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The family of edge-sharing tricoordinated iridates and ruthenates has emerged in recent years as a major
platform for Kitaev spin-liquid physics, where spins fractionalize into emergent magnetic fluxes and Majorana
fermions with Dirac-like dispersions. While such exotic states are usually preempted by long-range magnetic
order at low temperatures, signatures of Majorana fermions with long coherent times have been predicted to
manifest at intermediate and higher energy scales, similar to the observation of spinons in quasi-one-dimensional
spin chains. Here we present a resonant inelastic x-ray scattering study of the magnetic excitations of the
hyperhoneycomb iridate 8-Li,IrO; under a magnetic field with a record-high-resolution spectrometer. At low
temperatures, dispersing spin waves can be resolved around the predicted intertwined incommensurate spiral
and field-induced zigzag orders, whose excitation energy reaches a maximum of 16 meV. A 2 T magnetic field
softens the dispersion around Q = 0. The behavior of the spin waves under magnetic field is consistent with our
semiclassical calculations for the ground state and the dynamical spin structure factor, which further predicts that
the ensued intertwined uniform states remain robust up to very high fields (100 T). Most saliently, the low-energy
magnonlike mode is superimposed by a broad continuum of excitations, centered around 35 meV and extending
up to 100 meV. This high-energy continuum survives up to at least 300 K—well above the ordering temperature
of 38 K—and gives evidence for pairs of long-lived Majorana fermions of the proximate Kitaev spin liquid.

DOLI: 10.1103/PhysRevB.103.184404

I. INTRODUCTION

Recent years have seen a vigorous experimental research
effort on identifying candidate materials for the celebrated
quantum spin liquid (QSL) [1-7], a topological state of matter
with long-range entanglement and fractionalized excitations,
whose efficient control can lead to novel and transforma-
tive technological applications [8—11]. A central focus in
this effort are the tricoordinated Kitaev materials [5,7,12—-17],
a family of spin-orbit-assisted Mott insulators, in which
spin-orbit-entangled j.s = 1/2 magnetic moments interact via
bond-directional Ising-like interactions, known as Kitaev in-
teractions [9]. When acting alone, these interactions lead
to a variety of exactly solvable QSLs, whose elementary
excitations—Majorana fermions moving on a background of
emergent magnetic fluxes [9,18,19]—give rise to characteris-
tic broad signatures in dynamical response functions [20-26].

“Corresponding author: alejandro@ucsd.edu
fCorresponding author: afrano@ucsd.edu

2469-9950/2021/103(18)/184404(9)

184404-1

Most candidate materials, however, exhibit ordered states
at low temperatures instead of the sought-after QSL. Known
examples include the collinear, commensurate zigzag state
in NayIrO; [27,28] and «-RuCl; [29], and the noncopla-
nar, counter-rotating incommensurate spiral order in «, B,
y-LirIrO; [30-32]. Such ordered states arise due to the
presence of additional interactions, such as the Heisen-
berg exchange J and the symmetric off-diagonal anisotropy
I' [12,16,33-38]. While such perturbations naturally impede
the realization of QSLs, a growing body of theoretical and
experimental work suggests that the Kitaev exchange inter-
action influences the magnetic behavior in some of these
materials [14,16,39]. Most saliently, it has been suggested that
this separation of energy scales must give rise to an extended
“proximate spin-liquid” regime with signatures of long-lived
fractionalized excitations, separating the low-T ordered phase
from the high-T paramagnetic regime [25,26,40—45].

For example, inelastic neutron scattering measurements
in RuCl; have revealed a gapped, broad continuum of
magnetic excitations far above the magnetic ordering tem-
perature [46,47], while Raman spectroscopy has provided
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evidence for the fermionic character of these excita-
tions [48-51]. These observations signify a dichotomy
between the expected magnonlike response at low energies,
originating from the long-range ordering, and a continuum
multi-spinon-like response at higher energies, originating
from pairwise excitations of long-lived Majorana fermions
of the proximate Kitaev QSL model. This proximate spin-
liquid regime is characterized by strong, short-range spin-spin
correlations and disordered fluxes, and can be observed in
thermodynamic measurements, or more directly in dynami-
cal probes such as inelastic neutron scattering, Raman and
ultrafast spectroscopy, and resonant inelastic x-ray scattering
(RIXS) [25,26,40-45].

Here we report experimental RIXS evidence for such
a dichotomy of low-energy magnons and broad excita-
tions from the proximate Kitaev spin-liquid regime in the
three-dimensional hyperhoneycomb iridate B-LiyIrO;, with
a characteristic continuum response extending up to at least
300 K, well above the ordering temperature of 38 K in this
material.

B-LixIrO5 is perhaps the most intriguing example of the
complex interplay between the Kitaev exchange and external
magnetic fields [52-54]. At zero field, the system orders at
T;=38K into a complex incommensurate order (IC) with
counter-rotating spirals and propagation wave vector Q=
(0.574, 0, 0); all Q vectors are reported in orthorhombic re-
ciprocal lattice units [31]. Applying a magnetic field along
the crystallographic b axis rapidly destroys the IC order at
a critical field u,H; =2.8 T, where the system is driven into
a uniform quantum correlated coplanar phase, comprising a
ferromagnetic component along the field and a zigzag compo-
nent along &, similar to the magnetic order of Na,IrO; and
RuCl; [52]. In the following, we refer to this phase as a
field-induced zigzag (FIZZ) phase.

It is now understood [55-58] that the IC order of 8-LiIrO3
can be thought of as a long-wavelength twisting of the ener-
getically closest commensurate state with Q= (%, 0, 0), which
is strongly intertwined with a set of uniform orders, both at
zero and nonzero magnetic fields. In addition, most of the
available experimental data can be described by a minimal
microscopic J-K-I' model [37,38], with coupling parame-
ters J~0.4 meV, K~—18 meV, and I'>~—10 meV [57,58].
Despite this understanding, there is very little experimental
information about the low-energy excitation spectra and their
response to magnetic fields, in part because the crystal size
and the large neutron absorption cross section of Ir impede
inelastic neutron scattering studies.

The experiments reported below provide a comprehensive
picture of the dynamic response of B-LiyIrO; under mag-
netic fields H,, along the b axis. We measured its low-energy
magnetic excitation spectrum by performing Ir-L3-edge RIXS
experiments. Central to this effort are complementary ex-
periments with a conventional spectrometer with a medium
energy resolution (MER) AE ~ 25meV as well as a state-
of-the-art spectrometer with a high-energy resolution (HER)
AE ~ 10meV. These measurements were performed at 0 T
as well as under a 2 T magnetic field. The results of these
measurements show magnetic excitations branching from the
magnetic zone centers corresponding to the intertwined IC
and FIZZ states. We observe that magnetic excitations natu-

rally split into low-energy dispersive modes and high-energy
continuumlike excitations. The former reach a maximum en-
ergy around 16 meV, and an applied 2-T magnetic field
softens the dispersion around Q = 0. The experimental data
are in very good agreement with semiclassical calculations
for the dynamical spin structural factor of 8-LiyIrOs, lend-
ing strong support to the microscopic J-K-I' description.
Furthermore, we identify a broad continuum of magnetic ex-
citations whose intensity is insensitive to the low-temperature
magnons, remains constant up to ~100K (i.e., well above
T; = 38K), and slowly decreases at higher temperatures.
The temperature dependence of this continuum is consis-
tent with the behavior of nearest-neighbor spin correlations
emerging from the dominant Kitaev energy scale, and its
persistence to high temperature alludes to the long coherence
times of the fractionalized excitations of the proximate QSL
phase [23-25].

The paper is organized as follows: Section II describes the
crystal synthesis and the RIXS experiment setup. Section III
presents the experimental data and calculations of the spin
dynamical structural factor. Section IV discusses the strongly
interwined nature of the IC and FIZZ states, and the origin
of the multispinon continuum. Section V summarizes our
findings.

II. EXPERIMENTAL DETAILS

High-quality single crystals of g-Li,IrO; were grown by
a vapor transport technique. Ir (99.9% purity, BASF) and
Li,CO3 (99.999% purity, Alfa-Aesar) powders were ground
and pelletized at 3000 psi in the molar ratio of 1:1.05. The
pellets were placed in an alumina crucible, reacted for 12 h
at 1050 °C, and then cooled to room temperature at 2 °C/h
to yield single crystals which were then extracted from the
reacted powder. B-LixIrO;3 crystallizes in the orthorhombic
Fddd space group with single-crystal sizes ~100x150x300
wm? (more details in the Supplemental Material [59]).

RIXS measurements were performed at beamline 27-ID
of the Advanced Photon Source, Argonne National Labora-
tory, using m-polarized X rays in the horizontal scattering
plane at detector angles close to 26 ~ 90°, in order to sup-
press elastic scattering. The RIXS spectra were obtained
using two different setups: (1) a medium-resolution AEygr ~
25meV with a two-bounce Si(844) monochromator and a
2-m-radius Si(844) diced spherical analyzer [60], and (2) a
high-resolution AEygr ~ 10 meV with a four-bounce Si(844)
monochromator and a 2-m-radius quartz(309) diced spherical
analyzer [61,62] at the Ir L3 absorption edge (2p3;» — 5dy,, ~
11.215keV). Resonant elastic x-ray scattering (REXS) stud-
ies for field calibration were performed at beamline 6-ID-C
of the Advanced Photon Source using an 11.215 keV -
polarized x-ray beam and a 5 Tesla split-pair superconducting
magnet (o-oriented field).

To study the magnetic field dependence of the low-energy
excitations, we devised the setup shown in Figure 1(a). A
B-LixIrOs crystal with a surface normal in the [001] crys-
tallographic direction was mounted between two Nd,Fe 4B
magnets separated by 400 um. The scattering plane is defined
by the (001)x(100) reciprocal lattice vectors, and the mag-
netic field is applied parallel to the [010] direction (b axis).
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FIG. 1. (a) The B-Li IrO; single crystal oriented with the & axis in the scattering plane and the b axis perpendicular to it. The crystal
was placed between two neodymium permanent magnets, with a 2 T magnetic field applied along the b axis and a -polarized x-ray beam.
(b) The field dependence of the scattered intensity at 5 K measured at the wave vectors corresponding to IC and FIZZ [Q = (0.574, 0, 22)
and Q = (0, 0, 22)] states using a DC magnetic field [52], to be compared with the intensity measured in the RIXS setup [shown in panel (c)]
for calibration of the field value. The dotted lines represent the calculated Bragg peak intensities [55]. (c) The temperature dependence (onset
temperature) of the integrated RIXS intensity of the intertwined orders confirms the magnitude of the applied field (u,H, ~2T). (d) Wide
energy range RIXS spectra at Q = (0.2, 0, 22) obtained with incident energy E; = 11.2145keV for two magnetic field values. Feature A
(~0.42¢eV) corresponds to an intersite exciton formed by a particle-hole pair across the Mott gap, while B (*0.73eV) and C (~0.84¢eV)
represent intrasite excitations of 3Ago/2 energy between jeg =% and jegr = % states, indicating a spin-orbit coupling ~0.5eV. No measurable
change in the energy-loss spectrum is observed as a result of the applied 2 T field.

III. RESULTS

Measurements of the REXS intensity taken with a tun-
able DC magnetic field [52] on the same sample serve as
a check of the magnetic field experienced by the sample
in the permanent magnet setup. Figures 1(b) and 1(c) show
the comparison of the low-temperature REXS intensity with
the RIXS integrated intensity taken at the same reciprocal
space points corresponding to the IC [Q = (0.574, 0, 22)] and
the FIZZ [Q = (0, 0, 22)] states.

The magnetic field suppresses the noncoplanar IC state that
develops below 7; = 38 K [30], while the system develops a
coplanar FIZZ component [52]. The calculated field evolution
of the Bragg peak intensities are also shown in Fig. 1(b).
The low-temperature integrated intensity values of both peaks
measured in our RIXS setup map directly onto the REXS in-
tensity values for a 2 T field, shown in Fig. 1(c). Furthermore,
the temperature dependence of the integrated RIXS signal is
plotted on Fig. 1(c). The observed transition temperature in
the in-field RIXS data, 7;(H) = 32K, is consistent with an
applied 2T field when compared to the reported thermody-
namic measurements [52,53,63].

Figure 1(d) shows the MER RIXS spectra as a function of
energy loss (Ejoss = E; — Ef) up to 1.2 eV . These scans were
performed at 5 K near Q = (0.2, 0, 22), a location well away
from any Bragg reflection. We observe three features, labeled
A, B, and C, which were fitted using three Gaussian functions
on top of a broad Gaussian background. Feature A corre-
sponds to intersite particle-hole excitations of the jeg = % band
across the Mott gap. Features B and C correspond to intrasite
excitations between the jeff:% and jeff:% states [64,65],
resulting from a spin-orbit coupling ~0.5eV. A small differ-
ence between B and C energies indicates the presence of the
trigonal crystal field splitting. The applied 2 T magnetic field
has no noticeable effect on the energy or intensity of these

electronic excitations; hence the localized jegr = % pseudospin
provides a suitable description for the electronic ground state
of B-Li;IrO3 under an applied magnetic field. This is in stark
contrast with recent observations of the collapse of the rel-
ativistic jeg = % state under the application of remarkably
small hydrostatic pressure [66,67].

Having established that the field does not alter the spin-
orbit entangled Mott state, we investigate its effect on the
low-energy excitations. The top panel in Fig. 2(a) compares
raw MER spectra for 0 and 2 T over a limited energy loss
window. These data were taken at different momentum trans-
fer positions with varying in-plane value Q, = (h, 0, 22). The
spectra are normalized to their respective intensity maxima
for better visualization. A clear dispersion can be observed as
the inelastic features appear to soften around the respective IC
and FIZZ Q vectors. The bottom panels show the integrated
REXS signal for both field values [52], revealing sharp Bragg
peaks that span a much narrower range than that over which
the inelastic features soften. Intriguingly, the 2 T spectrum
near Q = (0, 0, 22) has shifted to lower energy compared to
the O T data, which constitutes one of the central findings of
our work.

To better understand these low-energy features, Fig. 2(b)
shows representative low-energy RIXS spectra for 8-LiIrOs3,
collected at 5 K using the MER and HER spectrometers.
The first panel shows the spectra taken at the IC Bragg peak
position and was used to determine the working resolution.
The strong elastic signal has a full width at half maxi-
mum (FWHM) of 25 and 10 meV, respectively, consistent
with previous calibration measurements [62,68]. The second
panel compares inelastic spectra taken at Q = (0.61, 0, 22),
a reciprocal lattice position away from the IC Q vector.
In the MER scans, a clear shoulder of intensity is seen at
nonzero energy loss. These spectra were fitted by a sum of
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FIG. 2. (a) Upper panels show the momentum dependence of the RIXS spectra taken along the (%, 0, 22) direction at 5 K with 0 and
2 T fields. Lower panels show the REXS scans around the zone centers of the IC and FIZZ states. The applied magnetic field suppresses the
IC order while giving rise to FIZZ state [52]. (b) A comparison of the low-energy RIXS spectra collected at 5 K with two spectrometers. In
the vicinity of the IC Bragg peak Q = (0.574, 0, 22), the FWHM of the elastic peak is AEypr = 25 meV and AEpgr = 10 meV, respectively.
Slightly away from the Bragg peak at Q = (0.61, 0, 22), two inelastic modes are identified: a dispersing magnon with a maximum energy of
~16meV, and a broad continuum of magnetic excitations centered ~35 meV which is nearly momentum independent.

pseudo-Voigt functions representing the elastic line (gray) and
two inelastic features (red and pink) ~15 meV and ~35 meV.
The elastic line width was set by the energy resolution and
only its intensity and peak position were allowed to vary
in the fit (more details in the Supplemental Material [59]).
Since the lowest-energy inelastic feature (red) is within the
energy resolution of the MER scan, we compare them to
HER scans taken at the same reciprocal space positions. The
inelastic signal ~15 meV is most clearly seen in the high-
resolution spectra. (The mode at ~35 meV is not visible in the
HER scans because of the lower throughput of this detector.)
In summary, the data show (i) a resolution-limited, low-energy
excitation (Ejps < 16 meV) which is sensitive to momentum
transfer, and (ii) a broad continuum centered around 35 meV
with width much larger than the experimental resolution and
insensitivity to variations along the O, momentum transfer
direction. This dichotomy is the key experimental finding of
our work.

These low-energy inelastic features can originate from ei-
ther lattice or spin excitations within the ~400meV Mott
gap [69]. Phonon excitations arise due to dynamics in the
short-lived intermediate state and are expected to be very
weak in the well-screened intermediate state of Ir L-edge
RIXS, which explains why no detectable phonon contribu-
tions have thus far been observed in other Mott insulator 54°
iridates [70,71]. Moreover, O K-edge RIXS experiments on
Li,IrO; showed that the majority of the phonon spectra reside
around 70 meV [72], well above the inelastic features we
observed.

By contrast, magnetic excitations are strongly enhanced by
the resonance process. In particular, the magnetic contribution
to the RIXS response comes from two distinct types of pro-
cesses: the spin-conserving (SC) and the non-spin-conserving

(NSC) [23,24]. In a SC process, the spin of the 5d valence
shell does not change during RIXS, while in a NSC pro-
cess the spin gets flipped. Furthermore, for the pure Kitaev
model, there are three types of NSC channels, corresponding
to the rotation of the spin by 7 around the x, y, and z axes,
respectively. These three NSC channels and the SC channel
are orthogonal in the pure Kitaev spin liquid [23,24], but
they are not fully orthogonal in the more complete, J-K-I"
description of 8-LiyIrO3. Nevertheless, we can assume that
since the Kitaev interaction is dominant, part of the response
is predominantly coming from the NSC channel and part from
the SC channel. In this case, the NSC RIXS response reduces
to the corresponding diagonal component of the dynamical
spin structure factor (DSF) defined as

S(Q,w) = [dt e (5°(—Q, 0087 (Q, 1)), (1)

where Q and w are the momentum and energy transfers, and
1 —iQ-r qu
SUQ 0 =17 D TSI ©)

is the Fourier transform of the spin density at time ¢, with A/
being the total number of spins and r denoting the physical
positions of the spins. The SC RIXS channel will manifest
itself only if fractionalized excitations are present. It will pick
up exclusively the Majorana fermions of the fractionalized
Kitaev spin liquid, and the overall energy dependence of this
contribution will be proportional to the two-fermion joint
density of states [23,24] (more details in the Supplemental
Material [59]).

Let us return to our RIXS data. To probe the nature of
the magnetic contribution to the RIXS response of §-Li;IrOs3,
we extract the full momentum and temperature dependence.
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FIG. 3. (a) The momentum dependence of the low-energy RIXS excitations was extracted from the data in Fig. 2(a). The magnon mode
with a maximum energy ~16 meV disperses toward the zone centers corresponding to the IC (Q, = 0.574) and FIZZ (Q, = 0) states. The
2 T spectra softens around Q, = 0 compared to the O T data. The experimental results are well captured by the dynamical structure factor
calculations presented in panel (b). On the other hand, the broad magnetic continuum centered around 35 meV is insensitive to momentum
transfer along Q,,. (b) The diagonal components of the spin dynamical structure factor, S“(Q, ®), S”(Q, ), §°(Q, w), and their sum, S(Q, ),
computed at p,Hy, = 0 T (left panels) and u,H, = 2 T (right panels) along the Q, direction. The colors and the width indicate the magnitude
of the associated component after convolving with a Gaussian. Note that the color scale shown individually for each panel varies significantly
between different components. (¢c) Exemplary temperature dependence of the 0 T RIXS excitation spectra above 7;. (d) The 0 T RIXS intensity
integrated above 20 meV shows that the inelastic continuum hardly changes up to 100 K and persists up to 300 K . This feature seems to be

insensitive to the low-temperature IC transition at 7;.

Figure 3(a) shows the fitted dispersions of the two inelas-
tic features along Q = (4, 0,22) = Q, for 0 and 2 T. The
error bars reflect the range of uncertainty arising from the
three-peak fitting procedure. The low-energy mode clearly
disperses from the IC momentum value Q=(0.574, 0, 22)
and reaches a maximum energy ~16meV away from it. A
slight softening can be seen near the point corresponding to
the FIZZ state, Q = (0, 0, 22). In addition, the application
of a 2 T magnetic field softens the dispersion around that
point. The higher broad continuumlike mode centered around
~35meV is almost nondispersive and does not show any
significant changes in the applied field. It is noteworthy that
recent independent studies of Ir L;-edge RIXS on two related
compounds, Na,IrO3 and «-Li,IrO3, have observed a similar
broad continuum around ~20-30 meV, which has been in-

terpreted as magnetic in origin through a careful study of its
momentum and temperature dependence [68,71].

The temperature dependence of the RIXS spectra is shown
in Fig. 3(c). The low-energy mode dispersing up to ~15 meV
(indicated by the left arrow) monotonically decreases above T;
and becomes featureless above ~150 K. Conversely, the broad
excitation mode centered around 35 meV remains largely un-
changed with increasing temperature. Its intensity, integrated
for energies above 20 meV, remains constant up to ~100K,
and slowly decreases as 1/7T above that. Nonetheless, this
excitation persists to very high temperatures, with a sizable
intensity at room temperature.

To better understand our data, we first model the Q depen-
dence of the RIXS response using a semiclassical approach.
To this end, we follow previous theoretical works which
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FIG. 4. Evolution of the total dynamical structure factor S(Q, w) calculated in magnetic field along the b axis. The spectra is shown
for pu,Hy, =0, 20, 100, and 150 T. Even for H, > H,’, the Q, = 2/3 mode remains soft and significantly intense, indicating that IC and
FIZZ states are intertwined at all fields. The colors and the width indicate the magnitude of the associated component after convolving with a

Gaussian.

employ a 1/S expansion around the closest commensurate
approximant of the observed IC order, namely, a period-3
state with counter-rotating moments and the same irreducible
representation as the observed IC order [55-58]. Expanding
around this period-3 state leads to a magnon excitation spec-
trum and the spin DSF (1). Figure 3(b) shows the diagonal
components of the DSF S*(Q, w), S”(Q, w), S°(Q, w),
as well as the total DSF defined as S(Q, w) = $(Q, w) +
S”(Q, w) + 85(Q, w) along the orthorhombic Q, direction,
computed at u,H, = 0 T (left panel) and 2 T (right panel).
The off-diagonal elements S%(Q, ) and $*(Q, w) are zero
by Cy, symmetry of the zero-field ground state and the ground
state when the magnetic field is applied along the b axis [57].
The off-diagonal component $*“(Q, @) is very small when
H < Hj, and is numerically zero H > H;’, which is why we
disregard it in our analysis. In the background we have also
superimposed the linear spin wave spectrum (thin white lines).
We can see that the most intense mode both at zero field and
at 2 T is the one near Q = (2/3, 0, 0), which describes the
fluctuations of the IC magnetic order. In particular, the domi-
nant contribution to that mode comes from the cc polarization
channel. The intensities of the soft modes at Q = 0 are much
weaker and are dominated by the bb channel, consistent with
the fact that the low-field Q = 0 zig-zag and ferromagnetic
static orders are much weaker compared to the IC compo-
nents. The applied field causes a softening of the Q = 0 mode
compared to the zero-field data, as seen experimentally (more
details in the Supplemental Material [59]).

The magnetic continuum around ~35 meV is not seen in
our semiclassical analysis of the DSF [see Fig. 3(b)]. More-
over the fact that it survives at temperatures well above the
ordering temperature 7; with almost the same momentum-
integrated intensity as the one at very low temperatures [see
Fig. 3(c)] suggests that magnons cannot account for this
broad continuum. The dominance of the Kitaev coupling in
B-LiyIrO; offers an alternative interpretation, whereby the
high-energy continuum of magnetic excitations is predomi-
nantly coming from long-lived pairs of Majorana fermions,

characteristic of the proximate QSL, which is seen in the
predominantly SC response. In particular, according to theory
calculations for the pure Kitaev model [24], the SC response
of B-LiyIrO; is given by a broad continuum, centered at an
energy around 6K/4 ~ 27 meV [73], in good agreement with
the observed position of the peak around 35 meV. The differ-
ence is likely accounted for by the additional interactions in
B-LiIrOs, and in particular by I", which is as high as 55% of
the dominant Kitaev coupling.

IV. DISCUSSION

The low-energy excitation spectra hold important infor-
mation about the nature of the magnetic state in 8-Li,IrO;.
With our data in agreement with semiclassical calculations of
the dynamical spin structure factor, we can confidently use
the model Hamiltonian to compute the expected excitation
spectra at higher fields. In Fig. 4, we show the evolution of
the low-energy spectrum at a wide range of magnetic field
values Hj;,. We can see that the Q, = 2/3 mode remains soft
and has significant intensity even at fields much larger than
H}, indicating strong spin fluctuations despite the absence of
the corresponding long-range magnetic order. This happens
because the modulated components with Q = (2/3, 0, 0) and
the uniform components with Q = (0, 0, 0) are intertwined at
all fields due to the spin-length constraints, as was previously
shown by Li et al. [57]. With increasing field, this mode’s
energy increases continuously. However, only at fields above
100 T does the spectrum show a dispersion with a minimum
at Q = 0 wave vector characteristic of a fully polarized state.
It is remarkable how the system resists full polarization due to
the presence of intertwined orders.

On the other hand, the broad continuum around 35 meV
shows clear clues on the impact of the dominant Kitaev in-
teraction on the spectrum of B-LiyIrO; at intermediate and
high energy scales, and reflects the near proximity of this
system to the ideal quantum spin-liquid state. The width of
this continuum is not determined by decay processes (and thus
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the finite lifetime of the excitations) but rather due to the fact
that excitations can only be created in pairs [74]. Interactions
with phonons and impurities contribute to the finite lifetime
of Majorana fermions, but are weak effects since their lifetime
scales as 72, much smaller than the typical fermionic energy
proportional to 7.

The unusual temperature dependence of the observed
broad continuum cannot be explained in terms of conventional
magnons or phonons since the spin degree of freedom con-
tribution to the scattering intensity should rapidly decrease
and vanish at a temperature above the characteristic exchange
energy, while a lattice contribution would increase monotoni-
cally with temperature due to the Bose population factor [68].
However, the integrated intensity of this excitation shows
Curie-like behavior (1/7) above 100 K and a constant value
below that, without being affected by the low-temperature
long-range order. The thermal characteristics of the JKT
model have been theoretically studied and it is predicted that
above the low-temperature order (T > T;), itinerant Majorana
fermions remain coherent up to a temperature 7 ~ K where
the fractional excitations recombine into spins and the nearest-
neighbor spin correlations decay with increasing temperature.
This fractionalization is experimentally observable in spe-
cific heat, thermal transport, and spin correlation measure-
ments, and its associated excitations are very robust against
temperature.

Recently, Ruiz et al. [75] reported a magnetic anomaly
in B-LiyIrO3 around T, = 100K with signatures appearing
in magnetization, heat capacity, and muon-spin relaxation
(uSR) measurements. A sharp onset was observed on the
magnetization at 7, as well as a crossover in the heat
capacity. Below 100 K, magnetic hysteresis was detected
which grows with decreasing temperature and penetrates the
low-temperature magnetically ordered state with complete
impunity. This temperature also coincides with a previous
report on the reordering of the principal magnetic axes in
the three-dimensional iridates [52,53,76] and the onset of
fermionic contributions to the Raman spectra [49]. Moreover,
1SR data indicate that the entity responsible for this tran-
sitionlike anomaly is static and homogeneously distributed
throughout the sample without causing a true long-range or-
dered state.

Our observation of the temperature dependence of the
broad multispinon excitation centered at 35 meV provides a
connection to the previously reported magnetic anomaly at
T, = 100K and suggests that 7, may represent a crossover
between a high-temperature featureless paramagnet and a
proximate spin-liquid regime governed by the physics of
Majorana fermions. Below T7,, the nearest-neighbor spin
correlations saturate to their low-temperature value. These
spin-spin correlations are precisely equivalent to the kinetic
energy of the emergent Majorana fermions which release
%R In2 of the spin entropy as the system enters this ther-
mal crossover [77]. In addition, we note that similar RIXS
excitations have been observed in the two-dimensional hon-
eycomb iridates o-Na,IrO3 and «-LiyIrO3 [68,71], which has
been equated to the inelastic neutron scattering continuum
reported on o-RuCls. Such ubiquity across Kitaev materials
is another confirmation of the dominant Kitaev exchange, and
its characteristic multi-spinon-like dynamical fingerprints at

intermediate energy and temperature scales, irrespective of the
long-range ordering taking place at very low temperatures.

V. CONCLUSION

We have studied the low-energy excitations of the three-
dimensional Kitaev magnet 8-Li,IrO; using a medium- and
a high-resolution RIXS spectrometer with 25 and 10 meV
resolution at the Ir L;-edge, respectively. These measurements
were carried out using O T as well as a 2 T applied mag-
netic field in order to access the field-stabilized state with
intertwined IC and FIZZ orders. In contrast to the case of
hydrostatic pressure, an applied field does not disturb the
relativistic jeg = % state. Moreover, the field-temperature de-
pendence of the low-energy RIXS spectra reveal two distinct
modes: (1) dispersive magnons branching from Q vectors
corresponding to IC and FIZZ states and reaching a maxi-
mum energy ~16 meV, comparable with the reported Kitaev
exchange energy in S8-LiIrO;3 [56,57], and (2) a broad con-
tinuum of magnetic excitations centered at 35 meV, which
is insensitive to the low-temperature order, remains constant
up to 100 K and slowly decreases above that. Indications
for such a continuum response around 30 meV have been
previously reported by Raman experiments [49]. Also, this
continuum contribution was not seen in the terahertz measure-
ments of Ref. [54] because these only captured spectra up to
~10 meV.

We have compared the experimental low-temperature dis-
persing magnons to the calculated spin dynamical structure
factor above the closest period-3 approximant of the actual
IC order and have shown that the dominant contribution to
the O, = 2/3 mode (corresponding to fluctuations of the IC
order) comes from the cc polarization channel, whereas the
bb channel dominates the O = 0, FIZZ mode. Experimentally,
we observe that a 2 T magnetic field softens the dispersion
around Q = 0, in agreement with the calculation. The va-
lidity of the minimal microscopic Hamiltonian allows us to
predict the evolution of the dynamical structural factor for
large values of H),. The persistence of the soft mode around
0O, =2/3 up to 100 T suggests that the IC and FIZZ states
are highly entangled. Only at very high fields of 150 T do
our calculations predict a quadratic dispersion indicative of
a polarized state.

Moreover, we showed that the overall intensity of the
multispinon continuum around 35 meV has an unusual tem-
perature dependence with constant intensity below 7, =
100K, and a slow decrease above that. This characteristic
temperature has been previously reported as the onset of a
magnetic anomaly affecting thermodynamic variables without
causing long-range magnetic order [75]. Both findings point
towards unconventional magnetism and suggest that T, rep-
resents the thermal fractionalization of spins into disordered
fluxes and Majorana fermion excitations which almost en-
tirely dominate the thermodynamic response of §-Li,IrOs3.
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