] following
the quadratic relation (6) and plotted against the energy. This
differs from the determination of spin stiffness D in Ref. [25]
where D results from the approximated quadratic dispersion
model for small q which is fitted to the E − k data extracted
from the constant energy scans. The coupling constant J1 can
be estimated to 3.8(1) meV by determining the spin S = 0.8
from the saturation magnetization of 1.6 μB/Ru [14] with a g
factor of 2 [39]. This value is close to the expected spin for a
low-spin state stabilized through the strong splitting of t2g and
eg orbitals [40].

A possibility to directly measure the g factor is the mag-
netic field dependency of the magnon gap. Applying an
external magnetic field adds a Zeeman term in the Hamilto-
nian and a constant shift of the magnon dispersion (2). We
therefore have to extend the dispersion relation (3):

Eq = � + 2J1S

⎡⎣6 − 2
∑

i=x,y,z

cos(2πqi )

⎤⎦ + gμBB. (7)

The magnon energy at the zone center q = 0 increases
linearly with the magnetic field B applied along orthorhombic

FIG. 4. Magnetic field dependency of the anisotropy gap. Con-
stant Q scans at Q = (0,1,1) are shown for different values of the
applied magnetic field (data taken on PANDA). The magnon signal
is modeled with a Lorentzian profile combined with a Gaussian
background taking the low-energy contribution of the elastic line
into account (lines). The data are shifted by a constant offset for
better visibility. The inset depicts the magnon gap (Lorentzian peak
position) in comparison to the magnetic field. This dependence is fit
by a linear function with slope m (red line).

c or cubic [0,1,1̄]c. The magnetic field dependency of the
magnon signal was studied on PANDA with a single sample
crystal. Figure 4 displays the constant Q scans measured at
the ferromagnetic zone center Q = (0, 1, 1) indicating that
the magnon gap increases with increasing field. The gap value
determined by the Lorentzian peak position of the fit indeed
exhibits a linear correlation to the external field (see inset of
Fig. 4). The slope m of the linear fit is equal to gμB yielding a
value of g = 1.78(5) [39].

Usually the g factor in 4d transition-metal oxides with
a high crystal-field splitting like in SrRuO3 is assumed to
consist mainly of the spin contribution gS = 2 because the
orbital moment is quenched. However, sizable spin-orbit cou-
pling can partly recover the orbital moment yielding a g factor
deviating from 2 [40]. The orbital moment of SrRuO3 is found
by x-ray magnetic circular dichroism to be very small [41,42].
Okamoto et al. reported an orbital moment of 0.04(4) μB [41],
and Agrestini et al. determined Lz/2Sz ratios of 0.01 with Lz =
0.01(1) μB [42]. These experimental reports are supported by
DFT calculations which obtain an orbital moment three orders
of magnitude smaller than the spin moment [43]. Our INS
determination of the g factor is consistent with a small but
finite orbital moment.

The strength of the magnetic interaction parameters is
of the same order as those in insulating Ca2RuO4 [44].
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Anisotropic magnetic interaction parameters in SrRuO3 were
determined by density functional theory but the agreement
with the experimental stiffness and with the magnon gap
is poor [45]. The latter calculations determine also the
Dzyaloshinski-Moriya interaction, which, however, has very
little impact on the magnon dispersion. A precise measure-
ment of the canting angle of the ferromagnetic moments in
SrRuO3 is better suited to experimentally determine this in-
teraction.

Time-resolved magneto-optical Kerr effect measurements
on SrRuO3 thin films also quantify the linear field dependence
of the ferromagnetic resonance [33]. They report a slope of
≈17 GHz/T, which corresponds to 0.07 meV/T and thus an
even smaller g factor of 1.21. The magnetization of SrRuO3

amounts to μ0M = 0.31 T and thus demagnetization effects
cannot explain such a large deviation at high magnetic fields.
In our experiment on PANDA the zero-field result was mea-
sured after cooling the sample in a strong field yielding a
similar macroscopic magnetization as at high field so that the
demagnetization corrections are roughly the same at all fields.
The much slower slope of the optical experiment [33] must
stem from the fact that the external field is not applied parallel
to the easy axis of the ferromagnetic phase. Therefore the
external field at least partially acts against the local anisotropy,
and the slope of the resonance does not correspond to gμB.

B. Unpolarized experiments on the time-of-flight
spectrometer Merlin

The investigation of the magnon dispersion using triple-
axis spectrometers becomes increasingly difficult for high
energies, where phonon contributions and spurious signals
appear. The time-of-flight technique can deliver a complete
picture of the Brillouin zone with its different excitations. It
uses higher initial energies than the triple-axis spectrometers,
which enhances the access in Q − E space to lower Q val-
ues and thus favors the observation of magnetic signals due
to the form factor. The magnon dispersion of SrRuO3 was
studied using the time-of-flight spectrometer Merlin at the
ISIS Neutron and Muon Source. The time-of-flight technique
enables one to collect data simultaneously for several incident
energies Ei. This creates comparable data sets with different
energy resolution and range. The presented data are taken
from the data sets with an incident energy of 22, 43, and
68 meV since they yield the clearest picture of the magnon
signal.

The magnon dispersion can be visualized by two-
dimensional cuts through the four-dimensional Q − E space.
Two different representations of the magnon dispersion
are used: (i) constant E cuts of the scattering plane
[ξ, 0, 0]/[0, ξ , ξ ] which represent horizontal cuts through the
q − E dispersion parabola (see Fig. 5) and (ii) constant Q
cuts which display the q − E dependency of the magnon
signal along one of the cubic high-symmetry directions (see
Figs. 6 and 7). The data are integrated in the vertical direc-
tion [0, ξ ,−ξ ] by ±0.1 r.l.u and in energy by ±2 meV. To
optimize the presentation of the magnon dispersion the dif-
ferent energies are taken from different incident energies Ei.
Figures 5(a) and 5(b) result from the with Ei = 22 meV, (c)
and (d) are taken from the data with Ei = 43 meV and panels

FIG. 5. Magnon dispersion measured by time-of-flight tech-
nique. Constant E cuts at 10 K of the [ξ ,0,0]/[0,ξ, ξ ] plane for
different energies display the ring shape of the magnon signal. The
diameter of the ring increases with energy indicating the magnon
dispersion. The axis length ratio of 1:

√
2 reflects the geometrical

factor. The low-energy data at 5 and 10 meV [(a) and (b)] are taken
with the incident energy of 22 meV while the data at 15 and 20 meV
[(c) and (d)] are taken with the incident energy of 43 meV and the
data at 25, 30, and 35 meV [(e)–(g)] are taken with the incident
energy of 68 meV. The used integration limits for these maps are
−0.1 � η � 0.1 in [1, −η, η] and E ± 2.5 meV. The time-of-flight
data are overlaid with the ferromagnetic dispersion model with only
nearest-neighbor interaction J1 taken from the analysis of the triple-
axis spectrometer data (dashed line) and with the combination of
nearest-neighbor and J4 interaction (black lines).

(e)–(g) display the data with Ei = 68 meV. For these maps,
around the magnetic Bragg peaks symmetrization yields a
slightly better statistics, while the variation of the background
strongly affects symmetrization of q − E maps so that we
refrained from it. The branches of the magnon dispersion are
not clearly visible in the data with the highest incident energy
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FIG. 6. Magnon dispersion measured by time-of-flight technique. Constant Q cuts at 10 K along the cubic high-symmetry directions
around Q = (1,0,0) show the magnon dispersion. The panels are sorted in rows where each row represents the data of a certain incident energy.
From the top to the bottom, the data are taken with 22 [(a)–(c)], 43 [(d)–(f)], and 68 meV [(g)–(i)], respectively. The intensity range (color bar)
is set identical in the panels of each row for better comparability. The integration limits are −0.1 � η � 0.1 in [1, −η, η] and −0.1 � ζ � 0.1
in the direction perpendicular to the respective high-symmetry direction. The time-of-flight data are overlaid with the ferromagnetic dispersion
model with nearest-neighbor interaction J1 (dashed line) and with the combination of nearest-neighbor and J4 interaction (black lines).

Ei = 180 meV, and also the Ei = 180 meV are only useful
at higher energy transfer. In the two-dimensional constant
E cuts the magnon exhibits a ring shape whose radius is
increasing with increasing energy indicating the dispersion
of the magnon. Figure 6 displays the two-dimensional Q − E
cuts along the three cubic high-symmetry directions where the
dispersion parabola of the magnon becomes visible. The data
taken with Ei = 120 meV extends to higher energy transfer
and a zoom on this high-energy range is shown in Fig. 7.
Note that the data are always integrated by ±0.1 r.l.u in the
two corresponding perpendicular directions. The low-energy
part is dominated by the tail of the elastic scattering, which
is visible by the bright area for all ξ . The expansion of the
elastic scattering into the inelastic regime depends on the
energy resolution and increases therefore with the incident
energy. The magnon signal is clearly visible as a parabola

in its q − E dependency. Phonon contributions and how they
disperse can be seen for example in Figs. 6(f) and 6(i) at
Q = (1.5, 0.5, 0.5) around E = 15 meV. The data with higher
incoming energy shows that there are two phonon modes in
this energy range at 11.5 and 19 meV. All Q versus E intensity
maps show a flat intensity at 20meV that, however, can be
safely attributed to a phonon as it is observed with enhanced
intensity at Q = (2, 1, 0) and (3,0,0) and as it is found in the
non-spin-flip channel in the polarized experiment performed
on the IN20 spectrometer, see below. Only in some of the plots
one also sees a weak signal at Q = (1, 0, 0) at 12 meV, which
however seems to stem from a phonon branch with essentially
flat dispersion along (1,ξ, ξ ) which can leak to (1,0,0) due to
resolution and integration effects.

The data in Fig. 6 suffer from heavy phonon contamina-
tions around Q = (1.5, 0, 0) which can be easily mistaken as
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FIG. 7. High-energy data taken on the time-of-flight spectrometer Merlin with an incoming energy of 120 meV. The upper panels present
the intensity maps of energy vs Q vector obtained at 10 K and the lower panels the data taken at 160 K.

the magnon signal. This phonon contamination is also clearly
visible in the in-plane scattering where it appears as intense
scattering at the zone corners Q = (1.5, 0.5, 0.5) and Q =
(1.5,−0.5,−0.5) for E = 15 meV [Fig. 5(c)]. It disperses in-
wards and is visible as a strong broad signal at Q = (1.5, 0, 0)
and E = 25 meV [Fig. 5(e)]. The phonon dispersion study
for SrRuO3 indeed reveals a phonon at the equivalent position
Q = (2.5, 0, 0) and the energy E = 25 meV [46].

To compare the results of the time-of-flight measurement
with the triple-axis spectrometer results the theoretical disper-
sion according to the Heisenberg model of a ferromagnet is
overlaid on the experimental data. Firstly the model in Eq. (3)
with only nearest-neighbor coupling 2J1S and the anisotropy
gap �mag determined by the triple-axis experiments is com-
pared with the time-of-flight data. It is obvious that this
model (black dashed line in Figs. 5 and 6) only describes
the low energy-part of the dispersion. Note that the triple-axis
spectrometer data only cover energies below 16 meV. In gen-
eral, the simple nearest-neighbor model underestimates the
magnon stiffness at high energy as the experimental parabolas
become tighter and the rings smaller than what is expected
with this most simple model.

The underestimation of the higher magnon energies is
best seen in the [ξ ,0,0] direction, see Figs. 5–7. In order
to obtain a better description, we add interaction parameters
to further distant neighbors in the primitive cubic lattice.
Since the magnon stiffness of the quadratic dispersion is very
well determined by the triple-axis experiments we kept this
value fixed. Adding the next-nearest-neighbor interaction J2

between two Ru ions at
√

2a however does not modify the
[ξ ,0,0] dispersion under the constraint of constant stiffness.
The same holds for the next-next-nearest shell, J3, at a dis-
tance

√
3a. Only with a negative (antiferromagnetic) value

of the fourth-neighbor interaction J4 between Ru ions at a
distance of 2a we can model the steepening of the [ξ ,0,0]
dispersion at higher energy. The dispersion of this J1 − J4

model is given in Eq. (8).

Eq = �mag + 2J1S

[
6 − 2

∑
i

cos(2πqi )

]

+ 2J4S

[
6 − 2

∑
i

cos(4πqi )

]
. (8)

The coupling term 2J4S is determined by fitting the (ξ ,0,0)
values extracted from the constant energy cuts with the con-
straint of fixed magnon stiffness. The best agreement is
achieved for the values given in Table I. The modified model
also better describes the parabolas in Figs. 6 and 7 although
the difference between the models is small for the displayed
energy region in [0, ξ, ξ ] and [ξ, ξ , ξ ] directions.

While the additional parameter yields a qualitative descrip-
tion of the stiffening of the dispersion at higher energies, it

TABLE I. Magnetic model parameters of SrRuO3 determined by
inelastic neutron scattering The isolated interaction parameters are
calculated from the values 2JiS determined by the magnon disper-
sion by assuming S = 0.8. J ′

i denote the values of the model with
nearest and fourth-nearest interaction that keeps the magnon stiffness
unchanged.

�mag D 2J1S J1 J ′
1 J ′

4

(meV) (meV Å2) (meV) (meV) (meV) (meV)

0.94(3) 94(2) 6.1(2) 3.8(1) 5.9 −0.5
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appears more likely that the physical mechanism for this effect
is different. The itinerant character of the magnon dispersion
limits the applicability of the model of local-moment interac-
tions. Unfortunately the data quality is too limited at higher
energies for a deeper analysis.

In a metallic ferromagnet the spin-wave dispersion fol-
lowing the Heisenberg model of localized moments is cut
off at a finite energy above which magnetic excitations be-
come electron-hole pair excitations between bands of opposite
spin, the so-called Stoner continuum [13]. The occurrence
of these Stoner excitations in the Q − E space can be com-
plex since the band structure in SrRuO3 has multiple bands
with band splittings changing throughout the Brillouin zone.
The signature of Stoner excitations in neutron scattering is
a broadening of the spin-wave excitations while their inten-
sity decreases rapidly for increasing energy as they enter the
continuum [47]. Indeed, especially in the data taken with
Ei = 68 meV, the intense magnon scattering seems to be
reduced above 25 meV [see Figs. 6(h) and 6(i)]. Above this
energy some magnon scattering persists but its intensity is
significantly lower. The same behavior is seen in Figs. 5(f)
and 5(g), where the ring shaped magnetic scattering is sig-
nificantly lower at 30 meV and also seems to be broadened.
Nevertheless the scattering is still structured as the ring shape
is clearly visible. For the analysis of the high-energy range,
the data taken with the incoming energy of 120 meV are
informative, see Fig. 7. The extension of the magnon disper-
sion up to at least ∼35 meV is unambiguous although the
signal remains weak. These high-energy data also confirm
the steepening of the dispersion compared to a simple next-
neighbor Heisenberg model. The time-of-flight data of three
dimensional material like SrRuO3 suffer from the fact that
it is not possible to fully integrate over one dimension as it
is done for example in two-dimensional layered materials.
Nevertheless it is possible to identify spin-wave excitations
up to an energy of ∼35 meV.

The high-energy suppression of the magnon signal strength
and the pronounced broadening strongly disagree with the
simple local-moment picture and underline the itinerant
character of the ferromagnetic order in SrRuO3. In the ele-
mentary and other simple ferromagnets, similar suppression
of intensity and reduced magnon lifetimes were observed
in experiment [10,48–50] and in density-functional theory
calculations [10,35,36,51]. The interaction with the Stoner
continuum, which can be rather complex in a multiorbital sys-
tem like SrRuO3, causes strong Landau damping and impacts
the intensity. Similar effects are also discussed in iron- or
copper-based superconductors [52,53], but spin fluctuations
posses an antiferromagnetic character in these materials.

Beside the analysis of the low-temperature magnon disper-
sion in the ferromagnetic phase we also studied the magnon
dispersion close to the phase transition at 160 K in the Merlin
experiments. In Figs. 7–9 the high-temperature data are di-
rectly compared to the low temperature in form of the same
two-dimensional cuts of the Q − E space. Note that for the
incident energy of 68 meV no high-temperature data were
measured. As the intensity ranges represented by the color
bars are scaled equally for both temperatures it becomes evi-
dent that the magnon signal increases with temperature. Inside

FIG. 8. Constant E cuts of the [ξ ,0,0]/[0,ξ, ξ ] plane display the
ring shape of the magnon signal. The magnon signal in the ferro-
magnetic phase at 10 K [(a)–(e)] is compared with the data at 160 K
[(f)–(g)]. The intensity range (color bar) is the same for each energy,
and the axis length ratio of 1:

√
2 reflects the geometrical factor.

The low-energy data at 5 and 10 meV are taken with the incident
energy of 22 meV while the higher-energy data are taken with Ei =
43 meV. Data are overlaid with the magnon dispersion calculated
with only J1 (dashed lines) and with the combination of J1 and J4

(black lines).
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FIG. 9. Energy vs Q maps along the cubic high-symmetry directions around Q = (1,0,0) at different temperatures. The data are taken with
the incident energy of 43 meV. The top row [(a)–(c)] displays the low-temperature data at 10 K while the bottom row [(d)–(f)] shows the data
around the phase transition at 160 K. The intensity range (color bar) is in all panels the same for better comparability. Data are overlaid with
the ferromagnetic dispersion calculated with nearest-neighbor interaction (dashed line) and with the combination of nearest-neighbor and J4

interaction (black lines).

the ferromagnetic phase the increase of magnetic scattering
intensity can be explained by the Bose factor. However, at
160 K, close to the phase transition, the magnetic scattering
should decrease faster than the Bose factor enhancement since
the magnetization, i.e., the ordered moment, decreases. Also
the 8 meV constant-E scans presented in Ref. [25] clearly
shows the persistence of inelastic magnetic correlations well
above the Curie temperature. The strong magnetic scatter-
ing at the phase transition and at higher temperature can be
explained as paramagnon scattering which follows the same
dispersion as the long-range order excitations at 10 K. To
analyze the change of the magnon dispersion, the dispersion
model derived from the low-temperature data are also plot-
ted in the high-temperature data. There is no indication that
the magnon stiffness changes significantly as the model still
describes the intensity maxima. This supports the magnon
softening at low temperatures and the detailed temperature de-
pendence reported in Ref. [25]. One expects the spin stiffness
to decrease with increasing temperature following the magne-
tization [20,25], but in SrRuO3 the spin stiffness is identical
at the two studied temperatures, which can be seen in the
comparable diameter of the ring shaped scattering in Fig. 8.
The magnetic signals are however broadened at 160 K as it is
seen in the changed intensity distribution. The rings of scatter-
ing in the constant-energy cuts, see Figs. 8(f)–8(i), transform
towards a more disklike distribution suggesting the transfor-
mation from long-range magnon into paramagnon scattering.
Within Stoner theory [10,51] one expects the continuum of

magnetic excitations to considerably soften with heating and
with the associated reduction of the magnetization. At low
energies, the magnon dispersion in SrRuO3 however changes
only little up to 160 K and even up to 280 K when inspecting
the single 8 meV scans shown in Ref. [25]. This strongly
supports the persistence of local magnetization and exchange
splitting well above the ferromagnetic phase transition.

C. Polarized experiments with a horizontal magnetic field

Polarized INS experiments on a ferromagnetic material
suffer from the depolarization of the neutron beam that is
induced by domains and stray fields. Maintaining a good neu-
tron polarization is experimentally challenging and requires a
large guide field to align domains and to overrule any stray
fields of the sample magnetization. In a previous polarized
INS experiment on SrRuO3 on a cold triple-axis spectrometer,
the feasibility of polarized experiments was demonstrated but
these experiments focused on the chirality of the zone-center
magnons [54]. In a usual ferromagnet the chirality of this
excitation is determined by the right-handedness of the com-
mutation rules for the components of a spin operator, but it
was proposed that the strong spin-orbit coupling in SrRuO3

may result in left-handed excitations [19]. The experiment,
however, finds perfect right-handedness [54] well in the fer-
romagnetic phase.

With the polarized INS experiment on the thermal spec-
trometer IN20 we wanted to search for longitudinal modes,
i.e., modes with an oscillating moment parallel to the static
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magnetization in contrast to the transversal character of the
magnon modes corresponding to a precession of the mo-
ments around the static magnetization. Longitudinal spin
excitations were theoretically deduced from random-phase-
approximation calculations [10,37,38,51] but experimental
studies are limited to a few systems and to temperatures close
to the magnetic transition, where the longitudinal response
corresponds to critical scattering [55,56]. In our experiment
on SrRuO3, the polarization analysis also yields a better
separation of magnetic and phonon contributions at higher
temperature, where the magnetic response becomes very
broad. The large sample was mounted in a horizontal mag-
net cryostat which allows to apply 3.8 T. In order to avoid
quenching, we stayed slightly below this value and applied
a magnetic field of 3.5 T along the [1,1,0] direction, which
together with [0,0,1] spans the scattering plane. Most parts
of the experiment were performed by using only the flip-
per between sample and analyzer whose currents had to be
adapted to the stray fields of the horizontal magnet at the
flipper position that depend on the angle between the field and
the outgoing beam. The flipper between the monochromator
and the sample was only used to verify the polarization at a
few points in Q-E space. The flipping ratios were measured
at the two Bragg reflections (1,1,0) and (0,0,2) to amount to
21.4 and 21.6, respectively, in the paramagnetic state at 230 K.
However, the quality of the neutron polarization consider-
ably diminishes upon cooling into the ferromagnetic state.
At the temperatures of 170, 120, and 10 K, we find the
values 19.8[18.8], 11.6[6.8], and 8.3[4.9] at the reflection
(1,1,0)[(0,0,2)]. The reduction of the polarization quality is
more severe at the (0,0,2) reflection for which the magnetic
field is perpendicular to the scattering vector, so that stray
fields of the sample magnetization are more harmful. For a
magnetic field of only 1 T, the flipping ratio is even more
rapidly suppressed to 5.8 measured for (0,0,2) at 160 K. At
10 K and 3.5 T, the flipping ratio was also studied on a phonon
at (2,2,0.2) yielding a flipping ratio of 8.0 in good agreement
with a measurement of the (1,1,0) Bragg reflection. Clearly,
polarization can be maintained in the ferromagnetic state of
SrRuO3 but a careful correction of the reduced flipping ratios
is required and was applied to all data shown in Figs. 10
and 11.

The horizontal magnet imposes severe restrictions on the
accessible angles and it is fixed to the [1,1,0] direction and
thereby imposes the direction of the neutron polarization
at the sample. Therefore it is not possible to measure the
scattering in the usual x, y, and z directions of polarized
neutron experiments [57], but for Q = (0, 0, 1) and (0,0,2),
we may only study the spin-flip (SF) y and non-spin-flip
(NSF) y channels (i.e., polarization direction perpendicular
to the scattering vector with in the scattering plane) and for
Q = (1, 1, 0) only SF x and NSF x (i.e., polarization parallel
to the scattering vector). By cooling in a finite field we obtain
a nearly monodomain magnetic state with the orthorhombic c
direction, the easy axis of magnetic order in SrRuO3, aligned
parallel to the magnetic field. Since INS only senses magnetic
components perpendicular to the scattering vector and since a
neutron spin-flip requires a magnetic component perpendicu-
lar to the polarization direction, we obtain the following the
selection rules. For Q = (0, 0, 1) and (0,0,2), the NSF signal

FIG. 10. Polarized neutron scattering results for energy scans at
the (0,0,2) Bragg point of SrRuO3 performed on the IN20 triple-axis
spectrometer. (a) and (c) show the NSF and SF intensities corrected
for the finite flipping ratios determined at the respective temperature
and magnetic field. In (b), the NSF data are corrected for the Bose
factor and the inset shows a zoom on low energies. A small constant
background is subtracted from the SF data and a correction for the
Bose factor is applied in (d).

contains the nuclear scattering and the magnetic excitations
polarized parallel to the static magnetization, i.e. longitudinal
excitations, and the SF scattering senses magnetic excitations
polarized perpendicular to the magnetization, i.e. transverse

FIG. 11. Polarized neutron scattering results for energy scans at
the (0,0,1) and (1,1,0) Bragg points of SrRuO3 performed on the
IN20 triple-axis spectrometer. (a) [(d)] and (b) [(e)] show the NSF
and SF intensities corrected for the finite flipping ratios for the two
Q values. A small constant background is subtracted from the SF
data and a correction for the Bose factor is applied in (c) and (f).
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magnetic excitations. For Q = (1, 1, 0) the NSF signal con-
tains only the nuclear scattering while the SF signal contains
twice the transverse magnetic excitations. Here we assume
that the magnetic excitations in the two transverse channels
are identical. Due to the angle constraints it was not possible
to study the low-energy response at (0,0,1) but we had to go
to (0,0,2) where the magnetic formfactor already reduces the
signal strength.

Figure 10 presents the energy scans obtained at the (0,0,2)
Bragg peak. The NSF signal at low energy is fully dominated
by the phonon scattering arising around the strong Bragg re-
flection. However, the correction for the Bose factor presented
in Fig. 10(b) reveals an extra weak magnetic scattering near 2
to 3 meV appearing at the temperatures where the spontaneous
part of the magnetization most strongly increases. Note that
the finite fields of 1 and 3.5 T suppress the sharp transition
as the symmetry is already broken by the magnetization in-
duced through the magnetic field, see Ref. [54]. This extra
scattering visible in Fig. 10 at temperatures near the transition
can be attributed to critical longitudinal scattering near the
emergence of the ordered magnetic moment. This longitudinal
signal fully agrees with polarized neutron scattering mea-
surements on ferromagnetic Ni and EuS [55,56]. However,
deep in the ferromagnetic state there is no evidence for a
longitudinal excitation up to 12 meV and also the uptake of
intensity in the NSF channel at finite temperature most likely
stems from phonon and multiphonon processes. The SF chan-
nel at (0,0,2) detects transverse excitations (polarized along
orthorhombic a) but again there is no evidence for such scat-
tering at low temperature. Since the scan path is exactly at
the zone center, this is consistent with the usual picture that
the parabolically dispersing magnon is the only signal below
the continuum. However, such transverse magnon scattering
appears at higher temperatures and is consistent with the ob-
servations at the other two studied Bragg peaks.

The polarized energy scans at the other two Bragg peaks
are shown in Fig. 11. At Q = (1, 1, 0), the NSF scattering is
entirely due to nuclear scattering and measures the phonon
and multiphonon processes. There is a very strong phonon at
20 meV that was also seen in the time-of-flight data taken
on Merlin discussed above. The SF scattering at (1,1,0) is
flat at low temperature indicating the absence of magnetic
scattering in agreement with the magnon dispersion. However,
this SF scattering considerably increases with increasing tem-
perature which reflects the above discussed enhancement of
the widths of the magnon signal. The Q space in the center
of the ferromagnetic magnon dispersion gets consecutively
filled with increasing temperature, so that the character of
the scattering changes from magnon to paramagnon like. The
consistent observation is also made in the SF scattering at
Q = (0, 0, 1), see Figs. 11(e) and 11(f). The fact that at (1,1,0)
we see two transversal magnetic channels is compensated by
the square of the Ru formfactor that is about twice as large at
(0,0,1). At low temperature there is a finite signal in the NSF
channel at (0,0,1) that can be safely ascribed to the 20 meV
phonon which has been also observed at (0,0,3) where the Q2

factor strongly enhances the signal. So there is no evidence
for a longitudinal mode up to ∼20 meV. This agrees with the
magnon dispersion extending to at least 35 meV as one would
expect longitudinal excitations to be strongly suppressed deep

in the ferromagnetic phase. Furthermore, recent ARPES stud-
ies indicate that the exchange-induced band energy splitting is
rather large in SrRuO3, of the order of 120 meV [12], which
also implies a larger energy scale for the Stoner continuum
and longitudinal modes.

The SF scattering at (1,1,0) has been also measured for
negative energy transfer, see Fig. 11(b), where close to the
onset of spontaneous magnetization a strong signal appears at
a few meV that has no counterpart at positive energy transfer.
This is due to the chirality of the zone-center magnon as it
is discussed in detail in Ref. [54]. The Heusler polarizing
monochromator and analyzer crystals transmit the neutron
polarization antiparallel to the guide field. Therefore the spin-
flip process with the flipper between sample and analyzer
turned on and the first flipper being turned off correspond to
a scattering from antiparallel to parallel neutron polarization.
A right-handed mode, however, requires the opposite for a
positive energy transfer but becomes visible at negative energy
transfer as it is seen in Fig. 11(b). This experiment confirms
the perfect right handedness of the magnon in SrRuO3 [54].

IV. DISCUSSION AND CONCLUSIONS

The combined INS study of the magnetic excitations in the
ferromagnetic state of SrRuO3 does not reveal the Stoner con-
tinuum expected for an itinerant system. This can be attributed
to the still limited energy range for which reliable INS data
could be obtained. The magnon modes can be followed up to
∼35 meV but already above the 25 meV the signal becomes
quite reduced. In view of the recent ARPES study determining
the band-energy splitting to 120 meV, one may expect the
Stoner continuum at comparable energy scales and thus the
strongest effects even above the accessible energy range of our
experiment. Due to the multiorbital nature of the electronic
band structure the crossover from magnon to Stoner excita-
tions can be more complex in SrRuO3. The limited ordered
moment in SrRuO3 combined with a rapidly decreasing mag-
netic form factor hamper neutron scattering studies, so that
considerable efforts are needed to cover higher energies. So
far, the polarized INS experiments cannot detect any evidence
for longitudinal modes for energies below ∼20 meV in the
ferromagnetic state.

The most remarkable feature of the magnetic excitations
in SrRuO3 concerns the anomalous temperature dependence
of the magnon stiffness and of the gap that both harden upon
heating [20,25]. These anomalous temperature dependencies
follow that of the anomalous Hall effect and can be explained
by the impact of the Weyl points on the spin dynamics.
Evidence for Weyl points situated close to the Fermi level
has been deduced from DFT calculations [58] as well as
from magnetotransport studies [18,21]. However, the magnon
modes remain extremely broad in SrRuO3 even at low tem-
perature. In order to reproduce the measured data profiles
we have to fold the experimental resolution function with a
magnon response that shows an energy broadening of 40%
of its energy. This severe broadening further increases upon
heating. While at low temperature the magnetic response re-
mains essentially magnon like, although exhibiting enormous
lifetime reduction, the shape of the magnetic signal changes
upon heating. Close to the magnetic transition the Q space
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in the center of the magnon dispersion surface gets more
and more filled which resembles the intensity distribution
of nearly ferromagnetic systems with a paramagnon signal
[10]. However, the dispersion of the peak energies is little
affected upon heating close to the transition at 160 K and
even well above indicating that the local exchange splitting
remains still considerably larger than the energy range of our
experiments. There are several explanations for the reduced
lifetimes of magnons in SrRuO3. The pronounced kink of the
electric resistance at the ferromagnetic transition underlines
a strong electron-magnon interaction. In addition the Weyl
points and the Berry curvature imply further scattering paths
[25] that in view of the strong impact of the topology on the
magnon dispersion may also be important for the magnon
damping.

The magnetic excitations have been studied in several
metallic ruthenates of the Ruddlesden-Popper series. In
Sr2RuO4, there are dominating incommensurate excitations
that arise from pronounced Fermi surface nesting of quasi-
one-dimensional sheets [59,60] and that seem to condense
into static incommensurate magnetic order upon minor sub-
stitution [61]. This nesting is rather robust and can also
be observed in Ca2−xSrxRuO4 compounds with x ∼ 0.5 that
are closer to a ferromagnetic instability and that exhibit
dominant nearly ferromagnetic magnetic fluctuations [62],
see below. Two recent ARPES studies yield evidence for
flat Fermi-surface sheets [12,63] in SrRuO3 that resemble
the strong nesting in Sr2RuO4. The distance of these flat
sheets in the [ξ 0 0] direction can roughly be determined to
ξnes = 0.29 [12] and 0.34 [63] reduced lattice units, respec-
tively, but only Ref. [12] differentiates majority and minority
sheets. The constant energy maps presented in Figs. 5 and
8 yield no indication for such scattering at either (ξnes 0 0),
(ξnes ξnes 0) or (ξnes ξnes ξnes). The strongest nesting peak
in Sr2RuO4 [59,60] arises along the diagonal profiting from
the nesting in two directions, while such an effect cannot be
deduced from the Fermi-surface sheets reported for SrRuO3

[12,63]. In addition to the nesting induced magnetic exci-
tations, Sr2RuO4 also exhibits a broad quasiferromagnetic
signal [6]. But this response of Sr2RuO4 is still quite different
from the magnon signal that SrRuO3 shows at low tempera-
ture. The response in Sr2RuO4 is little structured in Q space
and thus approaches a scenario with local interaction that is
deduced from DMFT calculations [64].

The magnonlike response in SrRuO3 also differs from
the quasiferromagnetic scattering, which was observed in
layered ruthenates that are close to ferromagnetic order.
In Ca2−xSrxRuO4, a ferromagnetic cluster glass ordering is
reached for x ∼ 0.5 and a metamagnetic transition is formed

for further reduced Sr content [65,66]. Also Sr3Ru2O7 ex-
hibits a metamagnetic transition and is thus very close to
ferromagnetic order [67]. The INS studies in Sr3Ru2O7 [68]
and in Ca2−xSrxRuO4 [62,69,70] reveal a remarkably similar
picture in these layered systems that however differs from
the magnonlike response in SrRuO3. The layered materials
at zero field exhibit still incommensurate magnetic fluctua-
tions though appearing at different positions in the Q space
compared to the nesting induced signals in Sr2RuO4 [60,71].
The peaks in the magnetic susceptibility of Sr3Ru2O7 and
Ca2−xSrxRuO4 appear along the bond direction and at much
smaller absolute values of the propagation vector in agreement
with a more ferromagnetic nature. Only for metamagnetic
Ca1.8Sr0.2RuO4 at finite magnetic field a parabolic and thus
magnonlike dispersion was observed [70] that finally resem-
bles the magnon dispersion in SrRuO3. Overall the magnetic
response in the layered ruthenates including Sr2RuO4 seems
mostly determined by Fermi-surface effects with small but
finite propagation vectors, while SrRuO3 and only the high-
field phase of Ca1.8Sr0.2RuO4 exhibit a parabolic and thus
an intrinsic ferromagnetic response. The response induced by
Fermi-surface effects in the layered materials emerges in the
form of stacks of scattering in Q-E space. Upon heating the
magnetic excitations in SrRuO3, however, approach such a
shape.

In conclusion, the combined INS study of magnetic excita-
tions in SrRuO3 can characterize a low-temperature magnon
dispersion up to rather high energies that are consistent with
a large band energy splitting. Besides the anomalous tem-
perature dependence of the magnon stiffness and of the gap,
the severe broadening of magnons even at low temperature is
most remarkable. Upon heating towards the magnetic transi-
tion in SrRuO3 this broadening is further enhanced and finite
magnetic response is found at the center of the dispersion.
Although the magnon dispersion remains visible up to near
TC, this change indicates an enhanced local character of the
interaction and it approaches the findings in other ruthenates
where even quasiferromagnetic response yields stacks of scat-
tering in Q − E space mostly associated with Fermi-surface
effects.
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