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Chirality of magnetic excitations in ferromagnetic SrRuQ;
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Ferromagnetic SrRuO; was proposed as a candidate material to exhibit an inverted magnon chirality due to a
strong impact of spin-orbit coupling and Weyl fermions. By polarized inelastic neutron scattering under magnetic
fields we determine the chirality of the ferromagnetic zone-center excitation as a function of temperature. Well
in the ferromagnetic phase the excitation is perfectly chiral with the usual (right-handed) sign and only when the
spontaneous magnetization is almost completely suppressed the chirality of the zone center magnetic excitations

is reduced but does not change sign.
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The topology of the Bloch states induced by spin-orbit
coupling (SOC) causes exotic transport phenomena but the
impact on the spin dynamics is much less explored. Onoda,
Mischenko, and Nagaosa (OMN) deduced that under certain
circumstances the chirality of the spin-wave excitation in a
ferromagnet can become left handed [1]. The right handed-
ness of spin quantum dynamics follows from the right-handed
commutation relation between the components of the spin
operator [2]. Considering the simple ferromagnetic Hamilto-
nian with exchange coupling J > 0 and easy-axis anisotropy
D>0,H=-3,JSS;— ), DSS;, the time derivative of

. s . asi _ 1rqx
the spin operator is given by the commutation - = =[S}, H]

yielding L = 1pSs) and 1 — —1pss?, which is called
right handedness. This precession of the spin around its av-
erage direction along z is clockwise in the x, y plane and is
illustrated in Fig. 1. The chirality of the spin-wave excitation
can be directly sensed with polarized inelastic neutron scat-
tering (INS) experiments and very early studies on ferrites
confirmed the chiral character of the magnon and the expected
sign [3]. In the absence of SOC the neutron polarization
channel can be deduced from the spin conservation requir-
ing that the neutron spin flips from parallel to antiparallel
to the magnetic guide field in a scattering process creating
a magnon (neutron energy loss corresponding to a positive
energy throughout this paper). Note that the ground state of
the sample corresponds to —S with respect to the guide field
and that the annihilation of a magnon (neutron energy gain or
negative energies) requires the opposite spin-flip process with
antiparallel initial polarization. OMN argue that SOC and the
induced Bloch-wave-function topology can yield a change of
the handedness and compare this effect to the inversion of
the handedness of propagating electromagnetic waves in the
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special case of simultaneous electric and magnetic reso-
nances, which yields a negative refraction index [4].

The impact of Bloch-wave-function topology and Weyl
points on the magnetotransport properties such as the anoma-
lous Hall effect is well established [5,6], but the role for
the spin excitations has been elaborated only recently [1,7,8]
and there are little experimental studies. Near the crossing
of electronic bands due to the magnetic exchange splitting
SOC can yield Weyl points, where magnetization and single-
particle current are proportional to each other [7,8]. Therefore,
the transverse conductivity o,, describing the anomalous Hall
effect and the quantity Cy determining the chirality of the
magnetic excitation [2] can be calculated in a similar way
[1,7]. Because the chiral susceptibility and Cg involve the S*
step-up operator and because, in the absence of SOC, orbital
and spin degrees can be decomposed, Cy' is always negative
in this case, in accord with the usual right handedness of the
spin-wave excitation. The mixing of spin and orbital degrees
near Weyl points, however, allows processes with inverted and
very small energy differences AE, which determine Cy' due to
the AE~? weighting [1,2]. OMN formulate conditions for the
occurrence of left-handed spin excitations induced by SOC
[1]: Orbital moments must be small while spin-orbit inter-
action must remain important, majority and minority spins
contribute both to the density of states at the Fermi level,
and band degeneracies must occur near the Fermi level. These
conditions seem to be fulfilled in StTRuO3 [9-11].

SrRuO3; is the perovskite member of the Ruddlesden-
Popper series of ruthenates, it undergoes two structural phase
transitions at 975 and 800 K into an orthorhombic phase
(space group Pnma with lattice constants a ~ ¢ ~ \/Eacub,
b ~ 2acup, dcyy = 3.93 A) [9,12,13]. For simplicity, we will
nevertheless use the pseudocubic lattice for indexing unless
it is explicitly specified. Large single crystals can be grown
by the floating-zone technique and exhibit the ferromagnetic
transition at 165 K, a low temperature magnetization of
~1.6up and a residual resistance ratio of up to 75 [14]. In
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FIG. 1. (a) Raw data of constant Q scans at Q = (0, 1, 1) and T = 10K performed using a horizontal magnetic field of 3.8 T and different
flipper configurations. The magnetic signal of the anisotropy gap in the inelastic response can be distinguished from nuclear contributions by
the polarization analysis. The inset displays the elastic line for all four flipper configurations. (b) After correction, the magnon signal only
appears in the corrected SF1 channel and is fitted with a Gaussian and constant background, while there is no signal visible in the SF2 channel.
(c) The spin S at site i in the excited state precesses around the quantization axis z clockwise. The perpendicular component S, follows the
right-handed equation of motion derived in the text. (d) The influence of magnetic field direction on the magnon signal is studied by constant
Q scans for two different field directions at 160 K in both spin-flip channels (raw data).

spite of the considerable difference of magnetic and structural
transition temperatures, it is possible to control the structural
domains by applying large magnetic fields in the ferromag-
netic phase yielding an almost perfect monodomain sample
[15]. SrRuO; has attracted strong interest due to the close
coupling of transport and magnetic properties [16,17], due
to an invar effect occurring at the Curie temperature [18]
and as a metallic and ferromagnetic electrode for functional
perovskite materials [11]. Furthermore, the ferromagnetism
of SrRuOj inspired a superconducting pairing mechanism for
SryRu0y4 based on ferromagnetic spin excitations [19,20], but
the role of quasiferromagnetic fluctuations in the unconven-
tional superconductivity remains matter of controversy [21].
In SrRuO; states at the Fermi level mainly stem from the
Ru 4d orbitals, for which strong SOC can be assumed, but
there is hybridization with the oxygen p levels so that about
one third of the total ferromagnetic magnetization resides on
the oxygen sites [22]. The experimental and calculated spin
density distributions indicate an almost equal occupation of
Iy, orbitals [22], and both spin states contribute to the density
of states at the Fermi levels with minority spins dominat-
ing [23]. Density functional calculations and x-ray magnetic
circular dichroism measurements find only a tiny orbital mo-
ment in SrRuQOj3, about a few percent of the spin contribution
[22,24,25], but nevertheless the magnetic anisotropy is siz-
able: The gap of magnon dispersion amounts to about 1 meV
[8] in agreement with optical measurements [26] and with
the anisotropy extending up to ~10T in magnetization mea-
surements [14,15,27,28]. The easy axis of SrRuO; is the

orthorhombic ¢ axis, which is a pseudocubic [0,1,1] direction
[15].

The anomalous Hall effect in StTRuO; has been intensively
studied because it exhibits a sign change as a function of tem-
perature [6-8,11,29-31]. By now there seems to be consensus
that the anomalous Hall effect arises from the topology of
the Bloch wave functions in the magnetically ordered state
or more precisely from the Berry phase generated by Weyl
points [6,7], which DFT calculations find to appear close to
the Fermi level [32]. Comprehensive studies of the magne-
totransport properties further corroborate the dominant role
of the Weyl points [33]. The comparison of the temperature
dependence of the magnon dispersion parameters, gap and
stiffness, with that of the anomalous Hall effect indicates that
the Weyl points also cause the renormalization of the spin-
wave dispersion [7,8]. Here, single-crystal inelastic neutron
scattering turned out to be decisive [8].

For the INS experiments on IN12 at ILL [34] we used
a mounting of six large crystals with a total mass of about
3 g in the [1,0,0]/[0,1,1] scattering plane similar to the pre-
vious unpolarized experiment [8]; detailed characterization
of the crystals can be found in Refs. [14,15,22]. The neu-
tron beam is polarized by a transmission polarizing cavity
in front of the monochromator [34], which transmits neu-
trons with a polarization antiparallel to the guide field. In
combination with two Mezei-flippers and a Heusler ana-
lyzer all four spin-flip (SF) channels can be measured. The
here-used Heusler analyzer consists of Cu;MnAl single crys-
tals, which also transmit the polarization antiparallel to the
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guide field. Without an active spin flipper this setup measures
therefore the antiparallel nonspin-flip (nSF) channel 7*'. A
large field of mostly 3.8 T (maximum value of horizontal mag-
net 1340XHV38 at ILL) was applied along [011] to enable
neutron polarization analysis parallel to Q. In the polarized
neutron experiments we deal with different coordinate sys-
tems of the crystal lattice and of the polarization analysis that
are illustrated in the Supplemental Material [35]. The INS data
are available in Refs. [36,37].

By cooling the crystals in a field of 3 T we can imply a
homogeneous magnetic state, see above, and partially com-
pensate the intrinsic stray fields of the crystal assembly. But
even with 3.8 T there is a clear reduction of the polarization
performance when entering the ferromagnetic phase. Further-
more, the high external field affects the efficiency of the
flipper on k; even though the flipper currents were optimized
as a function of the angle between the magnetic field and ky.
Flipping ratios were determined by analyzing the attenuated
direct beam intensity and by measurements of Bragg peaks.
Well above the ferromagnetic order we find a ratio of 24,
which, however, is strongly reduced to 3.5 at 10 K. The high
flipping ratio in the paramagnetic state is only obtained for
flipper 1 that is situated far away from the horizontal magnet,
while for flipper 2 the ratio is reduced to ~14. The raw po-
larized data were corrected for finite polarization and reduced
flipper efficiency as described in the Supplemental Material
[35). 144, 1,1, and I__ denote the four polarization chan-
nels with + indicating flipper off (polarization antiparallel to
guide fields), — flipper on, first index incoming and second
outgoing beam.

Figures 1(a) and 1(b) present the polarized INS data for
the uncorrected four channels and for the two corrected SF
channels at 10 K, respectively. In this and following Fig-
ures the data are normalized to a monitor counting of 600.000,
which roughly corresponds to 5 minutes counting time. We
scan the positive transferred energy corresponding to magnon
or phonon creation processes at constant Q = (0,1,1). With
the direction of neutron polarization analysis fixed to par-
allel Q = (0,1,1) all magnetic scattering appears in the SF
channels while nuclear and phonon scattering appears in the
nSF channels. See the Supplemental Material [35] for further
illustration of the geometrical conditions. The ordered mag-
netic moment is parallel to Q and thus does not contribute to
the scattering. The elastic Bragg signal shown in the inset of
Fig. 1(a) thus stems entirely from the nuclear structure, and
the sizable signal in the SF channels stems from the reduced
polarization deep in the ferromagnetic phase. Both nSF chan-
nels exhibit significant intensity above the elastic line that can
be attributed to phonon scattering. The usual correction for
finite neutron polarization cannot treat the specific problem of
our measurement with large horizontal fields. The efficiency
of flipper 2 is strongly reduced but this applies only to the
configuration when it is switched on. As described in the
Supplemental Material [35] one has to separately correct for
the finite polarization and for the reduced flipping in the sec-
ond flipper. Both correction parameters can be independently
determined. In the corrected SF channels separated in panel
(b) there is a strong signal in I_; = SF1 while I,_ = SF2
stays even below the nSF channels. /_; corresponds to the
configuration with incoming neutron polarization parallel to
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FIG. 2. Comparison of all four polarization channels nSFoff, nS-
Fon, SF1, SF2 for various temperatures after applying the correction
for finite polarization and flipper efficiency described in the Supple-
mental Material [35]. [(a)—(h)] The magnon signal in SF1 is fitted
with a Gaussian and a constant background. [(i)—(n)] Corrected data
around the elastic line. Note that the correction of data can lead to
negative intensities, which can be only represented in a linear scale.

the sample magnetization that is enforced by the external field.
Therefore, these data immediately show that the zone-center
ferromagnetic excitations in StRuQOj3 exhibit the right-handed
chirality. At first view it may astonish that the uncorrected data
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FIG. 3. Temperature dependence of the magnon gap and the chirality of the magnon: (a) The magnon gap as peak position of the fits of the
corrected data in Fig. 2 (black circles) is compared to the field-cooled magnetization at 4 T with field parallel to [0,1,1] direction (red dots).
The dashed line designates the finite energy induced by Zeeman splitting [38]. (b) The chiral ratio as the normalized difference of both spin
flip channels represents the chiral part of the magnetic scattering and exhibits no pronounced temperature dependence in the ferromagnetic
phase but drops above ~200 K. The chiral ratio is based on corrected data.

yield such a clear statement even though the flipping ratio
is rather poor. However, the chiral mode itself enhances the
neutron polarization; one could even obtain this information
without an incoming polarization (or without analyzing the
final polarization) in a half-polarized mode. The clear balance
of the SF intensities visible in Fig. 1(b) documents a perfect
right-handed chirality.

The peak energy of the zone-center magnon in the scans
at finite fields is higher than the results reported at zero field
[8] due to the Zeeman energy added [38]. In Fig. 1(d) we
compare similar scans taken at 160 K for positive and neg-
ative magnetic fields. In both cases the magnon excitation
essentially appears in the SF1 channel corresponding to the
incoming polarization being parallel to the magnetic field as
it is expected. Note that in these cases we keep Q identical
but invert both the sample magnetization and the polarization
direction so that the right-handed chirality appears in the same
channel. However, the data at 160 K indicate some scattering
in the SF2 channel whose analysis requires a correction of
the finite polarization and efficiency of flipper 2, see Supple-
mental Material [35]. We also studied the chirality at Q =
(0,0.95,0.95) and (0,1.1,1.1) where all magnon scattering is
again found in the SF1 /=" channel and thus exhibits perfect
right-handed chirality.

The corrected energy scan data for various temperatures
are shown in Fig. 2. At 2, 10, and 22 K we only scanned
the positive energy transfer and all magnon intensity appears
in the SF1 channel indicating right handedness. At 100 and
160 K the data quality improves because the enhanced Bose
factor implies larger signals. Furthermore, the intensity ratio
of SF1 and SF2 is inverted at the negative energy transfer
of ~-0.5meV corresponding to annihilation of excitations.
The scans do not cover the full range of the magnon at
negative energies, but only reach the tail of the excitation.
The inverted ratio with SF2 > SF1 perfectly agrees with a
right-handed excitation as it is discussed in the introduction.
The magnon gap is traced as a function of temperature in
Fig. 3(a), where it is compared to the magnetization measured
at a field of 4 T. At this magnetic field the ferromagnetic
transition is smeared out, as there is no longer a sharp phase
transition associated with spontaneous symmetry breaking.
The magnon gap clearly passes through a maximum value

around 100 K similar to the zero-field experiments [7,8]. This
anomalous hardening upon heating is one of the impacts of
the Weyl points on the spin dynamics. The chiral ratio CR of
the scattering can be defined by:

D A S A

CR = =
M+t Lt

and is shown in Fig. 3(b). Well in the ferromagnetic ordered
state we find a value of +1 indicating a perfect right-handed
chirality.

At a temperature of 180 K the magnetization is already
strongly reduced, which is reflected by the strong drop of both
the magnon gap and intensity. This temperature lies above the
inflection point of the temperature dependent magnetization
curve obtained at 4 T. The description by a Gaussian is un-
satisfying at 180 K and higher temperatures but serves as a
guide to the eye. However, the magnon chirality still indicates
a nearly ideal right handedness at 180 K. In contrast, the
chiral ratio vanishes at 200 and 230 K indicating a qualitative
change in the character of the magnetic excitations. At these
two temperatures the spontaneous part of the magnetization
is almost fully suppressed and the inelastic response at the
ferromagnetic zone center should be considered as critical
or paramagnon scattering under the impact of a finite field.
Note, that the unpolarized INS experiments at higher ener-
gies revealed clear signatures of magnetic modes persisting
well above the Curie temperature [8], which agree with the
persistence of band energy splitting observed in ARPES ex-
periments [39]. In contrast the magnon gap is more strongly
coupled with long-range ordering and gets rapidly suppressed
towards the Zeeman splitting at the finite field (indicated by
the dashed line in Fig. 3). It is unambiguous that there still
is low-energy magnetic scattering at these temperatures. In
particular the SF2 data at 200 and 230 K are stronger than
those at 180 K.

At the reduced magnetic field of 1 T the neutron polar-
ization could only be maintained above 160 K, and Fig. 4
presents data taken at this temperature. Also at this reduced
field and this temperature slightly below the ferromagnetic
transition the magnon excitation exhibits a full right-handed
character, but the 1 T data at 180 K and 200 K again indicate
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FIG. 4. At a magnetic field of 1 T polarized INS experiments
were only possible above T = 160 K. At this temperature the magnon
gap is reduced due to the smaller Zeeman term but the excitation still
exhibits a nearly perfect right-handed character, panel (a). Similar
to the data at 3.8 T further enhancement of the temperature, panels
(b) and (c), leads to an intensity enhancement in channel SF2, which
results in a magnetic signal at 200 K that is equally distributed in the
two spin-flip channels.

the enhancement of inelastic scattering in the SF2 channel.
At 200 K there is no significant intensity difference between
the two channels. At both fields the magnetic response looses
its chiral character above the onset of spontaneous magnetiza-
tion. One can however not decide, whether this additional SF2
scattering arises from left-handed excitations, because nonchi-
ral, for example uniaxial, magnetic excitations will also yield
such a response. The question whether left-handed magnons
do appear close to the suppression of the ferromagnetic or-
dering and at smaller fields requires further theoretical and
experimental studies.

The perfect right-handed chirality seems to disagree with
the strong effects the Bloch function topology implies on
the temperature dependence of the magnon stiffness and gap
in SrRuO; [7,8]. Both quantities get renormalized by the
same correction factor. While low-temperature softening of
stiffness and gap is unambiguously anomalous, the precise
estimation of the normal behavior of these quantities is less
obvious. In Refs. [7,8] the magnetization data was taken
as a measure of the bare temperature dependence, which
in view of the recently reported weak temperature depen-
dence of the band energy splitting [39] may overestimate the
renormalization.

In conclusion we have analyzed the chirality of the mag-
netic excitation at the ferromagnetic zone center in StTRuOj3
following the proposal that this material can exhibit an
inverted handedness due to strong SOC. However, the polar-
ized INS experiments find a perfect chirality with the sign
predicted by the standard commutation rules of the spin com-
ponents. The Berry phase implied by the topology of the
Bloch functions seems insufficient to invert the handedness
of the magnetic excitations at least well in the ferromag-
netic state of SrRuOs;. This finding persists upon heating
to a temperature where the spontaneous magnetization is
considerably weakened (above the inflection point of mag-
netization). Only at even higher temperatures the chirality
of the low-energy zone-center magnetic excitations is lost,
which however cannot be taken as evidence for left-handed
excitations.
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