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Abstract:

The Kitaev quantum spin liquid (KQSL) is an exotic emergent state of matter exhibiting
Majorana Fermion and gauge flux excitations. The magnetic insulator a-RuCls is thought
to realize a proximate KQSL. Here, we use neutron scattering on single crystals of a-
RuCls to reconstruct dynamical correlations in energy-momentum space. We discover
highly unusual signals, including a column of scattering over a large energy interval
around the Brillouin zone center which is very stable with temperature. This finding is
consistent with scattering from the Majorana excitations of a KQSL. Other, more delicate,
experimental features can be transparently associated with perturbations to an ideal
model. Our results encourage further study of this prototypical material and may open a

window into investigating emergent magnetic Majorana fermions in correlated materials.



Main Text:

Quantum spin liquids (QSLs) are collective magnetic states that can form in the networks of
atomic moments (“spins”) in materials. The spins fail to enter an ordinary static ordered state —
such as a ferromagnet — as the temperature approaches zero and instead become highly entangled
and fluctuate quantum mechanically (/, 2). A defining feature of QSLs, connected to their
topological nature, is excitations that carry fractional quantum numbers (3, 4) - a phenomenon
underpinning the physics of the fractional quantum Hall effect (5), magnetic monopoles (6), and
spin-charge separation (7). Fractionalization can be seen experimentally by momentum-energy
space reconstruction. Inelastic neutron scattering directly probes magnetic correlations in space
and time. Our experiments discussed below provide a comprehensive image of the collective

magnetic fluctuations in a topological quantum magnet.

Kitaev’s QSL (KQSL) (§-73) is the focus of intense current interest. The Kitaev model offers a
unique window on spin liquid physics as its exact solubility permits a detailed analysis of its
properties, including those of its fractionalized Majorana fermion and gauge flux excitations.
Beyond their significance to fundamental physics, they are of particular interest as a magnetic
field turns them into non-Abelian anyons, which can underpin a quantum computing architecture
topologically protected against decoherence (/4, /5). The Kitaev model consists of an extremely
simple spin network (8, 9) with localized S=1/2 spins on a honeycomb lattice with interaction

Hamiltonian:

H=y,- (KVS;’ s;+gy) (D



for either ferromagnetic (FM) or antiferromagnetic (AF) coupling K. Here 7 runs over the lattice

sites, and the index y (=X, y, z in spin space) denotes the relevant interacting spin component for

the nearest neighbor bond joined by vector gy, with Ising interaction strength K7 ( Fig. 1A).
Insulating materials comprising weakly coupled honeycomb layers of strongly spin-orbit coupled
transition metal ions in edge-sharing cubic octahedra (/6) are promising candidates for realizing
KQSLs. These have included iridates containing Ir*" (7 7-20), and most recently the Ru** based
honeycomb magnet o-RuCls (2/-26). Here we present inelastic neutron scattering on a single
crystal of a-RuCls, providing a complete measurement of the magnetic response function in 4-
dimensional energy-momentum space. From a technical perspective, this presents a qualitative
advance over polycrystalline samples studied so far (25), or single crystal Raman studies (23),

which are unable to distinguish between different directions in momentum space.

A 490 mg single crystal grown via vapor transport of phase-pure a-RuCls was used (27). This
crystal has a low incidence of stacking faults and exhibits a single magnetic ordering transition at
Tn=7 K (Fig. 1B, Fig. S1). Below Tn the magnetic order is zigzag in the individual honeycomb
layers, with a three-layer periodicity out of plane. The ordered moment <u> ~ 0.5 g, is only
about 1/3™ of the net paramagnetic moment (22, 25, 26). The details of the ordering can vary in
different samples depending on the precise stacking of the layers; in any case, the ordering is

incidental to the 2D QSL physics of interest here.

Figure 2 contains a first set of central results. It depicts the temperature and momentum
dependence of a magnetic scattering continuum for two energy ranges: 4.5 to 7.5 meV and 7.5 to
12.5 meV. The most salient feature is the robust response centered at the I" point: it is present

from low (T=5 K<Tx) all the way to high (T=120 K >> Tx) temperatures of order of the Kitaev



coupling estimated at K’~70 - 90 K (24, 25). On passing from below to above T the central
portion of the scattering strengthens. The overall intensity, although weaker, is still readily
visible at very high T. At all temperatures this dynamic scattering extends through a large
fraction of the Brillouin zone, indicative of short-ranged liquid correlations. (See (27) and Figs.
S2 and S3 for Brillouin Zone (BZ) definitions).The energy dependence of the scattering at the I’
point is illustrated in Fig. 3, A and B at temperatures below and above T, respectively. Above
Tn, the broad scattering continuum (marked “C”) extends nearly to 15 meV, in keeping with
expectations for a pure Kitaev model with K=5.5 - 8 meV (24, 25). Below T a fraction of the
spectral weight shifts into sharp (i.e., energy resolution limited) spin wave (SW) peaks arising
from the small zigzag ordered moments. Crucially, the 2-dimensional nature of the response is

shown by the rod-like dependence on L of the scattering illustrated in Fig. 3, C and D.

Most importantly, the persistent energy continuum at the I" point is incompatible with
conventional SW physics. Indeed, Fig. 3E shows the generic low energy SW response for a
zigzag ordered state. This takes the form of dispersive energy-momentum cones centered about
each M point magnetic Bragg peak (Fig. 3F). In SW theory the I" point scattering is present only
at certain fixed energy values, unlike the experimentally observed broad energy column (Fig. 2
and Fig. 3F). Moreover, SW scattering at long wavelengths is strongly sensitive to cooling
through T (25), in stark contrast to the continuum. The latter is very broad in energy and almost
independent of temperature up to around 100 K (¥K”>> Tn) consistent with the thermodynamics
of the Kitaev model (23, 28-30) (I point scattering at T=120 K is shown in Fig. S6D). The
energy breadth and temperature dependence of the continuum are consistent with fractionalized

excitations (/3, 28-30).



It is an intriguing question whether extensions of spin-wave theory, for example based on a
sequence of multiple spin-wave contributions (3/), might be able to account for such a
phenomenology. This faces technical and conceptual challenges in accounting for the
temperature-dependence of the inelastic neutron scattering data. In particular, as the low-energy
single-spin wave response is reconstructed upon heating through the ordering temperature, one
would naturally expect this to imply a strong renormalization of the high-energy multi-spin wave

signal, which is in contrast to experimental observations.

Figure 4A shows an extended zone picture of the T = 5 K data integrated between E=[4.5,7.5]
meV, symmetrized along the (H,H,0) direction. In addition to the strong scattering at H=K=0,
features are now visible near adjacent I" points £ (1,1), showing that the continuum spectrum
repeats every 2" BZ. Additional scattering at larger Q arises from phonons. In the following we
show that a Kitaev QSL description reproduces the main qualitative features of the data; in
particular, the broad energy width and T-dependence of the scattering continuum, as well as its
periodicity and relative orientation in the BZ, which encodes the orientational bond-dependence

of the spin anisotropy in Kitaev systems.

The momentum dependence of the scattering for a pure Kitaev model at T=0 is exactly known
(12, 13,27, and Fig. S5). The dynamical structure factor consists of two energy dependent
correlations, those for onsite, Sy, and nearest neighbor spins, S; (27 and Fig. S4). For simplicity
we compare the scattering to calculations for an isotropic Kitaev model. Although a slightly
spatially anisotropic Kitaev exchange is likely in a-RuCl; (22), averaging over the in-plane
structural domains (26) reduces the visibility of the anisotropy in experiments. Moreover, it is
not expected to have a major effect on the higher frequency portion of the collective dynamics

discussed here (25). However, in a real material, the effective Hamiltonian includes non-Kitaev



terms (/()) that extend the liquid correlations and, in particular, lead to the long-range order
observed below Tn. To date there is no comparably reliable theory available for the response of
such an extended Hamiltonian (on which, at any rate, there is not yet universal agreement for o.-
RuCls). As a first, phenomenological, attempt to account for the effect of additional terms, we
consider minimally modifying the response function of the pure Kitaev model by varying the
ratio of §1/5o by a factor ‘R’ taken to be momentum independent for simplicity. As shown
below, treating this ratio as an adjustable parameter yields an excellent account of the overall

momentum dependence of the scattering.

Figure 4B illustrates the scattering for R=2 at fixed E=1.2 K". This calculation captures overall
extent, orientation and periodicity of the scattering in reciprocal space. A direct comparison is
made in the bottom panel, Fig. 4C, showing a cut of the intensity as a function of momentum
along the (H,H) direction, integrated over a narrow band around |(K,-K)[=0. Also shown are
three model calculations for an isotropic Kitaev model at fixed E=1.2 K”: AF (violet), FM
(green), and AF response modified using R=2 (red). The FM model, in the absence of any
further terms in the Hamiltonian, is clearly incompatible with the data as it shows a local
minimum at the " point. The unmodified AF Kitaev response gives a reasonable description of
the data but fails to capture the full intensity variation (Figs. S5 and S6, A to C). The modified
AF Kitaev response fits the data best with R = 2 indicating a relative enhancement of the spatial

correlations.

The results reported here provide a unique picture of the magnetic response function of a—RuCl;
in momentum-energy space, and demonstrate unequivocally the presence of an extended

continuum of magnetic excitations centered at the I" point. The continuum response is



incompatible with SW theory, and indeed defies any known explanation in terms of conventional
dispersive spin flip, single particle, or simple dimer magnetic excitations (27, Figs. S6 and S7).
Instead, the central features of the continuum are well described by the scattering for an AF
KQSL; with one phenomenological fitting parameter, nearly quantitative agreement is obtained.
The exact calculation of the response function of the pure Kitaev model is based on
fractionalized degrees of freedom: free Majorana fermions scattering off a pair of static
emergent fluxes (/2, /3). In such a scattering process the demands of energy and momentum
conservation impose only weak kinematic constraints. This provides a natural and intuitive

picture for the experimentally observed continuum.

One feature of the data that is not well-described by a pure Kitaev model is the six-pointed star
shape of the scattering in reciprocal space. However it can be shown (27 and Figs. S8 to S10)
that modest amounts of additional neighbor correlation or simple perturbations based on mean-
field approaches (32) away from the integrable model can yield a similar shape even in the

disordered state.

The data presented here constitute an important step in developing a complete understanding of
the low and high energy dynamics in a-RuCls. The good agreement of the continuum scattering
with the simple AF KQSL is complementary to current DFT calculations relating the low-energy
spin Y2 description of the material to details of the electronic structure (33, 34). Further effort is
needed to converge on an explanation of the sign of the Kitaev interaction, and to determine the
magnitude of additional interactions. It would be of great interest to develop a theory that

describes both the low energy response of the ordered state and the broad quantum fluctuation



continuum. At the same time, the seeming proximity of the system to a true KQSL is a strong
incentive for exploring the effects of doping, pressure and field to determine a full picture of the
ground and excited states. With this work, a comprehensive measurement of the high-energy
excitations is now available to the community in a potential proximate Kitaev material, and may
open up the opportunity to investigate the magnetic version of the elusive Majorana fermions in

two dimensions.
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Fig. 1 Structure and magnetism in single-crystal a-RuCls. (A) The honeycomb lattice of
Ru** magnetic ions in one plane of a-RuCls showing the projections of the three mutually
competing Ising bonds corresponding to the Kitaev terms in Eq. 1. (B) The intensity of the
magnetic Bragg Peak occurring at the M point of the 2D honeycomb lattice corresponding to a
zigzag structure with three-layer stacking (E: (1/2, 0 1)/(0, 1, 1/3) in trigonal/monoclinic
notation). The single sharp magnetic transition is characteristic of crystals with few or no
stacking faults (26). The solid line is a power-law fit yielding Tn = 6.96 + 0.02 K and a critical
exponent 3 =0.125 + 0.015, suggesting 2D Ising behavior. Inset: The 490 mg single-crystal of

o-RuCl3 used for the neutron measurements. (For more sample details, see Materials and

Methods (27)).
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Fig. 2 Momentum and temperature dependence of the scattering continuum. Neutron
scattering measurements using fixed incident energy E; = 40 meV, projected on the reciprocal
honeycomb plane defined by the perpendicular directions (H,H,0) and (K,-K,0), integrated over
the interval L=[-2.5, 2.5]. Intensities are denoted by color as indicated in the scale at right.
Measurements integrated over the energy range [4.5, 7.5] meV are shown on the top row at
temperatures (A) 5 K, (B) 10 K, and (C) 120 K. The corresponding measurements integrated
over the interval [7.5, 12.5] meV are shown in panels (D), (E), and (F). The white regions lack

detector coverage. See Fig. S11 for orientationally averaged data.
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Fig. 3 Detailed features of the I" point scattering. (A and B) The energy dependence of the scattering
integrated over the constant momentum volume defined by the following integration ranges: L = [-
2.5,2.5]: [6,0] = (K.,-K.,0) over the range £ = [-V3/10,N3/10]: [£,0] = (H,H,0) over the range & = [-
0.1,0.1], at temperatures (A) 5 K, and (B) 10 K shows a broad peak. The solid lines are guides to the
eye produced by modeling the elastic component as a Gaussian peak and the inelastic features using
damped harmonic oscillator (DHO) functions: “E” represents an elastic component, “S” spin wave peaks
appearing below Tn, and “C” the continuum. Fit parameters and the DHO function are presented in
Table S1. (C) Scattering symmetrized in the (H,H,L) plane and over positive and negative L, integrated
over the intervals ¢ =[-V3/10,V3/10], and E=[4.5,7.5] meV at T = 10 K. (D) Same scattering, but in the
(K,-K, L) plane integrated over = [-0.1,0.1] and E=[4.5,7.5] meV. (E) Representative low-energy spin
wave scattering expected for a zigzag ordered phase (25). (F) Scattering at T =5 K integrated over L=[-

2.5,2.5] and E=[2,3] meV. The white regions lack detector coverage.
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Fig. 4 Comparison of the scattering with Kitaev model calculations. (A) The data at E;=40
meV, T =5 K integrated over range E=[4.5,7.5] meV and L = [-2.5,2.5] and symmetrized along
the (H,H) direction. (B) The expected scattering from an isotropic AF Kitaev model at an energy
E =1.2 K7, taking into account the neutron polarization and the spherically approximated Ru**
form factor. (C) Plot of the non-symmetrized data (points with error bars) along (H,H,0) at T =5

K, integrated over the same L and E intervals as panel A as well as ¢ = [-V3/10,V3/10]. The

14



solid red line is the calculated scattering for an AF Kitaev model with R = 2 as discussed in the
text. The solid blue line represents the corresponding unmodified AF Kitaev model, and the
green line the FM Kitaev model. Some of the scattering at larger Q near (H,H) = +(1,1) is due

to phonons.
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Materials and Methods

Sample preparation and characterization:

Commercial RuCl3 powder procured from Sigma-Aldrich was purified in-house.
The resulting powder is better than 99.9 % pure RuCls, confirmed using Inductive-
Coupled Plasma mass spectroscopy (Galbraith Laboratories, Inc.) and X-Ray diffraction
using a PANalytical Empyrean X-ray diffractometer, consistent with the earlier results
(25). Single crystals of a-RuCls; were grown from this purified powder using the vapor-
transport technique. All the single-crystal data shown in this manuscript as well as
reference (26) were collected on samples from the same growth batch. The temperature
dependence of the magnetic susceptibility (Fig. S1) was obtained using a Quantum
Design magnetic property measurement system (MPMS) in the temperature range of 2 K-
320 K. This shows just one magnetic transition at Tn =7 K (see Fig S1B inset) consistent
with reference (26). The main panel of Fig. S1B shows the inverse susceptibility (1/y)
measured with field in and out-of-plane. A linear fit in the high-temperature limit (T =
170 — 320 K) shows that these have similar slopes corresponding to an effective high-
temperature moment of roughly u=2.35 ug. Below ~120 K (shown by black arrow) the
in-plane inverse susceptibility deviates from linearity, however the out-of-plane
susceptibility does not show this behavior. The extrapolated Curie-Weiss temperatures
(Fig. S1 caption) are overall close to recently published literature on bulk measurement in
single-crystal a-RuCls (35, 36). The temperature dependence of the resistivity is shown
in Fig. S1B, showing a room temperature Arrhenius gap of 0.4 eV. This is consistent
with the recent consensus that a-RuCls is a Mott insulator (27, 37, 38).

The magnetic structure of the large crystal used in this study is the same as that
found in the structural study reported in Ref (26), with a zigzag structure in each plane
stacked with a 3-fold periodicity. This is illustrated by an elastic cut in the scattering
along (1/2, 0 L) (trigonal notation) as seen in Fig. S1C, showing peak positions at L = n
(integer) with a systematic absence of the L = 3n peaks. For simplicity of representation
the manuscript uses trigonal wave vector with lattice parameters consistent with (25).

Neutron diffraction and 4D inelastic neutron scattering (INS):

All neutron scattering was performed on one single piece of crystal about 490 mg in
mass and 1.5 x 4.0 x 0.1 cm? in size. This was sealed in a thin walled aluminum canister
with 1 atmosphere Helium gas in order to both avoid moisture and provide a thermal
anchor. The low T crystal structure of the sample is consistent with previous reports (22,
26, 41). Neutron scattering measurements were carried out using the SEQUOIA chopper
spectrometer(42, 43) at the Spallation Neutron Source (SNS), except for the data shown
in Figure 1B which was measured using the HYSPEC (42) instrument (Ei= 15 meV,
Fermi chopper spinning at 360 Hz). Elastic neutron scattering at both instruments
showed the low temperature magnetic order is consistent with reference (26): an in-plane
zigzag structure with a 3 layer stacking periodicity (see Fig SIC). The sample showed a
single magnetic transition at 7 K and no evidence for ABAB type stacking contamination
(i.e., no (1/2 0 3/2) (trigonal notation) order peaks). The ratios of magnetic and nuclear




Bragg peak intensities measured here are consistent within measurement uncertainty with
those reported in reference (26).

For INS measurements reported here the sample was sealed in a thin-walled can
with He contact gas and mounted in a closed-cycle Helium based refrigerator for
temperature control. Most measurements used an incident energy of Ei =40 meV (A =
1.43 &) was used with the To chopper at 60 Hz and Fermi chopper at 360 Hz (42). The
resolution of the instrument with this setting is 1.10 meV FWHM (full width at half
maximum) at the elastic position and 0.96 FWHM meV at 6 meV energy transfer. The
2D detectors at SEQUOIA covered an angular range of up to 54° in the horizontal plane
and +18° in the vertical plane corresponding to an overall solid angle of 0.863 steradians
(43). For ease of discussion and consistency with the 2D honeycomb lattice the Q
dependence of the inelastic scattering in this paper is plotted using the notation of the
trigonal space-group (P3112, a=b=5.975 A, c=17 A, a=B=90°, y=120°). In this notation,
the reduced data is plotted along the orthogonal axes (1,1,0), (1,-1,0) and (0,0,1), denoted
in this paper by (H,H,0), (K,-K,0) and (0,0,L). The (H,H,0) axis is in units of 2.10 A", the
(K,-K,0) axis is in units of 1.21 A, and the (0,0,L) axis is in units of 0.37 A The
corresponding coordinates in the orthogonal C2/m space group symmetry (22, 26) would
be (2,0,0), (0,2,0) and (0,0,1/3), respectively. See Section B for a discussion on BZ.

For INS, the crystal was mounted with the (H,H,0) and (0,0,L) axes in the horizontal
plane, and the orthogonal (K,-K,0) axis pointing vertically upwards. A tomographic
reconstruction in momentum space was performed by rotating the crystal about the (K,-
K,0) axis over 360° (in 2.5° steps for 5 K data, and 5° steps for 10 K and 120 K data),
measuring for a fixed amount of proton charge on the spallation target (rouglyl5 minutes
per measurement). This provides a continuous coverage over all the three orthogonal
momentum-transfer dimensions (H,H,0), (K,-K,0) and (0,0,L). The 4™ dimension of
energy-transfer was obtained via the time-of-flight of the neutrons. The individual
measurements at each rotation angle were normalized for the proton charge on the
spallation target, corrected for detector sensitivity using vanadium normalization, and
then binned from 4D laboratory coordinates to 4D sample coordinates using standard
direct geometry chopper spectrometer reduction routines within the Mantid software (44)
with an energy bin of 0.4 meV and momentum bin of 0.04 A”' Data from both the sample
and the empty canister background were reduced in an identical fashion as above.

Data analysis:
The data was subtracted of the background, rebinned, and projections along the

appropriate crystallographic axes were made for presentation and analysis purposes using
MSlice distributed by the DAVE project (45) and HORACE software distributed by ISIS
(46). The plots were made using Matlab. The spin wave calculation in fig 3e was
performed in Matlab using SpinW package (47). The neutron intensities derived for the
Kitaev model started from the exact dynamical structure factor calculated as described in
references (/2) and (/3) and accounted for neutron polarization terms and the spherically
approximated magnetic form factor of Ru*" in the same manner as described in reference
(25). Additional details presented below in the Supplementary Materials Section C on
‘Neutron scattering cross section on pure Kitaev model’.
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Supplementary Text

A. Single-ion states in a-RuCls and Kitaev interactions

It has been shown (15) that Kitaev terms can arise in the effective spin Hamiltonian
for transition metal ions under the following conditions: (i) The ions have a d’
configuration in a strong octahedral crystal field leading to the low spin state. (ii) Spin-
orbit coupling (SOC) is sufficient to ensure a J.;7= 1/2 single-ion ground state over the
relevant temperature range. (iii) The octahedra are edge sharing. As has been discussed
widely in the literature, the Ru’" ions in a-RuCls are centered in edge-sharing octahedra
of CI' ions in the low spin state, with SOC leading to an effective J.;= 1/2 ground state
(21, 25, 38-40, 48, 49). The Jer= 1/2 to Jer= 3/2 splitting in a-RuCl3 has been measured
directly using neutron scattering as 195(11) meV (25), corresponding to thermal energy
scales of more than 2000 K. See Figure 2 of reference (25) for the data as well as an
energy level scheme.

B. Real and reciprocal space definitions

Although at low temperatures the crystals have been identified as showing a
monoclinic C2/m space group (22, 26), the honeycomb lattice of Ru*" atoms in each
plane is symmetric to <0.2 % (26). Moreover, there are three possible monoclinic
domains related by 120° rotations. The in-plane dependence of the inelastic scattering is
best depicted using the reciprocal space appropriate for the honeycomb lattice, which is
the same as the in-plane reciprocal lattice of the trigonal space group structure. All
calculations for the pure Kitaev model and the data can be similarly reproduced using a
C2/m type space group, and the conclusions presented in this paper hold regardless. In
Fig S2A, we show the in-plane real space lattice vectors for trigonal and monoclinic
structures; the honeycomb reciprocal space is shown in Fig. S2B. For ease of comparison,
the reciprocal space diagram is plotted over the same range as in Fig. 4, A and B.

Figure S3 shows the elastic scattering data (E =[-0.25, 0.25] meV) taken with E;=
25 meV, at T=5 K < Tn. This shows the magnetic Bragg peaks in the HK plane, plotted
over the same range as in fig. 2 of main text. The reciprocal space Brillouin Zone (BZ)
diagram is superimposed to give a perspective on the extent of the data. The reciprocal
lattice vectors are marked by red arrows. Magnetic Bragg peaks (faint green or red dots)
appear at the M points ((1/2,0,L) type points), while the structural Bragg peaks (intense
red dots) appear at the (1,0,L) type points.

C. The neutron scattering cross section calculations for the pure Kitaev model

The neutron scattering cross section calculations for the pure Kitaev model needed
to compare to the experimental data are obtained by utilizing the known exact
calculations of the zero-temperature dynamic response functions (72, /3), and
subsequently accounting for the neutron polarization factors and the Ru** form factor
(25).




We outline some aspects of the exact calculation for the isotropic Kitaev model
below, for details see (/2, /3). In the Kitaev model spins fractionalize into static Z> gauge
fluxes and itinerant Majorana fermions. The dynamic magnetic response function can be
expressed as a Fourier transform of the spin-spin correlation function (following equation
2 in (/2), adopting a Pauli Matrix notation):

59, w) = = Xy exp(—id.r%) [ (GE (067 (1)) exp(ioot) dt .. (SE1)

Here r#;j is the vector connecting spin-1/2 degrees of freedom between nearest neighbor
(NN) sites i and j for the bond type a=a,f or y of the honeycomb lattice as explained in
Fig. 1a of the main text. The calculation of the correlation function is facilitated by the
fact that fluxes are non-dynamical -- the action of a spin operator inserts a static nearest-
neighbor (NN) flux pair. For a nonzero matrix element the second spin operator acting at
a later time needs to remove the same fluxes, leading to ultra-short ranged correlations in
real space, e.g. S;=0 for <i,j> any further than NN apart (//). For the remaining onsite
correlators Sy = S;i“(w) and NN correlators S; = S;;*(w) (independent of aa for
isotropic couplings) it is possible to obtain an expression in terms of Majorana fermions
(12). This takes the form of a local quantum quench of Majoranas which can be solved
numerically exactly even in the thermodynamic limit (72, /3). The resulting functions So
and S; are continuous functions of energy. While the onsite correlation So is always
positive as a function of frequency the NN component S; changes sign above @~0.8 K as
shown in figure S4. Substituting these results into equation SE1 yields:

§%(g, w) = 2(Sy(w) — sgn(K) cos(c_]’. ﬁf\lnv) .51(w)) ... (SE2)

Here the nearest neighbor correlator is given by each type of honeycomb bond ﬁ,‘\l, N =
7; — 7. The term sgn(K) = +1 for AFM Kitaev interactions and -1 for FM Kitaev
interactions (/2, /3). Eq. SE2 implies that over the broad region near E = K where S is
negative the AF response has a peak at the I" point, while the FM response has a local
minimum. (Note: We are setting i = 1 so that E and @ are used interchangeably here).

To make contact with the experimental neutron scattering cross-section one needs
to take into account the neutron polarization factors, relevant anisotropies and the
magnetic form factor F(g) (50). This leads to an expression for the scattering intensity:

1G,0) & [F@I Zamapy 9 {5 G0 (1 - (£) )} (SE3)

q

where ¢“ is the projection of the momentum vector on the direction of the spin
components, the explicit inclusion of gas accounts for anisotropy in the g-tensor, and
F(q) is the magnetic form factor. For the purposes of this calculation we have made the
simplifying assumption that the Ru** form factor is isotropic. This assumption is well
justified for small g near the I" point, although for measurements of the magnetic
scattering beyond the 2" Brillouin zone anisotropy of the form factor may become
important.



The mechanics of the calculation utilizes spin axes where the <111> direction in
spin space is perpendicular to the honeycomb plane, and the projections of the <100>,
<010>, and <001> directions are naturally separated by 120° in the plane (/6). We note
that the primary anisotropy in the g-factors is between the in-plane and out of plane
directions. Therefore, if anisotropy within the honeycomb plane is ignored, isotropic g
factors can be employed in the calculation. The relatively small in-plane anisotropy will
be further averaged out by domains. In the discussion below we use an isotropic g factor
for simplicity.

The result of SE3 plotted in the ab-plane is shown for AFM Kitaev interactions in
Fig. S5B and for FM Kitaev interactions in Fig. S5C. For a visual reference, Fig 4A from
the main text is also presented at the top.

The exact solution of the Kitaev model captures the qualitative features of the data,
e.g., the symmetry and periodicity in the BZ and, most importantly, a maximum of
intensity around the I point extending over a large fraction of the BZ and a very broad
energy range. For the AF Kitaev model, as a function of energy, a local intensity
maximum close to the I" point occurs near E = 1.2 K, which is similar to the location of
the maximum in the powder-averaged model (25). When comparing to experiment there
are quantitative differences from the Kitaev model expected to arise from the additional
interactions which are also responsible for the low temperature magnetic long range
order. As a first step to account for this empirically, keeping the assumption of short-
ranged NN spin correlations only, we introduce a single multiplicative fitting parameter,
C;on the NN correlator Sy,

1(4, w, Cy) « |gF(q)|? ,
x zaza,ﬁ,y{(so(w) ~ Cysgn(K) cos(d. Riw) .51 () (1 -(%) )} .. (SE4)

This equation is fit to the data of the cut shown in Fig. 4C in the main text, for E=1.2 K
we obtain C; = 2.0 £ 0.1. In fact the fitted value of C; is not very sensitive to the value
of E/K over the range 1 < E/K < 1.4. This indicates that the ratio of the NN to onsite
correlator in a-RuCls is enhanced by a factor of roughly 2 (Note, this is same as the
factor ‘R’ in the main text).

We note that one expects the low frequency dynamics of the material to be strongly
affected by smaller non-Kitaev terms in the Hamiltonian, and it is not appropriate to
compare data in that regime to the calculation above®. In the ordered states one observes
spin waves that are seen to disappear at temperatures just above Tn. Nevertheless it is
interesting to consider whether spin waves can explain a continuum response at the I"
point. We have calculated spin waves for many different model Hamiltonians with K, J;,
Jo, I, (some of which are described in Supplementary Information of (25)). Although
many allow for some response at the fixed energies at the I" point, we have not found any
that yield the correct scattering over a broad energy continuum. As an example, the DFT
(31, 32) and quantum chemistry calculations (48, 5/) performed by various groups using

6



inputs from structure and susceptibility measurements (22, 26, 33) and references therein,
predict a FM Kitaev term K ~ -7 A plot of the classical spin wave dispersion relation for
a representative set of parameters (K=-/=-6 meV, J;=-0.75 meV, J; = 0.0", summed over
the three 120° domains (26)) in that regime is presented in Fig. S6A-C. Although at lower
energies it seems to be roughly consistent with the data at the M points, the in-plane
intensity distribution for higher energies (for e.g. E > 3 meV) has no intensity at the I'-
point. At any rate, our data shows that the scattering at the I" point extends to 10-15 meV
and is strongly present even at T = 120 K, much higher than Tx (and hence beyond the
purview of any spin wave calculation), as shown in Fig. S6D.

*A recent study of the role of small perturbations from the Kitaev point (52) shows
how the response function is modified particularly at low energies, i.e. below the flux
gap. The relevant energy window is not accessible in the current experiment.

D. Comparison of constant Q cuts to the scattering from the AF Kitacv model with R=2

The scattering cuts plotted near the 2D I” point (see Figs. 3A and B, and Fig. 6D) are
integrated over a range of reciprocal space chosen to give adequate statistics such that the
precision in the intensity at 10 meV is AI/l ~ 10%. Figure S7 shows cuts at three
wavevectors at a temperature of T = 10 K integrated over much narrower ranges of
reciprocal space. With such narrow integration ranges it is challenging to attain statistics
sufficient to make a reasonable comparison with theoretical models, so in addition, the
data have been assumed symmetric and symmetrized where possible to enhance the
statistics. These are compared to a calculation of the neutron cross-section for a T=0
antiferromagnetic Kitaev model with a value K = 5.5 meV (extracted in reference (25))
and C; = R =2. The model uses one uniform scale parameter on the theory and assumes
a flat background.

One plot (Fig. S7A) illustrates the model with the flat background allowed to vary
with Q, and the other plot (Fig. S7B) shows the result assuming that the background is
kept the same at all values of Q. The first plot (Fig. S7A) shows that the AF Kitaev model
using the same Kitaev energy extracted in Ref. (25) gives a qualitatively reasonable
description of the width of the high energy side of the continuum and of the relative
intensity as a function of Q. A comparison is also shown to the scattering from a
collection of non-interacting Ising dimers. The dimer scattering, which is broadened by
the energy resolution of the spectrometer, is seen to be very narrow in energy compared
to the data, and also shows an intensity fall off with increasing Q that is much slower than
seen experimentally. The second plot (Fig. S7B) shows that the pure Kitaev model
describes the data better than a model of Ising dimers even with the highly restrictive
assumption of an absolutely constant background of the same value as used in Table S1.

A more complete description of the inelastic scattering in a-RuCl; will require a
rigorous quantum theory of the as yet undetermined full Hamiltonian. Additional
experimental measurements with better statistics and higher resolution will also be
beneficial.




E. Extending the pure Kitaev solution by adding an adhoc next-nearest neighbor (NNN)
correlation

While many aspects of the high-energy mode are captured by the pure Kitaev model,
it does not reproduce the detailed in-plane Q dependence, specifically the six-pointed
star-shaped intensity at the ['-point (Fig 4A). Beyond the possibility that NN correlations
are enhanced by non-Kitaev terms, generically non-vanishing longer-range correlators
will also be induced. Therefore, here we consider the addition of an adhoc NNN
correlator added as a simple fraction C> of the NN correlator:

S b 2
Innn (G, €1, €) o C S (c0s(d. diwn) . G151 () ) (1 - (qd%) ) ... (SE5)

Here b sums over the 6 NNN terms for a given Ru®" atom shown in fig. S2B. The
final intensity is then SE6 added to:

1(q,w,Cy,Cy) x I(q,w,Cy) + Iyyn (G, w, Cq, Cy) ... (SE6)

In Fig. S8 we show the result for C> = - 0.1 (maintaining the S; multiplier C; = 2),
where the NNN correlator is 10 % of the NN correlator but with an opposite sign, which
successfully reproduces the star-like shape in the first BZ. This simplistic treatment fails
to satisfactorily capture the scattering beyond just the first BZ. It nevertheless shows that
correlations that are somewhat extended in real space (compared to the ultra-short ranged
Kitaev QSL) account naturally and simply for the star shape.

F. A mean field extension of the pure Kitaev solution

In order to account for the tendency of the material to order at low temperatures, we
use a phenomenological mean-field model that allows for a calculation of the response
function within the framework of the Random Phase Approximation (RPA). Following
earlier work on coupled chains (32), and knowing empirically that a-RuClz forms a
zigzag ordered state at low temperatures, we introduce an effective symmetry-breaking
zigzag field J, within a RPA. This modifies the magnetic susceptibility such that

_ x(q)
Xrpa(q, w) = 2enn (@1 @.0) ... (SE7)

where ¢y, 1s a prefactor capturing the strength of J.

The RPA calculations start from the complex susceptibility y, where Im(y) is
directly proportional to the spin structure factor S%*(g, w) and Re(y) is obtained using
the Kramer-Kronig relations. To incorporate the short-range correlations of the zigzag
order into J, we work with the simplest motif of the honeycomb lattice consisting of just
three NN bonds as shown in Fig. S9 — the “Y” motif containing four spins. For the zigzag
ground state three of these spins will have the same sign and one at the corner will have
an opposite sign. The zigzag field at the central atom of the motif is then given by:
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Jn(@) = k=4 atoms(o'keiqdk) ... (SE8)
where o« takes a value of +1 for an up-spin and -1 for down-spin.

We do not want to explicitly break translational or spin-rotational invariance
because we are only concerned with data above Tn. Therefore we symmetrize all possible
zigzag configurations leading to the averaging of the 12 diagrams shown in Fig. S8. The
final result is shown in Fig. SI0OA and B. For ¢; > 0.2 the original AF Kitaev intensity
(i.e., maintaining C;=1) starts to get visibly modified, with a result of ¢, = 0.35
qualitatively reproducing best the observed star-like pattern at every 2" BZ center.
Comparing the result to the data in Fig. 4a, we conclude that the RPA calculations go in
the right direction to capture some aspects of the Q-dependence of the data beyond the
pure Kitaev model, in particular the more pronounced star-like structure in the BZ. We
note that a full RPA calculation would start from a model Hamiltonian and properly treat
the small terms of the pure Kitaev calculation in a perturbative fashion, however the
present mean field approximation gives a general idea of the results that one should
expect.

G. High frequency vs. low frequency dynamics

Evaluations of various spin-wave theory (SWT) descriptions for a-RuClz have been
considered previously (25). In principle SWT can give a good description of the low
energy excitations in a system with long range order even when the high energy spectrum
is dominated by quantum fluctuations. A classic example is provided by coupled S=1/2
antiferromagnetic Heisenberg chains, with experiments exemplified by KCuF3 (see, for
e.g., Ref (53)). The situation in a-RuCl; is believed to be similar, in the sense that spin
wave excitations are present at low energies below Tn while the fractionalized excitation
continuum persists at high energies for T above and below Tn.

Most estimates of the low-energy effective Hamiltonian for a-RuCl; using DFT find
the Kitaev interaction to be ferromagnetic, with a substantial contribution from off
diagonal exchange and Heisenberg exchange to at least third neighbor spins (37, 33, 34,
51). The starting point for the DFT is a perfectly ordered static structure, and the derived
low-energy effective Hamiltonian depends sensitively on the precise values of bond
angles and distances in the structure. In the actual material there can be disorder due to
defects such as stacking faults; moreover there are substantial low frequency vibrational
excitations including some that are quasi-2D. These deviations, from a structure that is
both static and regular, raise the possibility of a modified effective Hamiltonian
describing the actual physics seen by the neutrons, in particular at higher frequencies.
The nature and size of such effects, including perhaps even on the sign of the Kitaev
interaction, will need to be evaluated in the future (37, 34, 48, 51).




Single crystal data has a significant advantage over powder data as it allows
measurements at specific points in reciprocal space, enabling a differentiation between
different points in the two-dimensional Brillouin zone, for example, I and M points.
Powder averaging the data mixes all wave-vectors with the same magnitude.
Nevertheless it can be instructive to compare pseudo-powder averaged single crystal data
with measurements on true powders.

Figure S11 shows orientationally averaged data from the single crystal and a
comparison with the powder data of Ref (25). Notwithstanding that the measuring
conditions were not the same, above T the spectra look nearly identical. Below Tx, the
data in the region of the “upper mode” near 6.5 meV shows no change in either sample.
However, at low energies, the data differ, reflecting the fact that the single crystal used
here and the powder used in Ref. (25) order at different temperatures with different wave-
vectors.

We note that a “powder averaged” single-crystal data is necessarily different from
true powder measurements (25) in the following respects:

1. An actual powder experiment provides a measurement of a weighted density of
states averaged over all possible orientations of the system. The data from the
single crystal is averaged only over the orientations of the crystal where data
exists, as opposed to the full set of orientations. In the course of the single crystal
measurement the sample was rotated only about one axis. Therefore the sampling
of the density of states is less complete than it is in an actual powder.

2. The powder sample measured in reference (25) was a 5 gram sample; the single
crystal is slightly less than 1/10 of this mass, and the statistics in the
orientationally-averaged single crystal data reflects that fact. Notably,
background features that are small compared to the signal in a restricted region of
reciprocal space in a single crystal can become very significant when the signal is
averaged over all orientations.

3. The single crystal data was measured with a higher incident neutron energy than
the powder data (Ei1 =40 meV vs. Ei =25 meV) and therefore, the energy
resolution in the single crystal data is lower.

4. The powders order at Tn = 14 K, with the zig-zag layers antiferromagnetically
coupled (25). Our pristine single crystals order at Tn = 7 K with honeycomb zig-
zag layers stacked with a three-fold periodicity (26) (also see Fig S1C). The
details of the spin-wave spectrum associated with the ordered magnetic ground
state will not be identical between these two cases. However this does not affect
the response at intermediate energies.
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Figures S11 A/B show pseudo-powder averaged single crystal data at temperatures
below/above Tn. These figures can be compared with the true powder measurements in
reference (25) Fig. 3a. Given the caveats mentioned above, the essential conclusions from
both the data sets are consistent. Below T there are two peaks in the density of states.
The broad upper energy feature occurs close to E = 6.5 meV in both samples, and in
contrast to the lower energy feature, is essentially unaffected by the transition at T.

Figures S11C/D show the corresponding constant-Q cuts integrated in the interval Q
=1[0.5, 1.25] A with intensity plotted as a function of energy. The “upper mode” around
6.5 meV is similar in both the single crystal and powder samples both above and below
Tn. Below Tn it is apparent that the low energy spectra are different. This part of the
spectrum reflects spin wave excitations from the magnetically ordered system. Within
each honeycomb layer the magnetic moments order in a zigzag pattern. However, the
true powder orders at Tn = 14 K, with ordering wave-vectors reflecting a two layer
magnetic repeat pattern, while the single crystals order at Ty = 7 K with a three layer
repeat pattern. It is therefore quite likely that the spin wave density of states differs in the
two systems and in that case one would expect the average energy to be higher in the
powder since it has a higher Tn. As seen in Fig. S10C the magnetic density of states in
the powder is peaked near 4 meV, while in the single crystal it is near 3 meV. One
cannot completely preclude the possibility that a difference also arises as an artifact of
different sampling of Brillouin zones for single crystal and powder. Moreover, it is
possible that the underlying crystal structures of the single crystal and powder samples
reflect different polytypes. Sorting out all of these details in a-RuClz will require
additional research.
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Supplementary Figures
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Fig. S1.

(A) The Inverse susceptibility of pure a-RuClz measured with Hjjab (red) and H||c (blue)
is fitted to a linear behavior in the regime 150 K — 300 K to yield an effective moment
size of p=2.39(2) us and p=2.33(2) us for in-plane and out-of-plane measurements
respectively with the extrapolated Curie-Weiss temperatures are 0. = -130(4) K for yJ|c
and 0., = 32(3) K for yljab. (B) The resistivity of a single-crystal of a-RuCl; from the
same batch as the crystal in Fig 1 shows an activated (Arrhenius) behavior p=p
exp(A/2kT) corresponding to an insulating gap of A~400 meV at room-temperature
(inset). (C) Cut on the SEQUOIA Ei =40 meV data at T =5 K on the elastic plane along
(1/2, 0, L) integrated in the range AE=[-0.25, 0.25] meV, AH=[-0.1,0.1], AK=[0.45,0.55].
This shows magnetic Bragg peaks with the selection rules (e.g., missing (1/2, 0, L) for
L=3n, n=integer) consistent the structure reported in Ref. (26).
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Fig. S2.

(A) The honeycomb lattice showing the locations of the Ru** (empty circles). The unit
cells for the trigonal and monoclinic space groups are shaded. ar and br are the lattice
vectors in a trigonal space group as used in this paper, while am and bn, are the the
corresponding lattice vectors for the monoclinic space group (22, 26, 34). The black
dashed lines show the 6 next nearest neighbors for the atom in the center marked ‘C’. (B)

The reciprocal lattice of the honeycomb lattice in the trigonal space group. Q_l) and Q_z)
(red arrows) are the reciprocal lattice unit-vectors for the unit-cell parameters ar and brin
fig. S2A. The blue and black hexagons are the 1°* and 2™ BZ respectively in the trigonal
description. The corresponding reciprocal high-symmetry points are marked.
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Fig. S3.

The same reciprocal space image as in Fig. S2B when superimposed on top of the data
taken at SEQUOIA with E; =25 meV, T =5 K, integrated at the elastic location E = [-
0.25,0.25] meV and L = [-2,2]. The smaller orange hexagon and the larger grey hexagon
represent the 1 and the 2™ Brillouin Zones respectively. The red arrows mark the two

reciprocal lattice vectors @ and a; similar to Fig S2B. The magnetic Bragg peaks are
apparent as green/red dots at the M points (centers of the sides of the orange hexagon,
examples indicated by white arrows). The white regions lack detector coverage.
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Fig. S4.
The functions Sp and S; plotted versus o (in units of the Kitaev energy K).
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(A) The data from Fig 4a of main text. The 2" BZ is superimposed (light blue lines)
(B&C): The intensity distribution of the pure Kitaev calculation with E = 1.2 K for the
AF Kitaev model (B) and the FM Kitaev model (C) including the neutron polarization
factor and the spherically approximated Ru*" form factor.
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Fig. Sé.

(A) The SWT dispersions of a FM Kitaev model with parameters K=-7=-6 meV and J;=-
0.75 meV. (B) Calculated SWT intensity slice at E =[1.5, 2.0]. (C) The constant energy
slice at a higher energy E = [6, 10] meV lacks significant intensity at the I" point. (D) The
cut through the E; = 40 meV, T=120 K data shows that the scattering at the I'-point is
persistent up to a temperature several times Tn. ‘E’ is the scattering from the elastic line
and ‘C’ is the continuum as defined for Fig 3(A)(B). The elastic contribution at E=0 is
fit to a Gaussian function with width equal to the instrument resolution, and the
continuum ‘C’ is fit to a DHO (See Table S1 for the relevant fit parameters).
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Fig. S7.

The Ei =40 meV SEQUOIA data at T = 10 K is cut over narrow reciprocal-space
volumes to show the wave vector dependence of the intensity profiles below 12 meV. For
increased statistics, the data is symmetrized along the & =0, {=0 and L=0, where § and {
are (H,H) and (K,-K) respectively, defined as in the caption of figure 3 of main text.
Each cut represents an integrated Q-space volume A&\3 = AC=0.1; AL = 1. Data at three
Q-points are shown: the ['-point ([§,C] = [0,0], blue triangles), between I" and K points
([€,] =[0.15,0], green circles), and at the M-point ([£,{] =[0,0.5], brown squares). The
corresponding scattering from a pure zero-temperature Kitaev model is calculated at the
same above locations with K=5.5 meV (25) and C; = R=2, using a uniform scale factor
(see section C for details). The scale factor is chosen so that the calculated scattering for
the I" point matches the height of the data at ~6 meV. The calculations also include an
elastic peak and a flat background. For comparison we also plot the scattering expected
from a system of superposition of Ising dimers directed along the Ru-Ru bonds, using the
same flat background. The dimer response is a delta function in energy but is broadened
by the instrumental resolution. (See key for color codes). (A) The flat background is
allowed to vary as a function of Q; the appropriate background is seen to be somewhat
higher at smaller Q. (B) The flat background is artificially restricted at the same value
used in Table S1.
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Fig. S8.
The pure Kitaev calculation with a next-nearest neighbor correlator as described in text,

resembles a star pattern at the I"-point.
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Fig. S9.
The 12 possibilities summed up for RPA to preserve symmetry. Details in supplementary
text.
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Fig. S10.
The results of the RPA calculation with ¢, = 0.35 as described in main text (A) without
and (B) with the Ru*" form factor for C; = 1.
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Fig. S11.

The pseudo ‘powder-averaged’ single-crystal data and comparisons to data from a true
powder sample (25): (A) (B) Orientationally averaged, empty-cell background corrected,
single-crystal data taken at SEQUOIA with Ei =40 meV plotted as a function of |Q|;
compare with Fig. 3 of reference (25). (A) T=5K, below Tn. (B) T =10 K, above Tx.
(C) The constant-Q cuts integrated over the range Q =[0.5, 1.25] A™! for data taken
below Tn at T=5 K. The single crystal data (red) was measured with Ei =40 meV. The
data from the powder (blue) was measured with Ei = 25 meV (25). Data are scaled to fit
on the same plot. The broad “upper mode” around 6.5 meV appears essentially identical
in both samples. Differences in the scattering at low energies reflect differences in the
spin wave spectra as discussed in the text. (D) The same comparison for the
corresponding data for T>Tx is presented for the pseudo-averaged single crystal data (T =
10 K, orange) and the powder data (T = 15 K, green) from ref. (25). The “upper mode”
feature is unchanged in both single crystal and powder, both below and above Tx.
(Errorbars represent one standard deviation.)
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Supplementary Table

T(K) Component A Ep (meV) I (meV)

= Continuum 5.5(1.4) 8.9(0.7) 13.5(1.8)
Spin-wave 1 4.8(1.2) 3.28(0.09) | 2.15(0.35)

Spin-wave 2 0.45(0.18) | 6.30(0.07) | 0.91(0.31)

10 Continuum 13.2(3) 7.6(0.3) 15.2(1.2)
120 Continuum 3.7(0.1) 8.6(0.4) 12.7(1.3)

All temps | Background 1.0
2 AETE} 1
DHO(E,EO,A,I",T)=;><( 2)2 X £
E? —Ej) + (EIN)? 1
p ( kBT)

Table S1.

This table shows the lineshape fit parameters for constant Q cuts describing the inelastic
contributions to the scattering line-shapes for the energy cuts at the 2D zone center for
temperatures of 5, 10 (Fig. 3A, B) and 120 K (Fig. S6D). The fits assumed that the
elastic line is represented by a Gaussian with the FWHM equal to the calculated energy
resolution. The background is assumed to be flat, with a value inferred from the
negative energy transfer data at T=5 K. Note that the background level has a certain
degree of systematic uncertainty depending on the negative energy cutoff used. The
inelastic features are represented by DHO functions as shown in the tab below the table.
The uncertainties (shown in brackets) are statistical only, and the parameters are strongly
correlated with each other and with the chosen background. We do not necessarily
attribute physical significance to the values or to their temperature dependence, but it is
worth noting that the average characteristic energy Ey of the continuum is 8.3 meV and
the width parameter /"is approximately 14 meV. The characteristic value Ey occurs at a
higher energy than the upper spin wave mode.
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