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Direct evidence for anisotropic magnetic interaction in a-RuCl; from polarized
inelastic neutron scattering
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Polarized neutron scattering experiments reveal the anisotropy of magnetic correlations in the
candidate Kitaev material a-RuCls. The anisotropy of the inelastic response at the magnetic Bragg
positions is just opposite to the expectation for a simple Heisenberg model. Near the antiferromag-
netic g vector, there are no low-energy transversal magnon modes directly documenting the fully
anisotropic and bond-directional character of the magnetic interaction in a-RuCls. However, other
findings disagree with a simple or strongly dominant Kitaev component.

The exactly solvable Kitaev model on a honeycomb
lattice [I] has triggered enormous activities inspired by
both the fundamental aspects and the possible impact
for quantum-computing technologies [2H5]. Although the
honeycomb iridates NagIrO3 and LipIrO3 [6HS] as well
as the ruthenate a-RuCl; [9] were rapidly identified as
candidate materials, none of these compounds could be
safely established as a good realization of this unique
model.

In the Kitaev model [1I], the magnetic interaction be-
tween two magnetic sites is bond directional, i.e. for a
chosen bond in the hexagon of the honeycomb lattice only
a single spin direction is coupled. The system contains
three different types of nearest-neighbor bonds, labeled
z, y, and z bonds, that are rotated by 120 degrees against
each other. In each bond type only one orthogonal spin
component is coupled, the z, y and z component, re-
spectively. In the honeycomb iridates and in a-RuClg
the lattice consists of edge-sharing octahedra [2H4]. In
such an edge-sharing octahedra pair the Kitaev interac-
tion couples the components perpendicular to the plane
formed by the two metal positions and the shared edge.
Since the interaction in neighboring pairs connects or-
thogonal components, the Kitaev model cannot generate
long-range order. Instead the ground state is a quantum
spin liquid, for which precise predictions were made due
to the exact solvability of this model. Most prominent
is the prediction of the quantized thermal Hall effect [I],
but whether experiments confirm or refute this quantiza-
tion remains matter of strong controversy [I0HI2]. The
possible realization of the long-searched quantum spin-
liquid state in a-RuCl; and the nature of such a phase
remain most challenging open questions [5].

The honeycomb iridates and a-RuCls exhibit long-
range antiferromagnetic order [2H4 T3] [14], which implies
the presence of additional magnetic coupling terms. The
antiferromagnetic order in these most promising candi-
dates is very similar and consists of antiferromagnetically

stacked zigzag chains with parallel moments. Combining
this antiferromagnetic structure type with DFT studies
of the quantum chemistry [I5] [I6], a minimal model for
the nearest-neighbor interaction was established contain-
ing the Kitaev interaction Jk, a Heisenberg term J and
two parameters for the symmetric anisotropic interac-
tion, T' and TV [4], [I'7, I§]. The full nearest-neighbor in-
teraction for the x bond can be written as a quadratic
form ST - M - S; with the interaction matrix M:

Jx+J I' TV
M = I J T
I r J

For the y and z bonds the components need to be accord-
ingly permutated. In addition, there are Heisenberg in-
teraction terms between second- and third-nearest neigh-
bors, J, and Js, and eventually a single-ion anisotropy
parameter. a-RuCls has been much better studied by
neutron techniques [I9H25] than the Ir compounds, be-
cause Ru absorbs neutrons much less than Ir and due
to the availability of large crystals. However, even for
a-RuCls an interaction model satisfactorily describing
all experimental findings could not be established so far
[, I8, 26H29]. Furthermore, the proposed collinear
zigzag model for the antiferromagnetic structure possi-
bly oversimplifies the real magnetic arrangement, see be-
low. The studies of the magnetic correlations in a-RuClg
were hampered by pronounced sample dependencies re-
lated to the stacking of the RuCls layers. Early stud-
ies observed a two-layer magnetic stacking of zigzag or-
dered planes [13] 14}, 28] [30], an ABAB scheme, which is
consistent with a monoclinic nuclear structure in space
group C2/m. In contrast more recent experiments on
what now is considered being high-quality crystals, re-
veal a different stacking of the chemical layers described
in space group R3 [31H33]. In this symmetry, neighbor-
ing layers shift along a bond direction by the length of
one Ru-Ru distance, so that the third-nearest layer sits
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FIG. 1. Elastic magnetic Bragg scattering studied with

polarization analysis. Panel a) shows the three spin-flip chan-
nels SFx, SFy and SFz and the non-spin-flip channel NSFx
for a scan across the (0,1,1) magnetic Bragg peak along ¢* di-
rection. From the spin-flip data we calculate the contributing
moments in yn and zy directions (b). Panel (c) presents a long
Q1 scan across the magnetic peaks in the ordered (red) and
paramagnetic (black) states. The temperature dependence of
the (0,1,1) intensity is displayed in (d) with a power-law fit.

exactly on top of the initial one. Therefore, the magnetic
structure cannot exhibit the two-layer ABAB scheme but
must follow a three-layer stacking ABC ABC (or an even
more complex one). The rhombohedral spacegroup is
usually treated in a hexagonal setting that includes two
centring translations and thus implies peculiar Bragg se-
lection rules. Furthermore, rhombohedral crystals can
be twinned, associated with the reverse and obverse set-
ting of the centring translations. This twinning can be
easily understood for a-RuCls; the two twins correspond
to shifting the nearest layer in the +z direction in either
positive or negative bond direction.

We use an orthorhombic setting of B3 to keep the anal-
ogy with NagIrO3 and to avoid the complications of the
non-orthogonal lattices. In the layer, b ~ 10A parallel to
a bond corresponds to an antiferromagnetic zigzag cell,
and the axis a ~ 6A is perpendicular to a bond and
corresponds to a hexagonal in-plane parameter. The ¢
parameter in this orthorhombic cell corresponds to three
times the interlayer distance and is thus identical to the
parameter in the hexagonal setting of R3.

For NasIrO3 evidence for bond-directional or at least
anisotropic interaction was deduced from resonant elas-
tic and inelastic X-ray scattering by analyzing the diffuse
and high-energy response [34} 35], but for a-RuCls there
is only indirect evidence by analyzing the magnetic ex-
citations in anisotropic models [17, 18 26129, [36] [37].
Polarized neutron scattering is able to directly sense the
direction of a magnetic signal as only components per-
pendicular to the direction of neutron polarization anal-
ysis can contribute to spin-flip scattering, while the par-
allel components result in non-spin-flip scattering [38].
These rules add to the general selection condition that
neutron scattering only senses the moments perpendic-

ular to the scattering vector. Since one may arbitrarily
choose the direction of the neutron polarization analysis
and vary the scattering vector, one may fully characterize
the anisotropy of the elastic and inelastic response [38-
40]. From such measurements on a-RuCls we can deduce
the fully anisotropic character of the excitations, which
directly points to the anisotropic microscopic interaction.
A large plate-shaped crystal of a-RuCls (~0.7 g mass)
was grown by the chemical vapor transport method [41].
The crystal exhibits antiferromagnetic Bragg scattering
corresponding to the triple-layer stacking with a high
Néel temperature of 7.70 K underlining its high qual-
ity. Polarized neutron scattering experiments were per-
formed on the T'hales cold triple-axis spectrometer at the
ILL [42]. We used focusing Heusler crystals as polariz-
ing monochromator and analyzer, and a Helmholtz-coil
setup enabled adjusting the neutron polarization direc-
tion at the sample. Flipping ratios determined on nu-
clear Bragg peaks (0,0,1) and (0,0,2) amounted to 27
and 20, respectively. The slightly lower value at the
higher scattering angle arises from magnetic-guide-field
crosstalks in the incoming and outgoing beams. To sup-
press higher order contamination, we inserted a velocity
selector and a Beryllium filter with most scans performed
at fixed ke=1.50 A~1. The crystal was mounted in the
[010]/[001] scattering geometry using a non-conventional
setting, with a=5.98, b=10.32, and ¢=16.92 A.
Antiferromagnetic Bragg peaks associated with the
stacking of zigzag ordered planes appear at (0,1,Qr)
[31,32]; note that the @ =1, 4 and 2, 5 signals stem from
distinct domains of the R3 nuclear stacking, respectively.
The scattering geometry is illustrated in Fig. [2[ (a). Due
to the finite out-of-plane component the scattering vector
(0,1,Q1) is canted from the honeycomb layers. For the
domain contributing to the Bragg scattering the bonds
parallel to the in-plane component exhibit antiparallel
spin alignment, while the bonds rotated by £120 degrees
compared to those show parallel spins. Moments are
supposed to be perpendicular to the antiferromagnetic
bonds, i.e. they lay in the a,c plane in our notation
and it is claimed that the moments form an angle of ~31
degrees with the layers [43] 44]. For simplicity the mo-
ments in Fig. [2[ (a) are drawn parallel to a. In order to
exploit the selection rules of polarized neutron scattering
that are tied to the scattering vector it is convenient to
introduce the coordinate system with x, parallel to the
scattering vector Q, z, vertical to the scattering plane
and yn, = zZn X Xp, that is indicated in red-green-blue
color coding. The z, coordinate thus corresponds always
exactly to a, while y,, is parallel to the vertical direction
c for Qp = 0 and rotates towards b for finite Q.
Figure [l presents results of elastic scans across the an-
tiferromagnetic Bragg positions. We focus on the three
spin-flip (SF) channels along the above-given polariza-
tion directions Xp,¥n,Zn and record also the non-spin-
flip (nSF) channel for polarization along x,, || Q, because
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FIG. 2. Panel (a) illustrates the scattering geometry at the antiferromagnetic Bragg reflection (0,1,1): the horizontal scattering
plane is spanned by [010] (in-plane) and the direction [001] perpendicular to the honeycomb layers. Static ordered moments
are drawn as dark blue arrows and the polarization of an usually expected low-energy transversal magnon is illustrated by
light blue arrows. The axis vertical to the scattering plane (vertical in the drawing) corresponds to the perpendicular in-plane
direction, a, in real space. Panels (b) and (c) illustrate the scattering geometry for the two rotated magnetic domains, from
which the zigzag order does not contribute to elastic intensity. Panel (d) presents the polarized data of an energy scan at
Q=(0,1,1) at 1.6 K showing all SF channels and NSFx. The SFx data taken at 8 K are added to illustrate the rapid suppression
of the sharp magnon mode. From these data the scattering contributions oy and o, were calculated (e). Panels (f,g) present

the analogous data obtained above the Néel temperature at 8 K.

for this polarization direction the entire magnetic scat-
tering appears in the SF channel. Note that nSF inten-
sities in the two other directions contain also magnetic
scattering polarized parallel to the respective direction.
From the SF intensities one can calculate the magnetic
signals polarized parallel to yn( zn) by o, = SFx — SFy
(0, = SFx — SFz), which allows one to determine these
signals free of background. The data in Fig. [1| (a) show
that SFy is almost as strong as SFx while SFz is weak.
In the nSFx channel there is only a tiny signal due to the
purely magnetic character of this Bragg peak and the
high flipping ratio of the instrumental setup, see above.
The calculated anisotropic components of the scattering
intensities in Fig. [1] (b) thus reveal that the magnetic
signal is mostly polarized along z,, which corresponds to
orthorhombic a as it is qualitatively expected. However,
the suppression of the o, component is much stronger
than what is expected for a collinear model with a cant-
ing angle of ~30 degrees [43] [44]. Figure [1| (c) shows a
long Qr, scan at low temperature (SFx channel) and a
few points taken in the paramagnetic phase confirming
the full suppression of the magnetic Bragg signal. The
temperature dependence of the magnetic intensity above
T=5.4K was fitted by a power law oc (T — T)?” yield-
ing Tn="7.7(1) K and $=0.14(1) consistent with the exact
value for the 2D Ising model of 5=0.125 [45] [46] as well
as with a previous analysis [31].

Figure |2] presents the polarization analysis of the in-
elastic response at the antiferromagnetic Bragg peak
(0,1,1) in the ordered and in the paramagnetic states.
Note that a previous polarized experiment only revealed
the magnetic character of the peak in the ordered state
but did not collect all SF channels [24]. Panels (a-c) il-
lustrate the geometry at this scattering vector for the
three magnetic domains with the stacking vector of the
zigzag order being either parallel to (0,1,0) or rotated by
+120 degrees. The main message of our study becomes
immediately evident. The inelastic low-energy response
with a rather sharp peak at 2meV appears essentially in
the same channel as the elastic Bragg scattering, which
is opposite to the expectation for a Heisenberg system
with some weak anisotropy. For such a system, the low-
energy excitations correspond to precession of the mo-
ments around the static component so that the inelas-
tic response exhibits a transversal polarization and must
thus appear in other channels compared to the elastic
Bragg scattering. The sharp mode thus cannot be at-
tributed to the low-energy transversal magnon that at-
tains finite energy from some moderate anisotropy as
it is observed for example for the in-plane magnon in
CasRuO4 [0]. In a-RuCls the anisotropy of magnetic
interaction yields the dominant energy scale and thus
completely changes the appearance of the magnon re-
sponse. Transversal magnons are absent at low energy
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FIG. 3. Results of polarized scans at the 2D antiferromag-

netic zone centers (0,1,Q1). The SFx intensities are shown for
different Q1 values obtained at 1.6 K. The @1, dependencies
of the amplitude and of the peak position are shown in panel
(b). Panels (c¢) and (d) show the data at (0,1,0) and (0,1,0.5),
respectively, with a full polarization analysis near the peak.

and must be pushed above the studied energy range, i.e.
above ~4meV. This is direct evidence for the dominance
of magnetic anisotropy in this Kitaev candidate material.

The sharp peak at the antiferromagnetic scattering
vector in a-RuCls that has also been observed in previous
unpolarized studies [22] 23] thus cannot be attributed to
a transversal zone-center magnon. For special param-
eter ratios the extended Kitaev-Heisenberg model can
be transformed to an isotropic Heisenberg model with
Goldstone modes, and these modes are pushed to the
zone-center in realistic non-constrained models [36]. We
attribute the sharp feature at the magnetic Bragg peak
to the response of domains, whose zigzag order is rotated
against the scattering vector and which thus do not con-
tribute to the Bragg scattering at this @=(0,1,1). In
the single-k picture of the zigzag order one such stacking
has condensed into static order [Fig. 2a)] but the system
should remain close to instability with respect to the con-
densation of these two rotated zigzag schemes [Fig. 2b)
and c)]. The sharp low-energy peak in Fig. 2 thus corre-
sponds to the soft correlations of the zigzag schemes that
are rotated by +120 degrees with respect to the static
one. The zigzag schemes are tight to the bonds, which
are selected by the scattering vector (). Therefore, the
finding that the polarization of these excitations is nearly
uniaxial and always perpendicular to the in-plane Q com-
ponent directly confirms the bond-directional character
of the anisotropic magnetic interaction in a-RuClj.

The interpretation of the magnetic response in the fully
anisotropic picture is confirmed by linear spin-wave cal-
culations. Implementing the parameter sets proposed
by Winter et al., Maksimov et al. and by Liu et al.
with the SpinW program [47], our calculations yield
the dispersion in perfect agreement with these references
[1I7, 18, [37], see supplemental material [48]. At the an-
tiferromagnetic Bragg vector there is no low-energy re-
sponse in the mono-domain calculation. Such low-energy
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FIG. 4. Polarized neutron scattering data at the 2D ferro-

magnetic zone centers (0,0,Qr) and (0,2,Q1)

response only appears in the rotated directions from
where it is folded to the Bragg position when simulat-
ing the response of a multidomain crystal. These models,
however, underestimate the energy of the initial transver-
sal antiferromagnetic magnon at the zone center, see [45].

The shift of the transversal magnon to the upper region
of the magnon dispersion in a-RuCls resembles the dis-
persion of out-of-plane polarized magnons in CagRuOy4
see [49, [50]. But in contrast to CagRuOy4, a-RuCl; does
not exhibit any low-energy magnon polarized within the
layers, which excludes describing the magnetic Hamilto-
nian by a simple XY model. The polarized data taken at
(0,1,1) in the paramagnetic phase, see Fig. [2| (b) reveal
the rapid suppression of the sharp magnon mode by the
melting of long-range order but the anisotropic and thus
bond-directional character of the still strong and broad
signal persists.

Measurements at other antiferromagnetic Bragg peaks
are presented in Fig. |3l There always is a sharp magnetic
feature that is essentially z,, polarized (we recall that z,,
is always parallel to orthorhombic a) confirming our in-
terpretation for (0,1,1). While the amplitude is rapidly
suppressed with @)y, there is only little dispersion, which
will be further discussed below. The enhancement of SFx
intensity at the end of the scan for (0,1,2) and further po-
larized studies on a thermal spectrometer [51] as well as
unpolarized experiments [21I] suggest that a transversal
zone-center magnon is situated around 4.5 meV.

Figure[4] presents the polarized data taken at the ferro-
magnetic scattering vectors. Panels (a) and (b) present
the SF channels obtained at (0,0,2.1) and the result-
ing magnetic components, respectively. Again there is a
sharp signal that agrees with unpolarized measurements
[22] but this signal is isotropic. For the magnetic re-
sponse with scattering vector along the vertical axis of
the trigonal material no anisotropy can be expected. The



polarization analysis in the paramagnetic state confirms
that the persisting scattering, which is broad in energy
and which is taken as a signature of the Kitaev coupling,
indeed is magnetic. The ferromagnetic signal was studied
at different Q1 values and at (0,2,0) and (0,2,3) i.e. with
a finite in-plane component. At (0,2,0) the usual polar-
ization analysis could be performed revealing a strongly
anisotropic response. The quasi-ferromagnetic fluctua-
tions sensed at (0,2,0) are essentially polarized along z,
which corresponds to the in-plane direction vertical to
the scattering vector, or in other words the out-of-plane
quasiferromagnetic fluctuations are strongly suppressed.
This disagrees with the usual interpretation that this fer-
romagnetic response is predominantly induced by the fer-
romagnetic Kitaev interaction that implies an isotropic
response.

The ferromagnetic response appearing at the zone
center exhibits a pronounced @) dispersion in the or-
dered state, which perfectly agrees with unpolarized ear-
lier neutron measurements [22]. In order to compare
the (0,0,Qr) results with those at (0,2,0) and (0,2,3)
one must consider the non-conventional centring transla-
tions which result in extinction rules for Bragg positions.
(0,2,0) is therefore not a Bragg point of the nuclear lattice
but (0,2,-1) and (0,2,2) are, therefore (0,2,0) and (0,2,3)
correspond to q=(0,0,1) and indeed the combined @y,
dispersion is smooth. The ¢ dispersion has been ana-
lyzed by Janssen et al. introducing additional inter-layer
coupling terms [28]. The shortest inter-layer distance was
considered and a rather large value of this interaction was
introduced in order to describe the sizable ¢ dispersion
of the ferromagnetic signal. However this parameter im-
plies an even stronger dispersion of the antiferromagnetic
fluctuations [48] for which we only find a weak dispersion,
see Fig. 3 d). Describing the c-axis dispersion with the
next-nearest inter-layer distances seems more appropri-
ate. As it is explained in the supplemental information
[48] choosing J;,=0.04 meV we can well reproduce the c-
axis dispersion of the ferromagnetic and of the antiferro-
magnetic excitations with a rather small parameter. This
holds for the three different models analyzed [17, [18, B7].
a-RuCl; clearly shows finite vertical dispersion, but its
dominant 2D character is confirmed by the weakness of
the interlayer interaction that is about two orders of mag-
nitude weaker than the strongest intra-layer parameters.

In conclusion polarized neutron scattering experiments
can further elucidate the magnetic interaction of the most
promising Kitaev candidate material a-RuCls. The po-
larization of inelastic low-energy response is just opposite
to a simple Heisenberg model confirming the anisotropic
and bond-directional character of the magnetic interac-
tion. The usual transversal magnon modes are absent
at low energies and are pushed to higher energies by the
bond-directional anisotropy. However, other findings dis-
agree with a simple or strongly dominant Kitaev interac-
tion as the response at the 2D ferromagnetic scattering

vectors is anisotropic with suppressed vertically polarized
excitations.
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MAGNON DISPERSION CALCULATED WITH
LINEAR SPIN-WAVE THEORY

In spite of tremendous efforts there is no widely ac-
cepted set of microscopic interaction parameters to de-
scribe magnetic excitations in a-RuCls, and also from the
experiment side the observation of well-defined magnons
seems too limited to fully establish the magnon disper-
sion in the ordered state. Sharp magnon modes were un-
ambiguously observed only for the low-lying branch con-
necting the antiferromagnetic zone center (0,1,Q1,) to the
ferromagnetic propagation vector (0,0,Qr)[1] and most
experiments focused on the continuum or multi-magnon
scattering at higher temperature or at magnetic fields
that, however, is little structured in energy and g space.
The comparison of the magnon dispersion extracted by
linear spin-wave theory and the scattering function deter-
mined by exact diagonalization [2] yields similar results
validating the spin-wave approach to analyze the micro-
scopic parameters for a-RuCls.

FIG. 1. Picture of the honeycomb arrangement of a-RuCls
including the various magnetic interaction parameters ex-
plained in the main text. The anisotropic bond-directional
nearest neighbor interaction is illustrated by ellipsoids and
various Heisenberg interactions are drawn as differently col-
ored lines. Two types of inter-layer interactions, J, and J;,
are included.

We have implemented the extended Kitaev Heisenberg
model using the the SpinW program [3]. We describe
the next-nearest neighbor interaction with the the Ki-
taev interaction Jgk, a Heisenberg term J; and two pa-
rameters for the symmetric anisotropic interaction, I' and
I [2, 4, 5] as explained in the main text. Further param-
eters are the isotropic interaction terms between second-
and third-nearest neighbors, Jo and J3. With the model
parameters proposed by Winter et al. [2], ferromagnetic
Jx=-bmeV, ferromagnetic J;=-0.5meV I'=2.5meV and
antiferromagnetic J3=0.5, we perfectly reproduce the cal-
culations in reference [2]. Figure 1 illustrates the differ-
ent magnetic interaction parameters in the crystal struc-
ture of a-RuCls. For numerical reasons we use a non-
conventional monoclinic setting in which the ¢ parameter
connects neighboring planes. In order to compare with
the experimental vertical dispersion a correction factor
3 applies. In the spin-wave model we also include mag-
netic interaction perpendicular to RuCls layers J, and
JI’). In many analyses the neutron data simulation re-
quires to add the contributions of the different magnetic
domain orientations (rotated by + 120 degrees against
each other), which, however, hides the most important
aspect to understand our polarized inelastic neutron scat-
tering experiments. Therefore, Fig. 2 and 3 present the
spin-wave dispersion and the scattering function without
this domain folding in the orthorhombic setting. Ignor-
ing the out-of-plane correlations the magnetic ordering
breaks the C' centering of a single a,b plane, therefore
(1,0,0) and (0,1,0) become magnetic zone centers. The
results presented in Fig. 2 also include the finite inter-
layer interaction parameters, which will be discussed be-
low but are irrelevant for the main conclusions. With-
out the folding of other domains the simple model does
not yield low-energy response at the antiferromagnetic
zone center (0,1,Q1). The usual low-energy transversal
magnons that without any magnetic anisotropy linearly
disperse from E=0 at the magnetic Bragg position and
that obtain some finite but small energy for moderate
anisotropy are fully suppressed. These modes are shifted
to high energies in perfect agreement with the experi-
ment. Note that a simple planar anisotropy would still



yield one low-energy non-degenerate transversal magnon
at the I' point.

The microscopic model for a-RuCly with ferromag-
netic Kitaev and ferromagnetic Heisenberg J; interaction
is peculiar concerning its closeness to a ferromagnetic in-
stability, see also the discussion in reference [5]. Experi-
mentally, this manifests itself in the sharp and strong low-
energy signal observed at (0,0,Qr) or equivalent. The
zigzag and ferromagnetic ordering schemes share the fer-
romagnetic zigzag chain (running vertically in the illus-
tration of Fig. 2a) in the main text) and thus only differ
in the antiferromagnetic or ferromagnetic alignment in
the bond vertical to the zigzag chains (horizontal in the
same Fig. 2a)). The small energy difference between
the two ordering schemes results from the interplay of
ferromagnetic Heisenberg J; and antiferromagnetic Js,
because by orienting the moments correspondingly the
zigzag structure avoids the increase of energy in this
bond otherwise induced by the strong ferromagnetic Ki-
taev term. The low-energy neutron scattering response
appearing at antiferromagnetic (0,1,Q 1) stems from the
rotated domains. It corresponds to the low-energy signal
at (0.5,0.5,Q1) from the two magnetic domains with the
zigzag chains rotated by £120 degrees, as it is illustrated
in Fig. 2 a-c) in the main text. The anisotropic charac-
ter of this signal perfectly confirms the bond-directional
interaction.

In Fig. 2 a)-d) we compare three recent models from
the literature: MW is model 2 in Winter et al. [2], MM
is model 1 in Maksimov and Chernyshev [6], M L is taken
from Liu et al. [5] and MO is an optimized version of the
latter. The parameter values (given in meV) are shown
in the title of the panels and document the large spread
of parameter sets used in these models. Overall, the
dispersion plots and the intensity distribution look nev-
ertheless very similar. One recognizes the most visible
steep dispersion along the path from (0,0,0) to (1,0,0),
which senses the strong ferromagnetic interaction within
the ferromagnetic zigzag segments. Differences concern
the width of the dispersion and the splitting between
some branches. The models in Fig. 2 a)-c) already con-
tain some extra parameters to improve the description of
the neutron data, as will be discussed below.

Our polarized data confirm the finite ()1, dispersion of
the low-energy sharp signal appearing at the ferromag-
netic zone center. However, we can also follow the Qp,
dispersion at (0,1,Q1) finding a much lower dispersion
than that calculated in reference [7]. The finite disper-
sion perpendicular to the RuCls layers unambiguously
reveals significant interlayer interaction. The two short-
est Ru-Ru interlayer distances are included in Fig. 1.
There is one distance perfectly perpendicular to the lay-
ers that was used in reference [7] to model the verti-
cal dispersion. However a rather large value is needed
to model dispersion at (0,0,Q) that more importantly
also generates a strong dispersion of the antiferromag-

netic zigzag signal at (0,1,Q) in disagreement with our
experiment. Note that there were no data for this dis-
persion before our experiment. By using a smaller value
for the nextnearest interlayer bond, JI’):O.O4 meV, we can
satisfactorily describe both vertical dispersion relations,
in particular the stronger impact for the quasiferromag-
netic signal. This equally holds for the three literature
models studied [2, 5, 6], see Fig. 2 a-c). The vertical
dispersion of the ferromagnetic signal can be best seen
in the path from (0,0,1) to (0,0,0) and the dispersion of
the low-energy antiferromagnetic zigzag signal is visible
in the path from (0.5,0.5,0) to (0.5,0.5,1). While J,, cou-
ples each Ru moment only to one other moment, there
are nine such neighbors for JI’, as it can be seen in Fig. 3.
The JI’, parameter represents a much smaller correction
of the essentially layered magnetic model for a-RuCls.

The second improvement of the models concerns the
low-energy antiferromagnetic mode observed at (0,1,Q1.)
that is attributed to (0.5,0.5,Q1,), i.e. the non-condensed
zigzag instabilities. The models yield nearly vanishing
energies while the experiment finds ~2meV with only
weak vertical dispersion. The mode can be stabilized ei-
ther by modifying the I' value or by inducing an impact
of the orthorhombic magnetic structure on the nearest
neighbor interaction parameters. Such an effect is pri-
mordial in the antiferromagnetic state of the FeAs par-
ent compounds associated with the nematic character of
the magnetic correlations. We introduce a modulation of
the ferromagnetic Kitaev terms by (1 — 26) K for bonds
perpendicular to the zigzag chain and by (1 + §)K par-
allel. This modulation stabilizes the static magnetic ar-
rangement while increasing the energy of non-condensed
modes. An only small modulation of §=0.04 yields good
agreement for all three models.

The lowest transversal magnon at the antiferromag-
netic scattering vector is calculated at energies 3.5, 3,
and 3.3meV in the models MW, MM, and M L, respec-
tively, which disagrees with the absence of such a signal
in our polarized experiments, see main text. The data
in Fig. 3 a) in the main article suggest a signal around
4.5meV, which is supported by unpolarized data [8] and
by a polarized experiment on a thermal spectrometer [9].
The calculated energy of this mode and the total width
of the dispersion can be increased in model M L by multi-
plying J values by 1.3 and I" and T by 1.5. Since this also
enhances the energy of the ferromagnetic mode the lat-
ter was softened by adding a ferromagnetic J,=-0.1 meV.
The calculations with this model MO are shown Fig. 2d)
for the total neutron scattering signal and in Fig. 3 a)-c)
for the anisotropic components. The scattering distri-
bution of these components is qualitatively the same for
these four models.

Model MO captures much of the experimental results
as described above but the comparison suffers from the
lack of well defined magnon modes at higher energies,
which would be needed to fix the large number of pa-
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FIG. 2. Magnon dispersion in the zigzag ordered state calculated with the SpinW program [3].
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latter are presented, respectively, see text.



rameters. For higher energies only broad signals are re-
ported which can be interpreted either as a fingerprint of
the neighboring quantum spin-liquid state or as a result
from magnon decay due to the fully anisotropic interac-
tion [2, 6].
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