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Supplementary Note 1: Inelastic X-ray scattering

Inelastic X-ray (IXS) scattering is powerful technique to study phonon excitations with meV
energy resolution!. In our study, the experimental setup provides an energy resolution of 1.3 meV
and 35 X 15 um? spot size. The energy resolution is calibrated by fitting the elastic peak

(Supplementary Fig. 1) to a pseudo-voigt function:
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where the energy resolution is the full-width-at-half-maximum (FWHM).
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Supplementary Figure 1: IXS spectrum at Q = (6, -3, 0). The orange dashed line is a pseudo-voigt function fitting
of the experimental data at the room temperature. The extracted energy resolution using the full width half maximum

(FWHM) is ~1.3meV. The error bars represent one standard deviation assuming Poisson counting statistics.

IXS directly probes the phonon dynamical structure factor, S(Q, w). The IXS cross-section for
solid angle dQ and bandwidth dw can be expressed as':
a’ kf 21— —

2de = T lE - E1PS(Qw) )

where k and € represent the scattering vector and x-ray polarization and i and f denote initial and

final states. ry is the classical radius of the electron. In a typical measurement, the energy transfer

o is much smaller than the incident photon energy (23.71 keV in our study). Therefore, the term
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x S(Q, w).

S(Q, w) is related to the imaginary part of the dynamical susceptibility, y"'(Q, w), through the

fluctuation-dissipation theorem!:
1 1 "
S(Q' (A)) = ;(1_ew/kBT)X (Qt (A)) (3)

Where y"'(Q,w) can be described by the damped harmonic oscillator form', which has



antisymmetric Lorentzian lineshape:
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here i indexes the different phonon peaks.

Supplementary Note 2: Spectral peak fittings
The phonon peak can be extracted by fitting the IXS spectrum at constant-momentum transfer Q,
using Supplementary Eq. (3) and (4). Due to the finite experimental resolution, the IXS intensity
is a convolution of S(Q, w) and the instrumental resolution function, R(w):

1(Q w) = S(Q w)®R(w) (3)

Here R(w) was determined by fitting elastic peak near a Bragg condition (Supplementary Fig. 1).

The raw data of Fig. 2a in the main text is shown in Supplementary Fig. 2. The dashed curves
represent fits of the experimental data following Supplementary Eq. (3)-(5). In all these fittings,
the intrinsic phonon linewidth is much smaller than the energy resolution AE~1.3meV. Therefore,
all peak-widths are essentially resolution-limited. Near the Bragg condition, an additional
resolution-limited elastic peak is included to account for the elastic diffuse scattering. The
extracted peak positions are shown in Fig. 2b of the main text. Supplementary Fig. 3 and Fig. 4
show the IXS raw data along the M-I"; trajectory at 10 and 80 K, respectively. The extracted peak

positions are shown in Fig. 2e of the main text.
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Supplementary Figure 2: IXS raw data along the G1-M-G: direction at room temperature. Dashed curves are
fittings based on Supplementary Eq. (3)-(5). Same as Fig. 3 in the main text, we define q=(0,0,0) and (0,1,0) as I'1 and
I'> respectively, and the M point is at q=(0,0.5,0). The extracted peak dispersions are shown in Fig. 2b in the main

text. The error bars represent one standard deviation using Poisson counting statistics.
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Supplementary Figure 3: IXS raw data along the M-I trajectory at 7=80 K. Dashed curves are fittings based on

Supplementary Eq. (3)-(5). The error bars represent one standard deviation using Poisson statistics.
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Supplementary Figure 4: IXS raw data along the M-I trajectory at 7=10 K. Dashed curves are fittings based on

Supplementary Eq. (3)-(5). The error bars represent one standard deviation using Poisson statistics.



Supplementary Note 3: Additional information on the acoustic phonon softening

In this section, we show the temperature dependent IXS raw data at q=(0,0.05,0), (0,0.1,0) and
(0,0.15,0) r.l.u. in Supplementary Fig. 5. In the first column of Supplementary Fig. 5a, the inelastic
peaks at q=(0,0.05,0) r.l.u. are contaminated by the residual intensity from elastic scattering,
especially for the spectrum at lowest temperature (7=10 K) where the thermal Bose factor greatly
suppresses the count rate of the inelastic scattering (top left plot in panel a). Thus, the extracted
peak position at 7=10 K shown in Supplementary Fig. 5b have much larger error bar. On the other
hand, In Supplementary Fig. Sc, the acoustic phonon peak at q=(0,0.2,0) r.L.u. and ®~4 meV does

not show any phonon softening within the experimental uncertainty. This is in agreement with the

data at q=(0,0.15,0) r.L.u. shown in the main text.
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Supplementary Figure 5: (a) Temperature dependent IXS raw data of the acoustic phonon near I'1 (qg=(0, 0.05, 0),
(0, 0.1, 0) and (0, 0.15, 0)). Dashed curves are fittings based on Supplementary Eq. (3)-(5). (b) The inelastic peak
positions vs temperature at q=(0,0.05,0) (q3 in the main text), extracted from the fittings. At low temperature 10K, the
IXS signal is dominated by the elastic intensity (see the raw data in panel a), thus the fit return a much larger error bar
compared to that in higher temperature. (¢) Raw IXS spectra at q=(0,0.2,0) with the acoustic phonon peak at ~4meV.
The phonon peaks do not show softening effect. The error bars in panel a and ¢ represent one standard deviation
assuming Poisson counting statistics. The error bars in panel b denote the 2 oreturned from the fittings that extract the

spectral peak positions.

Supplementary Note 4: Additional information on the optical phonon spectral weight
enhancement

As we show in the main text, the effect of spectral weight enhancement is larger as w — Ji.
However, as the interlaced optical phonons disperse in the (3, 7) meV energy window, we cannot
examine the effect of spectral weight enhancement for w > 7 meV along the I'-M direction. To
estimate the upper energy scale of the effect we show the Bose-factor corrected IXS data at q=(-
0.35, 0.65, 0.09) in Supplementary Fig. 6, which is slightly away from the high symmetry point K
at q=(-0.33, 0.67, 0). This data is collected by a different analyzer with a smaller 26 than the main
detector. The phonon peak at w — 11 meV does not show spectral weight enhancement. These

results suggest that the effect of spectral weight enhancement is the largest near w~J.
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Supplementary Figure 6: Bose-factor corrected IXS data at q=(-0.35, 0.65, 0.09). This q position is close to the high
symmetry point K at q=(-0.33, 0.67, 0). Purple and orange marks represent data at 10 and 300 K, respectively. Error

bars represent one standard deviation from Poisson statistics.

Supplementary Note 5: Effects of structural transition

a-RuCl; has a first order structural phase transition around 150 K with large thermal hysteresis?.
Below the structural phase transition, both the stacking of the honeycomb layer and the Ru-CI-Ru
bond angle are modified. Previous experimental studies indicate that the low-temperature structure
enhances the Kitaev term*!° and hence strengthens the coupling of phonon to fraction excitations
in a-RuCls. This is consistent with our observation of two type phonon anomalies at characteristic

Kitaev energy and temperature scales.

Supplementary Note 6: DFT calculation of the phonon dispersion

In this section, we show the density functional theory (DFT) calculated phonon dispersion of o-
RuCls. Due to the week inter-layer van der Waals interaction, a-RuCls displays stacking-faults
that hinder a conclusive determination of the crystal structure. Early powder diffraction study

suggested that both a trigonal space group P3112 with 3-layer stacking periodicity (Supplementary



Fig. 7a and b) and a monoclinic space group C2/m stacking (Supplementary Fig. 7c and d) are
consistent with the experimental data®. More recent x-ray and neutron studies of a-RuCls single
crystals support space group C2/m!®!7. This is consistent with our DFT calculations of the
nonmagnetic phase, where we observe large negative energy phonon branches in space group
P3112 (Supplementary Fig. 7e), suggesting an unstable crystal structure. In contrast, the phonon
energy is positive under space group C2/m except for one transverse acoustic mode along the I'-Z
direction (see Supplementary Figure 7f), consistent with the presence of stacking-faults. We thus

choose space group C2/m for our calculations.

In Supplementary Fig. 7f, we compare the sinusoidal fitted phonon modes along the I'-M direction
(dashed blue curves) with the DFT calculations. While the in-plane transverse acoustic phonon
agrees well with the calculation, DFT fails to reproduce the interlaced optical phonons. As we
discussed in the main text, a-RuCls has zigzag magnetic order below 7n~7 K, while above T it
is a paramagnetic Mott insulator with large Mott gap that persists up to room temperature'®!°, To
capture these effects, we performed DFT+SOC+U calculations in the nonmagnetic and zigzag
magnetic phase, using experimentally determined lattice and magnetic parameters®. Here U=4.0
eV and Ju=-0.5€eV are consistent with a previous study!’. As shown in Supplementary Fig. 8a and
b, the nonmagnetic phase remains metallic while the magnetic phase opens a Mott gap in their
electronic structure. However, the calculated phonon dispersion displays large negative
frequencies. These results suggest that the ground state wave function is strongly modified by the
large magnetic fluctuations that are not captured by our DFT+SOC+U scheme. More sophisticated

calculations are required to properly describe the electronic and lattice dynamics of a-RuCls.
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Supplementary Figure 7: DFT calculation of the phonon dispersion. (a) and (b) are the side and top view crystal
structure of a-RuCl; with a P3112 space group. (c) and (d) show the crystal structure with a C2/m space group. (e)

and (f) are the DFT calculated phonon dispersion under P3112 and C2/m, respectively. The blue dashed curves in (f)

are sinusoidal fitting of experimental data.
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Supplementary Figure 8: DFT+SOC+U calculations. (a) and (c) show the electronic and phonon dispersion of a-

RuCls in the nonmagnetic phase. (b) and (d) are the same plots but for the zigzag magnetic phase. Lattice parameters

and magnetic moments are taken from ref. 16. U=4.0 eV, Ju=-0.5 eV, and soc are considered in all the calculations.

Supplementary Note 7: Topological nodal lines

While our DFT calculations failed to reproduce the low energy interlaced optical phonons, we find
similar gapless phonon band-crossings at higher energy (~12 meV). Here we discuss the
topological origin of these phonon bands. In the nonmagnetic phase, the PT-symmetry (where P
and T are the inversion is time-reversal symmetry respectively) enforces gapless Weyl-points into

nodal-lines (dashed circles in in Supplementary Fig. 7f). Based on the topological phonon

11



diagnosis algorithm?’, we find that the compatibility condition is not satisfied for space group
C2/m (No.12). We thus use the symmetry-based indicator (SBI) of space group No.2, Z>7,7>7.,
which is the only subgroup of the original space group No. 12 that satisfies both compatibility
condition and nontrivial SBI. The indicator of the lowest bands in Supplementary Fig. 7f are
7>7,7>74=(0000), corresponding to 0 mod 4 nodal lines in the Brillouin zone. A detailed first-
principle calculation shows that there are 16 endless nodal lines heading to the [001] direction,

where 6 of them are pinned onto the mirror plane.

Supplementary Note 8: Momentum dependent spectral enhancement and extracted peak
widths

Supplementary Figure 9 shows the difference in the integrated phonon spectral weight between 10
and 300 K as function of momentum, revealing the intensity enhancement around the high
symmetry point, consistent with the prediction from ref. 21. On the other hand, q=(0,0.45,0) shows
larger enhancement compared to the other q. As we discussed in the main text, the transverse
acoustic phonon that merge with the optical phonon near the M point may be the cause of this
stronger enhancement at g=0.45. At lower ¢, the spectral intensity shows minimal enhancement
effect across the Kitaev temperature (Supplementary Fig. 10). Supplementary Fig. 11 shows the
extracted peak widths of the optical branches, which are all well below the resolution limit, and

the change of the widths between 300 K and 10 K are relatively small.

12
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Supplementary Fig. 10: Spectral enhancement at g=0.4 and 0.45 from a different a-RuCl; sample. Error bars

represent one standard deviation from Poisson statistics.
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Supplementary Fig. 12: Same data shown in Fig. 4 c&d in the main text. Here we plot it with larger energy range
and put the main peak in front to show the low energy tail. Error bars represent one standard deviation from Poisson

statistics.
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