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I. INELASTIC NEUTRON SCATTERING
EXPERIMENTS USING AMATERAS

In the inelastic neutron scattering experiments using
AMATERAS!, excitation spectra with a few different
incident neutron energies were collected simultaneously
owing to a repetition rate multiplication?. The discus-
sions in the main text were mainly made on the spectra
collected by E; = 20.95 meV (dE = 0.85 meV), since
they well cover the energy range of the spin excitations
in RuBrs. In this Supplemental Information, we also
present the data collected at different E;s that also sup-
port the discussion. For instance, the excitation spec-
tra collected with E; = 5.57 meV (dF = 0.13 meV)
and E; = 9.70 meV (dE = 0.29 meV) are appropriate
for observing the low-energy spin excitations. They are
shown in Figs. S1 and S2, respectively. Both excitation
spectra support the existence of the dispersive spin ex-
citations at 0.6 A=! at 10 K and the persistence of the
spin excitations centered at 0.6 A~! at 45 K. In addi-
tion, the excitation spectrum was also collected with FE;
= 42.17 meV (dE = 0.91 meV) to investigate the spin
excitations at high energy transfer. Figure S3 represents
the inelastic neutron scattering spectrum collected with
FE; = 42.17 meV. The spectrum shows the dispersive spin
excitations at 0.6 A~! extending up to the energy trans-
fer of 15 meV, where weak dispersive modes were ob-
served.
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FIG. S1. Inelastic neutron scattering spectrum measured by

using AMATERAS (FE; = 5.57 meV).
AMATERAS, E; = 9.70 meV
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FIG. S2. Inelastic neutron scattering spectrum measured by
using AMATERAS (E; = 9.70 meV)
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FIG. S3. Inelastic neutron scattering spectrum measured
by using AMATERAS with the incident neutron energy of
42.17 meV at 9 K.

II. INELASTIC NEUTRON SCATTERING
EXPERIMENTS USING PELICAN

Low-energy spin excitations were investigated by the
time-of-flight spectrometer PELICAN in ANSTO?. In-
cident neutron energies were set to F; = 3.72 meV with
a monochromating master chopper frequency of 100 Hz.
The sample was sealed in an aluminum annular sample
cell with inner diameter of 20.5 mm and outer diameter of
22.5 mm. Intensities were collected at 1.5, 25, 45, and 100
K using a top loading cryostat. The collected intensities
were analyzed using LAMP software suite?. Since the
background I(Q, E)p, at positive energy transfer were
comparable with the intensities expected from the sam-
ple, the background was estimated from the 100 K data
from the deviation from the detailed balance as

1(Q,E)yy = 1(Q,E) — I(Q, —E)ef/*=T) - (81)

I(Q, E)py was assumed to be temperature independent
and subtracted from all the data.

Figure S4 shows the spin excitation spectrum mea-
sured at 1.5, 25, 45, and 100 K after the subtraction. At
1.5 K, spin excitations were not observed. This should be
because the existence of the energy gap in the spin exci-
tations. At 25 K, gapless spin excitations were found to
develop around 0.6 A —1, near the magnetic reflection ap-
pears. With increasing temperature, strong wavevector
dependence becomes prominent at 45 K, while it is about
to spread out at 100 K. The temperature dependence is
consistent with those observed in the experiments using
AMATERAS.

III. NEUTRON SCATTERING EXPERIMENTS
USING 4G GPTAS

The temperature dependence of the magnetic reflec-
tions and spin excitations were investigated by the
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FIG. S4. (a—d) Inelastic neutron scattering spectrum mea-
sured by using PELICAN with the incident neutron energy
of 3.72 meV at (a) 1.5, (b) 25, (c) 45, and (d) 100 K.

general-purpose triple-axis neutron spectrometer 4G GP-
TAS in JRR-3°. The temperature dependence of the
magnetic reflections was collected by operating the spec-
trometer in the two-axis mode. Incident neutrons were
monochromated to the wavelength of 2.36 A using py-
rolytic graphite 002 reflections and the horizontal col-
limations were set to 40-40-40’-open. A pyrolytic
graphite filter was inserted in the upstream-side of the
monochrometer to eliminate the higher harmonic neu-
trons. On the other hand, the spin excitations were
collected by changing the incident neutron energy with
fixing the neutron energy scattered from the sample to
14.7 meV. A pyrolytic graphite filter was inserted in the
upstream-side of the analyzer to remove half-wavelength
neutrons. The energy transfer and wavevector depen-
dences were collected in the different conditions. For
the energy transfer dependence, pyrolytic graphite 002
reflections were used for monochromator while 004 re-
flections were used for the analyzer to improve energy
resolutions. Both monochromator and analyzer were
set in both horizontally and vertically focusing condi-
tions to increase efficiency. For the wavevector depen-
dence, pyrolytic graphite 002 reflections were used for
both monochromator and analyzer. The monochroma-
tor was set in both horizontally and vertically focusing
conditions to increase incident neutron flux, while the
analyzer was aligned in the horizontally flat condition.
The horizontal collimations were set to open-RC-80’-80’
(RC: radial collimator).

The transition temperature was confirmed by measur-
ing the temperature dependence of the 0 1/2 1 magnetic
reflection. Figure S5 represents the 6—26 scans collected
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FIG. S5. 620 scans collected at selected temperatures around
0 1/2 1 magnetic reflection. Magnetic reflections were col-
lected by the incident neutron energy of 14.7 meV. The peak
disappears above the transition temperature of 34 K.

at selected temperatures. A single peak appears at 14.6°
below Tn ~ 34 K, which is consistent with the temper-
ature showing the anomaly in the magnetisation, heat
capacity, and nuclear magnetic resonance experiments®.
The energy transfer dependence of the spin excitations
is shown in Fig. S6. The excitation spectrum shows a
single broad peak at 6 meV at the base temperature. In-
tensity rapidly decreases with decreasing energy transfer,
suggesting the presence of the excitation gap. The exci-
tation gap becomes smaller with increasing temperature.
The wavevector dependence at 3 meV, above the excita-
tion gap, is shown in Fig. S7. The wavevector dependence
shows the peak centered at 0.6 A~! at 2.7 K, indicat-
ing the strong antiferromagnetic correlations. The strong
wavevector dependence persists even at 45 K, above Tx.
At higher temperatures, a peak at 0.6 A~! is broadened
and shifts to the lower wavevector. The energy transfer
and wavevector dependences are consistent with those
collected at AMATERAS (see Fig. 4 in the main text).

IV. LINEAR SPIN WAVE CALCULATIONS

As shown in the Methods section, linear spin wave cal-
culations have been performed starting from the Hamil-
tonian eq. (2) in the main text. RuBrs includes two Ru
sites in the primitive unit cell, which can be regarded as
two different sublattices. They are present at the frac-
tional coordinates (2/3, 1/3, zry) and (1/3, 2/3, 1-2ry)°.
The zr, value of 0.0003 was approximated to be 0. In
the following, the atomic position and spin operators at
each sublattice A or B are defined as Rx; and Sx; (X =
A, B), respectively.

First, the classical ground state was calculated for
given parameters using the Luttinger-Tisza method” '2.
The original problem is to minimize the total energy
under the strong constraints, Sa; - Sa; — 52 = 0 and
Sg,i - S, — 52 = 0, for all magnetic site. In the
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FIG. S6. Constant wavevector scan with the wavevector of
0.6 A=, The excitation gap of 2 meV at the base temperature
gets smaller with increasing temperature.
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FIG. S7. Constant energy scans with the energy transfer of
3 meV. A peak at 0.6 A~™' becomes broad and shifts to the
lower wavevector with increasing temperature above Tn =
34 K.
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FIG. S8. Color maps of Q-dependent classical energy ob-
tained by Luttinger-Tisza method for (a) the Ji—K-T-T" and
(b) the Ji—K-J2—J3 models. Dashed lines indicate the Bril-
louin zone of a single layer honeycomb structure.

Luttinger-Tisza method, the constrains are relaxed as
> (Sai-Sai—S%*+Sg,;-Sg; — 5?) = 0. The mo-



mentum dependent form of the Hamiltonian becomes,

1
H= 5q»THkrb,

Sak
d—
(5mx).
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J
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J

ToBic = ZJ(Bi)(Bj)eik'(RBi*RBj),
j

while the constraints are rewritten as >, (Sa k- Sa —k —
52 4+ Sk - Sp,—k — 52) = 0 and Zk(SA,k “SAq-k +
SBk - Spq-x) = 0 for all q # 0. Since the con-
strains correspond to normalization and orthogonaliza-
tion conditions of the eigenvector ®, the ground state
energy can be determined as the smallest eigenvalue
of Hy throughout the Brillouin zone. The wavevector
that minimizes Hy and the eigenvector of the smallest
eigenvalue determine the ground state magnetic struc-
ture. For instance, the distribution of energy Hy on
the HK1 plane for the J;—K-T'-I" model with the pa-
rameter (J1,K,I',17,J,) = (—1.8,-7.2,10.5, —2.5,0.15)
and the Jl*K*JQ*Jz} model with (Jl, K, JQ, Jg,F/, Jp) =
(1.5,-8.1,0.8,5.8,—0.14,0.15) is plotted in Fig. S8(a)
and (b), respectively. In both models, the total energy
is minimized at the wavevector (0, 1/2, 1) (r.L.u.) and
its equivalent wavevectors. If we assume that a single-Q)
magnetic structure with the wavevector of k = (0, 1/2, 1)
is realized as the ground state, the eigenvector of Hy be-
comes (u/v/2, u/v/2) (u: unit vector). The eigenvector
indicates the identical magnetic moments at the site A
(2/3,1/3, zry) and B (1/3, 2/3, 1-zry,). The propagation
vector k = (0, 1/2, 1) combined with the equivalent mag-
netic moments at the two sites supports the realization
of a zigzag antiferromagnetic structure®. The unit vector
u represents the direction of the magnetic moments in
the antiferromagnetic order, which forms an angle of 32°
and 55° from the honeycomb plane for the J;—K-T-T"
and J;—K—-Jo—J3 models, respectively.

Excitation energy and dynamical structure factor of
four magnon modes were calculated from the eigenval-
ues and eigenvector obtained by diagonalizing the 8 x 8
Bogoliubov-de Gennes Hamiltonian. The dispersion re-
lation and dynamical structure factor of the four modes
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FIG. S9. Dispersion relation and dynamical structure factor
expected from the linear spin wave calculations on (a) the
J1-K-T-T" and (b) J1—-K-J2—J3 models.
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FIG. S10. Powder neutron scattering spectra calculated for
the J1—K—J2—J3 model compared with the experimental spec-
tra. (a) Calculated spectra for E; = 5.57 meV. (b) Experi-
mental spectra collected for E; = 5.57 meV. (c) Calculated
spectra for F; = 9.70 meV. (d) Experimental spectra collected
for E; = 9.70 meV.

for the J;—K-TI'-T" and J;—K-Jo—J3 models are shown in
Figs. S9(a,b). The large I" term causes largely dispersive
modes with a large dynamical structure factor at (1/2,
0, 0) in the J;—K-T-T” model, while the large J3 term
causes the similar dispersive mode at both (1/2, 0, 0)
and (0, 1/2, 0) in the J;—K—-Jy—J3 model. The origin of
the dispersion would be revealed easily if inelastic neu-
tron scattering experiments using the single crystalline
samples became possible.

At last, the spectrum was averaged over the whole solid



angle and convoluted by the wavevector and energy reso-
lutions estimated by the analytic method!®. For instance,
the inelastic neutron scattering spectra calculated for the
J1—K-Jy—J3 model are shown in Fig. S10(a) and (c).
These spectra were convoluted by the wavevector and
energy resolutions expected for F; = 5.57 and 9.70 meV,
respectively. The spectra collected at 10 K (enlarged fig-

ures of Figs. S1(a) and S2(a)) are shown in Fig. S10(b)
and (d) for comparison. The interplane interactions of
Jp = 0.15 meV were determined so that the calculated
spectra well reproduce the observed low-energy excita-
tions. Figures 5(a,b) in the main text were also obtained
in the same manner using F; = 20.95 meV.
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