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Magnon profile on SrRuO3 films studied by inelastic neutron scattering
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In this study, the inelastic neutron scattering probe of SIKA in ANSTO is employed to investigate the magnon
dispersion curve in ferromagnetic SrRuO3 single crystal epitaxial films and to better understand the underlying
mechanisms. This report presents the successful measurement of a magnon peak from the SrRuO3 films which
contained an amount of material of only 0.9 mg. We reveal one significant magnon dispersion curve along [002]
following the quadratic (E ∝ Q2) relation, which shows a magnon gap of 0.32 meV. We have discussed several
possible mechanisms, such as the higher symmetry structure and the impurity levels, which may contribute to
this smaller gap.
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I. INTRODUCTION

SrRuO3 is a rare 4d ferromagnetic material with ferromag-
netic and metal-metal transition around the Curie tempera-
ture (TC) 165 K [1–9]. Due to this itinerant ferromagnetic
behavior SrRuO3 is widely used as a conductive electrode
in many oxide multilayer device applications [10–23]. Even
though SrRuO3 is a widely known and well-studied material,
a few questions remain unanswered, such as the unsaturated
magnetization at high magnetic field, the unbelievably high
upper-limit temperature (T � 30 K) for Fermi liquid conduc-
tion, the role of magnons in the non-Fermi-liquid behavior
within 90 K � T � 150 K, the source of magnon gap and
the mechanism of carrier-type change i.e., hole-conduction
at room temperature and electron-conduction at low temper-
ature. These puzzles, as depicted by Koster et al. [24] are
believed to associate strongly with the degree of correlation
within the carriers as well as the O2p and Ru4d bands.
Recently, the non-Fermi-liquid behavior of SrRuO3 within
the range of 90 K ∼ TC is found to govern by magnons via
electron-magnon coupling [25]. This result does not follow
the conventional understanding because typically electron-
phonon coupling dominates at such high temperatures. This
finding indicates that magnon is not an independent factor
along with others. A similarly spectacular phenomenon was
observed in Hall measurement, a sign change in Hall coeffi-
cient shows the conduction carrier changes from a hole-type
at high temperature to an electron-type at low temperature
[26,27]. A simple two-bands model, which is either formed
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by an overlapping of the conduction and valence bands at
different k directions or a crossing or an anticrossing, cannot
explain the change of carrier type. The structural change,
due to the strain effect at film/substrate interface and the
massive Ru and O vacancies, may alter the electrons and
magnons behavior and the correlation between them via many
interaction routes and contribute to this exciting phenomena.
To solve these underlying physics, we need to understand
the ground state properties of magnons, and the dispersion
relation of magnon which could be studied by the inelastic
neutron scattering (INS).

INS is a very powerful tool for probing low-energy excita-
tion quasiparticles such as magnons and phonons. But, due
to the extremely small inelastic scattering cross section, it
requires a large amount of specimen. In 2016, Itoh et al. [28]
employed the INS measurement on a sizeable polycrystalline
sample of 73 g by a time of flight technique to investigate
the magnon profile. They discovered a 2-meV magnon gap
in SrRuO3 polycrystal and they attributed this gap opening
to Weyl fermions. Recently, Jenni et al. observed a magnon
gap of 1 meV in 6 g of SrRuO3 single crystals by INS mea-
surements and they also attributed the role of Weyl fermions
in magnon gap opening [29]. Due to the requirement of vast
amount of specimen material, it is rare and even impractical to
use film samples to study INS experiments even though thin
films are the most feasible format for modern applications.
Until now, only one report related to INS on a thick multilayer
film sample over 1 μm is available [30].

Fortunately, neutron facilities have been greatly improved
in recent years, so it is possible now to investigate the low
energy excitation on films by the INS technique. In this study,
we chose SrRuO3 single crystal epitaxial films as the spec-
imen material and used the powerful INS function of SIKA
in ANSTO to measure the dispersion curve of magnons along

2469-9950/2020/101(5)/054403(8) 054403-1 ©2020 American Physical Society

https://orcid.org/0000-0002-4196-1794
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.101.054403&domain=pdf&date_stamp=2020-02-03
https://doi.org/10.1103/PhysRevB.101.054403


G. D. DWIVEDI et al. PHYSICAL REVIEW B 101, 054403 (2020)

a specific direction, which exhibits enormous contribution of
magnetic signal. A magnon dispersion curve along the [002]
direction has been successfully observed and an estimated
reduced magnon gap of 0.32 meV was found for SrRuO3 sin-
gle crystal epitaxial films, which is one third of that observed
by Jenni et al. [29] and almost one sixth of the observation of
Itoh et al. [28]. The major difference between their SrRuO3

systems and our film system is the crystal structure and the
Ru and O vacancy concentrations. Polycrystalline bulk and
single crystal system both are orthorhombic, while our film
system exhibits near cubic structure. The film systems were
found to have significant Ru and oxygen vacancies similar
to earlier reports [31,32], while the single crystal [29] and
the polycrystalline samples [28] have TC = 165 K and should
have negligible vacancies according to Dabrowski’s report
[9]. Moreover, the SrRuO3 polycrystalline system has report-
edly exhibited Ru deficiency when mixed in a stoichiometric
weight ratio and it has been shown that Ru-vacancies modify
the properties significantly [33]. The vacancies are an integral
part of SrRuO3 film system and it plays a very pivotal role
in determining the properties of film systems. The smaller
magnon gap observed in our film could be strongly associated
with two factors: (1) the near cubic crystal structure indicates
a higher order of symmetry and (2) the impurity level due
to massive Ru and O vacancies. The impurity level and the
higher symmetry disrupt the formation of anticrossings, which
could lead to two different scenarios: (i) it could weaken
Weyl Fermion, which in turn weakens the spin-orbit coupling.
In this case the on-site Coulomb repulsion may or may not
participate in interfering with the spin-orbit coupling. (ii) The
impurity level and the higher symmetry could destroy Weyl
Fermions and then the impurity level induced strong on-site
Coulomb repulsion could give rise to a small magnon gap.

II. EXPERIMENT

The four 1 × 1 cm2 SrRuO3 single crystal epitaxial
films with a thickness of 260 nm and a total mass of
∼0.9 mg were grown by the standard laser ablation technique.
INS measurements on single crystal films were conducted
at ANSTO, using the cold-neutron triple-axis spectrometer
SIKA with the energy of neutrons defined by double-focusing
pyrolytic graphite (PG) (002) crystals at the monochromator
position and vertical focusing PG(002) crystals at the analyzer
position, using a fixed final energy of 8.07 meV with a 5-cm-
thick PG filter to suppress higher order contaminations. To
optimize the signal to noise ratio for the INS measurements,
a narrow beam of 50 × 50 mm2 limited by an aperture placed
behind the sapphire filter was used and the sample was masked
with a B4C neutron absorber. This configuration gives an
energy resolution of ∼0.29 meV and a background signal of
0.7 count per minute for the measurement on SIKA. Initial
INS measurements were also perfomred at NIST, employing
the spin polarized inelastic neutron spectrometer (SPINS),
operated in its conventional triple axis mode, with the energy
of neutrons defined by PG(002) monochrometor crystals and
PG(002) analyzer crystals, a collimation of 80′ for the in-pile
beam and 80′-open before and after the sample positions, and
a Be filter at 77 K to suppress higher order contaminations.
This configuration with a final energy of 5 meV gives an en-

ergy resolution of ∼0.2 meV. The temperature was controlled
with the AS Scientific top loading cryofurnace operated be-
tween 5 and 200 K. The room temperature electronic state of
SrRuO3 was examined by x-ray photoemission spectroscopy
(XPS). Both the films and a reference bulk were performed
using a Thermo Scientific ESCALAB 250 system operat-
ing at an average base pressure of ∼6 × 10−9 torr (1 torr =
133.3 Pa) with a monochromatic MgKα line at 1256 eV and
with a total energy resolution of about 0.02 eV. In addition
to the depth profile, photoemission spectra were measured
after removing the sample surfaces by sputtering, and only
the material deep at the center of the film or inside the bulk
were measured.

III. RESULTS AND DISCUSSION

SrRuO3 epitaxial films have been grown on single crys-
talline SrTiO3 (001) substrates for inelastic neutron scattering
experiments. Figure 1(a) shows a x-ray diffraction (XRD) pat-
tern of SrRuO3/SrTiO3(002) peaks indicating an epitaxially
grown structure. Lattice constants (c) of SrRuO3 film and
SrTiO3 substrate calculated from their (002) peaks are ap-
proximately 3.96 and 3.905 Å. The resistance as a function of
temperature measurement of SrRuO3 films grown on SrTiO3

(001) planes exhibit TC around 152 K, indicating the excellent
quality of the film [Fig. 1(b)]. To produce the reciprocal space
mapping of the SRO/STO system we searched for the (103)
plane of the system. The XRD reciprocal space mapping
of SRO (103) and STO (103) peaks is shown in Fig. 1(c),
where the lattice constants of SRO film are calculated to be
a = 3.968 Å and c = 3.920 Å. The ϕ scan of SRO (103) peak,
Fig. 1(d), exhibits four-poles fold symmetry confirming the
epitaxial growth of the SRO film on the STO substrate with
very high quality. The room temperature crystal structure of
the SrRuO3 films is modified by the interfacial strain and Ru
and O vacancies to transform from the orthorhombic bulk
(a = 5.57 Å, b = 5.53 Å, and c = 7.85 Å) to the tetragonal
film (a = b = 3.968 Å and c = 3.920 Å). The samples were
slowly cooled down to 5 K with few intermediate steps for
instrumental calibrations and lattice constant measurements
with neutron diffraction at 200 and 5 K along (0,−1,0),
(0,−2,0), (0,−2,2), and (0,0,2). The lattice of SrRuO3 shrinks
to a cubic one with a = b = c = 3.9159 Å at 200 K and fur-
ther to a tetragonal one with a = b = 3.8915 Å, c = 3.8973 Å
at 5 K. The equal shrinkage of the in-plane lattices can be
attributed to the interface effect. The change in the c axis
is interesting, as it has suppressed only slightly from room
temperature to 200 K while in-plane suppression is quite
significant. This could be explained as following; the large
in-plane contraction exerts a force perpendicular to the ab
plane (i.e., along the c axis) and tries to expand the c axis,
which compensates the shrinking due to lowering tempera-
ture. At 5 K, the shrinkage on lattice constants due to lowering
temperature wins out the expansion in the c axis because of
the in-plane contraction results in a small c axis. The total
shrinkages of axes from 5 K to room temperature are −1.9%
and −0.57% along the a-b axes and c axis. The tetragonal
structure has a shorter c axis at room temperature and becomes
a slightly longer one at 5 K. The strain in the film system
could be calculated from ε = 2(c − a)/(c + a). The strain
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FIG. 1. (a) X-ray diffraction pattern of a SrRuO3 film deposited on a SrTiO3 (001) plane. (b) Resistance versus temperature measurement
of film provides metal to metal transition (which corresponds to ferromagnetic transition) around 150 K. (c) X-ray reciprocal space mapping
of SRO/STO(103) plane and (d) the phi scan of SRO (103) peak of (c).

developed in the film system at 300 K is 12 × 10−3 and at
5 K is about 1.5 × 10−3. In polycrystalline bulk SrRuO3 the
developed strain along a-c plane is 6.84 × 10−3 and along
the b axis is 4.74 × 10−4 at 300 K, while it is 6.36 × 10−3

along a-c plane and 2.81 × 10−4 along the b axis at 10 K.
It is obvious that the interfacial strain along with Ru and
O vacancies [31,32,34] changes the crystal structure more
symmetrically. The crystal structure and crystal symmetry of
the present film is very different from Jenni’s single crystal
and Itoh’s polycrystalline samples which are orthorhombic.

A series of spectra were taken along [00L] direction with
L � 1.9 to minimize the influence of the (002) Bragg peaks
of both STO and SRO. Itoh et al. [28] observed magnon peaks
in SrRuO3 polycrystals below the ferromagnetic transition
temperature at several Q values such as 0.2, 0.25, and 0.3 Å−1

with full width at half maximum (FWHM) around 2.5 meV.
They calculated the ferromagnetic spin wave gap of 2 meV
and magnon stiffness ∼62. Jenni et al. [29] used SrRuO3

single crystals to measure several energy scans across the
magnon dispersion at 10 K. They observed a magnon gap of
1 meV and magnon stiffness ∼87. They have studied temper-
ature dependence of magnon gap and stiffness and according
to their report the magnon gap and stiffness of polycrystalline
SrRuO3 [28] is proportional to magnetization curve M(T ),
while a magnon gap and stiffness of single crystal SrRuO3

[29] do not follow the M(T ) curve. The optical Hall con-
ductivity in the tetrahertz region had confirmed the existence
of Weyl fermions within the 5-meV range of the Fermi level

[35]. Single crystal and polycrystalline SrRuO3 possess room
temperature orthorhombic crystal structure that leads to a
considerable anisotropy. Obviously, the interface effect makes
the in-plane and out-of-plane lattice constants of the present
films nearly the same. The near cubic structure of the present
films exhibit higher isotropy and smaller octahedral distortion,
hence we expect the present films should exhibit a smaller
magnon gap at 5 K and the magnons at various Q values
might shift to lower energy regions. In this study, we selected
three L values such as 1.9, 1.8, and 1.7, which are equivalent
to Q = 1.53 Å−1, Q = 1.45 Å−1, and Q = 1.37 Å−1, respec-
tively, to scan the INS. According to SIKA’s configuration,
we choose E f = 8.07 meV to be the end energy, E f , which
provides a reasonable energy resolution of 0.298 meV and
wider maneuverability in Q value and energy spans.

The most crucial scan for Q = 1.53 Å−1, as it is the closest
one to the zone center and should have strongest and nar-
rowest magnon peak, we scanned four times from −0.7 to
2.3 meV with step sizes of 0.1 or 0.15 meV to ensure the
reliability of the data. The collection time for each data point
was 15 min. Each scan shows an evident peak around 0.7 meV
indicating the observed peaks are not fake ones due to other
effects. The averaged data curve for Q = 1.53 Å−1 is plotted
in Fig. 2(a). The small error bars, with the size very similar
to the size of data points, indicates a very high accuracy
measurement of this curve. The target peak is found to locate
at 0.7 meV with a relatively narrow FWHM of ∼0.31 meV.
Figures 2(b) and 2(c) present quick energy scans for Q = 1.45

054403-3



G. D. DWIVEDI et al. PHYSICAL REVIEW B 101, 054403 (2020)

FIG. 2. (a) The INS spectra of L = 1.90 at 5 and 200 K. The
horizontal bar (color: magenta) is the energy resolution. Inset of (a)
show residuals of INS scans taken at low temperature (4 and 5 K)
and high temperature (200 K) along [0, 0, 0.90] and along [0, 0,
1.90]. (b) INS measurement along the [0, 0, 1.80] direction at 5 K
(solid black squares) and 200 K (solid red stars). Broad magnon
peak arising from high-defect region is fitted with solid black line,
while narrow magnon peak arising from low-defect region is fitted
with solid blue lines. Red line is fitting line of INS data measured
at 200 K. (c) INS along [0, 0, 1.70] direction at 5 K. The black and
blue numbers are the magnon peak positions/FWHM of various Q
values. The error is calculated by taking square-root of data points.
Uncertainties represent one standard deviation.

and 1.37 Å−1, respectively. The large error bars are the result
of short scan time. After comparing with the energy scan of
Q = 1.53 Å−1, we found each plot has a peak with similar
FWHM and is fitted with blue curves. These peak positions
and FWHM increases with Q value, which follow the original
expectation. Another small broad peak-like structure located
at energy lower than magnon peaks cannot be explained by
the phonons of SrRuO3 [36] or SrTiO3 [37] as they locate at
higher energy region and should exhibit nearly linear energy
dependence. A reasonable explanation for the appearance of
both narrow and broad peaks is the nonuniform distribution of
defects. The low defect density region attributed to the narrow

peak, while the high defect density parts reduces the coupling
strength that reduces the excitation energy, less than 1 meV
in Q = 1.45 Å−1 and 1.37 Å−1, and lifetime producing broad
peaks. More experiments are needed to clarify the exact origin
of the broad peaks.

To confirm that the observed peak is contributed by the
magnon and not by phonons or instrumental errors, it is
necessary to take another scan at a high temperature where
the material is in a paramagnetic state. If the peak intensity
disappears or enhances or remains unchanged, then it is
reasonable to consider that the peak is attributed by magnon,
phonon, or instrumentation, respectively. The center peaks in
Fig. 2(a) at 0 meV overlap perfectly while the peak around 0.7
meV at 5 K clearly disappears at 200 K. One may argue that
these peaks could be due to the tail of the main lattice peak
of the substrate and the change in intensities at 5 and 200 K
were due to the phase transition of the substrate around 105 K.
Since the lattice parameters of the substrate are smaller than
that of the film in all the temperature region, therefore, the
Bragg peak of the substrate should locate at a higher Q value
than the film. In the present case we measured the energy
dispersion towards lower Q values and the magnon peaks are
clearly separated with the tail of the Bragg peak of the films,
hence we can confidently say that these peaks are not due to
the tail of the main peak of the substrate. The disappearance of
the peak at around 0.7 meV at 200 K proves that the observed
peak is a magnon peak. Similar results along [0, 0, 1.8] in
Fig. 2(b), even with quick scans, both the sharp and the broad
peaks, around 2.9(2) and 1.6(5) meV at 5 K disappear at
200 K. This proves that both peaks are magnon peaks. Since
the magnon dispersion curve close to the zone center can be
described by a quadratic equation, the dispersion curve for the
broad peak along [0,0,1.9] can be estimated to locate at around
0.4 ∼ 0.5 meV, which is at the valley sandwiched by the tail of
the Bragg peak and the sharp magnon peak. The broad peaks
along [0,0,1.8] and [0,0,1.7] have intensities around half of
the sharp one, therefore the intensity of the broad peak along
[0,0,1.9] follows the same trend as it has an intensity similar to
the background that makes it invisible in the present data. We
have successfully challenged the concept that the films with
extremely less mass are unable to measure INS.

Interestingly, the magnon peak was not observed along the
[001] direction for both the SIKA of ANSTO and the initial
SPINS of NIST. To reveal the possible magnon peak, the low
temperature spectra are subtracted by the high temperature
one, as shown in the inset of Fig. 2(a) along [0, 0, 1.9] and
along [0, 0, 0.9]. The residual along [0, 0, 0.19] is exactly
the magnon peak observed at 5 K, while that along [0, 0,
0.9] is only a line of noise. We were unsuccessful to observe
any magnon peaks along [0, 0, 0.9]. The reason for this
difficulty could be understood as the crystal structure factor of
(001) plane for SrRuO3 is much smaller than crystal structure
factor of (002) (by a factor of >50) with or without magnetic
contributions before and after the crystal phase transition.
In addition to the small mass of the present epitaxial single
crystal films, we could not observe the magnon peak along
[0, 0, 0.9] for the films.

Using the present identified magnon peaks, we plotted
a dispersion curve in Fig. 3(a). The red dots are the data
measured by Itoh’s group from powder inelastic diffraction
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FIG. 3. (a) Relationship between E and L (or Q). Data points presented as blue stars are the position of magnon peaks as obtained from the
Fig. 2. These magnon peaks follow the dispersion relationship (E ∝ Q2). The data points presented as red circles are obtained from Ref. [28].
The center of magnon peaks have been depicted as red circles and the red bars represents the FWHM of magnon peaks. The data points
obtained from our measurements matches well with Ref. [28] and are situated well within their FWHM. (b) The magnon dispersions in different
Coulomb U at temperature T = 0. The magnetic coupling J = 0.5 meV Å−3, the conduction-band electron density ne = 1 × 10−4 Å−3 and
the Ru occupation cRu = 10−3 Å−3.

and the vertical lines on each red dot are the FWHM of
their peaks. The blue stars are the data point of the present
study. The FWHM of each point is around 0.2 ∼ 0.3 meV.
A quadratic equation can approximate the present magnon
dispersion relationship between energy (E ) and wave vector
(Q) [38]

E = hω = A + BQ2,

where, A and B are constants and represent magnon gap
and magnon stiffness, respectively. For the present case,
these two factors as described in the previous paragraph
must give a different magnon dispersion curve to Heisen-
berg model. However, near the zone boundary, the dispersion
curve can still be reasonably approximated and estimated
by the Heisenberg model. Fitting the data points with the
above dispersion relation, we obtained a magnon gap (A)
at Q = 1.6 Å−1 (L = 2.0) of 0.32 meV with a standard de-
viation of 0.36 meV. This magnon band gap of 0.32 meV
is much smaller than Itoh’s 2 meV [28], Jenni’s 1 meV
[29], and a ferromagnetic resonance (FMR) measurement of
1 meV [39]. However, assuming a zero gap does not give rise
to a good fitting result. It is worth mentioning that the magnon
stiffness “B” in the present case is around 22 meV Å2, which
is significantly smaller than the reported values of Itoh et al.
[28] and Jenni et al. [29], indicating films are substantially
different from their bulk and single crystal counterparts.

The reduced magnon gap of present SrRuO3 films could
be due to three possible reasons: First, the near cubic crystal
structures of SrRuO3 films enhance the isotropy of the system
as we mentioned above, which may suppress the magnon
gap. The second possible factor is the interface effect; due
to interface strain or band bending act as an internal field
applied to the film. This effect may assist in forming an initial
layer with higher symmetry that helps the subsequence growth
of the films. However, the interface effect is only effective
in few nm range, but our present films have a thickness
of 260 nm, hence the interface effect most probably would

not affect the whole film. Similarly, the neutron scattering
signal is a majorly collective contribution from the whole film.
The interface effect has a negligible effect to the inelastic
scattering signal and the reduction of the magnon gap. The
third possible factor is the expected Ru vacancies along with
O vacancies in the samples that may change the Ru electronic
state or weaken the spin-orbital coupling or could introduce
local on-site Coulomb coupling. The third possibility will be
discussed in more detail in the following section.

The composition of films measured by XPS depth profile
and electron dispersion spectra measurements (not shown
here) suggests a distinct deficiency of Ru and O in the films
as other groups also have observed [31,32,34]. According
to our previous study [40], we propose a narrow impurity
band that could arise from these vacancies located around the
Fermi level and successfully explain the unique phenomenon
that the conduction carrier of SrRuO3 changes sign from
a hole conduction at a higher temperature to an electron
conduction at a low temperature. The existing impurity band
can be confirmed from the cumulative plot of the valence band
spectra (−1.5 ∼3 eV) of SrRuO3 single crystal epitaxial films,
as shown in Fig. 4, which is composed of Ru4d (t2g)–O2p
hybridized states and can be simulated by two Ru4d (t2g)
peaks and one O2p peak [40,41]. The XPS intensity of the
film is much lower than that of the bulk near the Fermi level.
The Fermi level is assumed to locate at the first Ru4d (t2g)
peak maximum for enabling metallic properties. The XPS
intensity of the film extends to a further range above the Fermi
energy and all peaks within this energy region are suppressed
to smaller values than that of the bulk, which indicates the
original band has been modified due to the impurity band that
results in a weaker Ru4d (t2g)–O2p hybridization in the films
that led to the observed decrease in TC (155 K) and higher
resistivity. Resultantly, the anticrossings of the original band,
which gives rise to Weyl fermions, could be destroyed and the
magnon gap observed by Itoh et al. [28] and Jenni et al. [29]
should become smaller or disappear. In another scenario, the
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FIG. 4. X-ray photoemission spectra of valence band regions of
SrRuO3 film (black solid square) and SrRuO3 bulk (red solid circle).

Ru and O vacancy states could capture electrons that gives
rise to a strong e-magnon coupling [25] and is responsible for
the carrier sign change phenomenon [40], and could induce
strong on-site Coulomb interactions between these captured
electrons. In order to investigate the band gap opening, we
proposed a magnetic Hamiltonian to calculate the magnon
dispersion.

The Hamiltonian of SrRuO3 can be written as

H = H0 + HJ + HU . (1)

The first term, H0, describes the conducting carriers itiner-
ating in the conducting bands. In our calculations, we limited
the temperature to below TC and the polarity of carriers is

n-type, i.e., electron-type, as other studies and our experiment
results show [26,27,40].

The second term describes the spin interaction between
magnetic Ru ions and conduction electrons, which gives rise
to the ferromagnetism of SrRuO3, and can be written as

HJ = −
∫

drcRuJ (r)
⇀

S(r) · ⇀

σ (r), (2)

in which J (r) is the magnetic coupling between Ru spin
⇀

S(r)
and conducting electron’s spin

⇀

σ (r); cRu is the density of Ru
occupation. For simplicity, J (r) can be approximated to be a
constant J .

The third term, the aforementioned Coulomb interactions,
could arise from O or Ru vacancies when some electrons
were captured by them. It should be noted that although
the Coulomb interactions act on the captured electrons, the
conduction band of SrRuO3 will feel an effective Coulomb
interaction. Therefore, the Hamiltonian HU can be written in
the form

HU = U
∫

drn(r)↑n(r)↓, (3)

in which U is the effective Coulomb constant to the con-
duction band; n↑ and n↓ are electron carrier densities in the
conduction band with different spin indexes, ↑ and ↓.

The magnon dispersion, ωq, is the momentum q-dependent
eigenvalue of the spin-spin correlation functions from Ru
spins. The spin-spin correlation function or Green’s function
has the form

Grr′ (t ) = −iθ (t )〈[Sr
+(t ), S−

r′ (0)]〉, (4)

in which t is the time, θ (t ) is the step function and S+
r and S−

r′
are spin raising and lowering operators on positions r and r′ at
time t and 0, respectively. The eigenvalue ωq of the correlation
function is the solution of the equation

ωq − J2

2
cRu〈Sz〉

∑
p

〈c+
p↓cp↓〉 − 〈c+

p+q↑cp+q↑〉
ωq + εp+q + Un↓ − εp − Un↑ − JcRuSz

− Jσz = 0, (5)

in which 〈Sz 〉 and 〈σz〉 are the mean values of spin mo-
ments from the Ru ion and conducting electrons, respectively;
〈c+

p+q↑cp+q↑〉 and 〈c+
p↓cp↓〉 are electron densities with momen-

tum 	p + 	q and 	p with spins ↑ and ↓, and their corresponding
kinetic energies are εp+q and εp, respectively; n↑ and n↓
are the mean values of up and down electron densities. It
should be noted that Eq. (5) was derived from the mean-field
scenarios for evaluating the magnetic moments and Coulomb
interactions. It is worth mentioning that ωq needs to be solved
self-consistently because 〈Sz〉 is a function of ωq and it can be
obtained from Callen’s formula [42], i.e.,

〈Sz〉 = [S − 
][1 + 
]2S+1 + [S + 1 + 
][
]2S+1

[1 + 
]2S+1 − 
2S+1
. (6)


 is the magnon number, which has a relation with ωQ by


(ωQ) = (1 + eβωQ )−1. (7)

β is the inverse of temperature energy, i.e., (kBT )−1; S is
the spin quantum number of the Ru ion. In stoichiometric
SrRuO3, S is +2, therefore the maximum 〈Sz〉 = 2. Because
of the considerable Ru vacancies in SrRuO3, we suppose that
S should be suppressed to lower than +2. For simplicity, we
still set S = +2 ignoring some low spin effects to S.

It is observed that with varying Coulombic energy, U , a
finite magnon gap opens up at Q = 0, as shown in Fig. 3(b).
Though the coupling does not follow the Heisenberg model,
the dispersion curve near zone center can be approximated by
the aforementioned quadratic equation with reliable accuracy.

IV. CONCLUSION

In summary, we have successfully measured the magnon
dispersion curve of SrRuO3 single crystal epitaxial film along
the [002] direction by INS where the tiny material mass of
the films is 0.9 mg. The present data reveals one significant
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magnon dispersion curve along [002] following the quadratic
(E ∝ Q2) relation, which shows a magnon gap of 0.32 meV.
The near cubic structure suppresses the structural distortion
and increases the isotropy. The higher symmetry and the
impurity level, due to Ru and O vacancies, near Fermi level
may possibly disrupt the spin-orbit coupling and the anticross-
ings and in turn could weaken or destroy the Weyl Fermion
node and the magnon gap. In addition, the electrons captured
by defects and site vacancies experiences on-site Coulomb
interactions, which could resultantly open up a small magnon
gap.
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