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We investigate themagnetic excitations of the hyperhoneycombKitaevmagnet β-Li2IrO3 bymeans of inelastic
Raman scattering. The spectra exhibit a coexistence of a broad scattering continuum and two sharp low-energy
peaks at 2.5meV and 3meV, with a distinctive polarization dependence. While the continuum is suggestive of
fractional quasi-particles emerging from a proximate quantum spin liquid phase, the sharp peaks provide the
first experimental signature of the ‘non-Loudon- Fleury’ one-magnon scattering processes proposed recently
[Phys. Rev. B 104, 144412 (2021)]. The correspondingmicroscopicmechanism is similar to the one leading to the
symmetric off-diagonal exchange interaction Γ (as it involves a combination of both direct and ligand-mediated
exchange paths), but is otherwise completely unexpected within the traditional Loudon-Fleury theory of Raman
scattering. The present experimental verification therefore calls for a drastic reevaluation of Raman scattering in
similar systems with strong spin orbit coupling and multiple exchange paths.

Introduction.– In recent years, magnetic insulators of 4d
and 5d transition metal compounds with bond-directional ex-
change anisotropies, broadly known as Kitaev materials, have
become a rich playground for novel magnetic phases of mat-
ter [1–9]. The majority of these systems order magnetically at
sufficiently low temperatures [8, 9], consistent with theoretical
predictions that the Kitaev quantum spin liquid (QSL) phases,
that are stabilized by the so-called Kitaev anisotropy K , are
fragile against weak perturbations [3, 10–12]. However, the
usual dominance of the Kitaev coupling renders these mate-
rials in relative proximity to the ideal QSL phases, leading
to a general expectation that the magnon modes expected at
low energies will coexist with a broad continuum associated
with the fractional excitations (spinons) of the nearby QSL
phases [13–22].

Here we explore this picture in the hyperhoneycomb Kitaev
material β-Li2IrO3 with inelastic Raman scattering, which is
known to be a sensitive probe to single- and multi-particle
excitations over sufficiently wide ranges of temperature and
energy [15, 18, 19, 21]. The β-Li2IrO3 compound features
an Fddd orthorombic space group, with a hyperhoneycomb
lattice of Ir4+ ions, each forming an effective Jeff = 1/2 mag-
netic moment due to strong spin-orbit coupling (SOC) [22–
27]. As shown in Fig. 1 (a), the Ir4+ ions form zigzag
chains (red and green bonds) running alternatively along (a-
b, a-b) and (a+b, a+b) directions. At zero-field and below
TI = 38 K, the system shows an incommensurate (IC) or-
der with counter-rotating spin sublattices and propagation
wavevector Q= (0.574, 0, 0) in orthorhombic units [23, 24].
This complex order results from the competition among var-
ious bond-dependent anisotropic exchange interactions. Sim-
ilarly to all other Kitaev materials [8, 9], edge-sharing IrO6
octahedra in β-Li2IrO3 provide 90◦ paths for the dominant

bond-directional, Ising-like Kitaev interaction among mag-
netic moments [2, 3]. Besides the dominant Kitaev anisotropy,
β-Li2IrO3 features additional interactions, such as the nearest
neighbor (NN) Heisenberg interaction J and the symmetric
component of the NN off-diagonal exchange coupling, com-
monly referred to as the Γ interaction [11, 28, 29].

In agreement with earlier studies by Glamazda et. al. [15],
our experimental results for the Raman susceptibility reveal a
broad scattering continuum that survives in a wide tempera-
ture range up to 100K, well above TI . Our analysis of the T
dependence of this continuum and the evolution of its spectral
weight, as well as a comparison with theoretical calculations,
suggests that this continuum is not associatedwith themagnon
excitations of the low-T ordered phase. Rather, the continuum
is more consistent with spinons of the proximate Kitaev spin
liquid phase, thus reinforcing the magnon-spinon dichotomy
picture already advocated previously for this material by a
resonant inelastic X-ray scattering (RIXS) study [22].

In addition to the continuum background, however, we have
observed two sharp, low-energy peaks below TI , which were
not resolved in Ref. [15]. These peaks appear in cross polar-
ization and not in the parallel polarization, and furthermore
disappear aboveTI . A direct comparison of these findingswith
the recently [30] revised theory of Raman scattering, appli-
cable to Kitaev-like Mott insulators with strong SOC, reveals
that these peaks are in fact the first experimental signature
of ‘non-Loudon-Fleury’ magnon scattering processes. More
specifically, according to Ref. [30], the leading contributions
to the Raman vertex R [which enters the Raman intensity
I(Ω)∝

∫
dt eiΩt 〈R(t)R(0)〉, where Ω=ωin−ωout is the total

energy transfer and 〈· · · 〉 denotes thermal averaging], contains
significant terms arising from microscopic photon-assisted
tunneling processes [Fig. 1 (c-d)] beyond those [Fig. 1 (e)] ap-
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Non-LF LF

Figure 1. (a) Hyperhoneycomb network of Ir4+ ions (yellow spheres)
in β-Li2IrO3. Each octahedron denotes a IrO6 cage. (b) All micro-
scopic processes leading to the effective Hamiltonian on a given bond
are confined to the Ir2O2 plaquette (also highlighted in (a) by a blue
dashed circle). (c-d) ‘Non-Loudon-Fleury’ Raman processes, in which
the virtual, photon-assisted, electron hopping process does not re-
duce to the effective exchange times an overall polarization depen-
dence, as in typical LF processes (e).

pearing in the traditional Loudon-Fleury (LF) theory [31, 32].
Among these, the virtual processes of Fig.1 (d), which involve
both direct and ligand mediated paths, are of similar type with
the ones leading to the symmetric off-diagonal interaction
Γ, but, in the Raman vertex, they take the form of a bond-
directional magnetic dipole term. Such terms are responsible
for the appearance of sharp, one-magnon Raman peaks with
distinctive polarization dependence, and are otherwise not ex-
pected in the traditional LF theory [30].

Crystal growth, handling and characterization.– High-
quality single crystals of β-Li2IrO3 were grown by a vapor
transport technique. Ir (99.9% purity, BASF) and Li2CO3
(99.999 % purity, Alfa-Aesar) powders were ground and pel-
letized at 3,000 psi in the molar ratio of 1:1.05. The pel-
lets were placed in an alumina crucible, reacted for 12 h at
1,050°C, and then cooled down to room temperature at 2 °C/h
to yield single crystals which were then extracted from the
reacted powder. β-Li2IrO3 crystallizes in the orthorhombic
Fddd space group and average 105×150×300 µm3 in size.

Raman spectroscopy setup.– The Raman spectra presented
here were obtained on a custom built, low temperature mi-
croscopy setup [33–35]. A 532 nm excitation laser, whose
spot has a diameter of 2 µm, was used with the power limited
to 10 µW to minimize sample heating while allowing for a
strong enough signal. The absence of laser induced heating
was crucial to ensure the ordered state is achieved, and is con-
firmed via stokes/antistokes analysis as well as the appearance
of magnons at the appropriate temperature. The single crystal

was mounted by silver paint onto a copper sample holder and
vacuum transferred onto xyz stage in in the cryostat [33]. At
both room and base temperature (10 K), the reported spec-
tra were averaged from three spectra in the same environ-
ment to ensure reproducibility. The spectrometer had a 2400
g/mm grating, with an Andor CCD, providing a resolution of
≈ 1 cm−1. Dark counts are removed by subtracting data col-
lected with the same integration time with the laser blocked.
To minimize the effects of hysteresis from the crystal struc-
tural transition, data was taken by first cooling the crystal to
base temperature and then heating to the target temperature.

Results.– Figure 2 (a) shows the 10K Raman susceptibility
measurement at cross (c, a-b) and parallel (a-b, a-b) polariza-
tions. The notation (c, a-b) and (a-b, a-b) refer to the incident
and scattered beam polarizations in the orthorhombic refer-
ence frame of the crystal structure. As the Raman intensity
of Stokes and anti-Stokes scattering can be described using
IStokes = χ(nB + 1) and Ianti−Stokes = χ(nB), we extracted
the Raman susceptibility by dividing the measured intensity
by the appropriate Bose function.

i) Phonon modes.– In both polarizations, the spectra show
a number of sharp peaks superimposing a continuum back-
ground. The very sharp peaks appearing above ∼ 25meV can
be readily identified as optical phonon modes (obeying the
selection rules of the Fddd space group), as was analysed pre-
viously in [15]. Among them, several peaks have pronounced
asymmetric line shapes, which can be ascribed to Fano res-
onances [36] due to the coupling of the optical phonons to
the underlying continuum of non-phononic origin. A similar
asymmetry of the low-energy phonon line shapes has been
extensively discussed in studies of bulk α-RuCl3, both exper-
imentally [14, 18–20, 37] and theoretically [38, 39].

ii) Sharp low-energy peaks.– We now turn to low ener-
gies and low temperatures, where coherent magnons are most
likely to appear. In Fig. 2 (b), we plot the Raman spectra in
(c, a-b) polarization both at 10 K, the lowest temperature in
our measurements, and at 40 K, slightly above TI . We observe
two nearby but well-resolved peaks at very low energy. Im-
portantly, these peaks appear only in the cross polarization,
and are absent in the (a-b, a-b) data of Fig. 2 (a). Moreover,
at 10 K, the sharp modes and the underlying broad continuum
coexist, while at 40 K only the broad continuum survives,
suggesting that the former comes from magnons.

To better understand the low energy sharp features, we fo-
cus on the (c, a-b) polarization and study their temperature
evolution, by performing the Raman scattering with small step
temperature increase, see data in Fig. 2 (c). At 10 K, the two
peaks are centered around 2.5 meV (M1) and 3 meV (M2),
similarly with the two sharp resonances, centered around 2.1
meV and 3 meV, that were previously observed in the THz
spectra [40]. Interestingly the intensity of the M2 peak is
larger than the intensity of the M1 peak. However, the two
peaks exhibit very different temperature evolution. From 10
K to 29 K, the intensity of the M2 peak decreases with tem-
perature and is merged into the high energy tail of M1, while
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Figure 2. (a) Raman susceptibility of β-LiIrO3 at 10 K, orange line
shows (a-b, a-b) polarization, blue line is (c, a-b) polarization (orange
and blue arrows indicate phonon modes in Ag+B1g channels and
B2g+B3g channels respectively, red asterisks indicate two low-energy
one-magnon peaks, and dashed box region incloses the multi-peak
structure between 12 meV and 22 meV). (b) Comparison of Raman
susceptibility in the (c,a-b) channel at 10 K (blue) and 40 K (red). (c)
Temperature dependence of the two low-energy peaks M1 and M2
seen in the (c, a-b) channel

.

M1 increases from 20 K to 25 K, and then starts decreasing
and softening until it disappears as we reach TI .
The fact that the two low-energy peaks only exist below TI

implies that they can be assigned to magnons. To establish
this we employ the recently revised theory of Raman scat-
tering discussed above [see Supplementary Material (SM) S2
and S3 [41]]. As shown in Ref. [30], for the case of β-Li2IrO3
(and for Ω � ωin, out), the non-LF terms of Fig.1 (d) give rise
to a sharp, one-magnon peak in the (a-c) channel. Figure 3
shows this peak for the present case of (c,a-b) polarization,
as obtained from a semiclassical expansion around the com-
mensurate Q= (2/3, 0, 0) approximant state of β-Li2OIr3, and
using the minimal J-K-Γmodel [see SM S1 [41]]. At the level
of linear spin-wave (LSW) theory (dashed black line), the po-
sition of the peak is centered around ω2 ' 2.8 meV, close to
the positions of the observed peaks M1 and M2. The same
calculation for the (a-b, a-b) channel shows no peak at this
energy range, consistent with the experimental results. This
agreement on the position of the peak and its polarization de-
pendence gives strong support to the one-magnon origin of
one of the two peaks.

What about the second peak? To address this question
we begin by recognizing that the non-interacting magnon
spectrum does in fact feature a second low-energy mode at
ω1 ' 0.34 meV (this is the mode that ‘unfolds’ to the pseudo-
Goldstone mode at the ordering wavevector in the dynamical
structure factor, see [30]) but the calculated Raman inten-
sity of this mode at Q = 0 vanishes. Magnon anharmonicities
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Figure 3. The one-magnon Raman response computed within the
non-LF theory, at the level of linear spin wave theory (black dashed
line) or with magnons renormalized by the quartic interactions H4
only (red solid line) [see detailed discussion in the section S1 of
SM [41]], shows one low-energy sharp peak feature in the (c, a − b)
polarization channel. In contrast, the LSW theory with the LF Raman
operator gives no low-energy features (black dotted line, not visible
because the intensity vanishes). The inset shows the fit of the low-
energy peaks M1 and M2 to the phenomenological model discussed
in the section S1 of SM [41].

[treated at the level of a mean-field decoupling of the quartic
interactions (and disregarding the magnon decay processes
driven by the cubic terms), see SM S1 [41]] appear to be
able to bring the two low energy magnon modes much closer
in energy [the renormalized energies are ωren

1 ' 2.3meV and
ωren

2 ' 3.1meV], as in experiment, however we still see only
one mode with nonzero intensity. This indicates that the van-
ishing of the intensity is due to a phase cancellation related
to the commensurate character of the considered approximate
ground state, in conjunction with the uniform character of the
Raman vertex (similarly to the vanishing of the intensity of the
dynamical spin structure factor at the zone center in bi-partite
Néel antiferromagnets [42]). It is then plausible that incor-
porating the true IC character of the ordered state, or lower
symmetry terms that are inevitably present in the spin Hamil-
tonian, would remove this phase cancellation of the transition
matrix element and render the second magnon mode observ-
able as well. A simple phenomenological way to incorporate
such a coupling by hand into our semiclassical expansion is
discussed in the section S1 of SM [41], and can readily deliver
a good agreement with experiment, see the inset in Fig. 3.
Altogether, this suggests that the observed proximity of the
two peaks M1 and M2 can well be a manifestation of strong
anharmonicities, which is perhaps not surprising given the
non-coplanar ordering and the strong anisotropic interactions
in this material.

iii) Multi-peak structure at intermediate energies.–Unlike
the sharp low-energy modes M1 and M2, the origin of the
multi-peak structure observed at intermediate energies cannot
be readily identified, especially in the region between 10 meV
and 50 meV, where we expect a mixture of one- and two-
magnon excitations along with overlapping phonon modes
that are difficult to disentangle. Specifically, the reference cal-
culations obtained at the LSW level in Ref. [30] have revealed
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Figure 4. (a) The SW in (c, a-b) polarization: The red dots show the
SW from 1 to 4 meV, which includes both M1 and M2 modes; the blue
dots represent the SW from 4.5 to 7.5 meV, which incorporates a 3
meV interval of the broad continuum with no magnon contribution. (b)
The SW from 2 to 4 meV vs T for (a-b, a-b) (black) and (c, a-b) (red)
polarizations.

a superposition of many one- and two-magnon modes due
to the complex, multi-sublattice nature of the ordered state
and the large number of resulting magnon branches [43, 44].
Most notably, the results point to a polarization dependent,
multiple-peak structure from 12 meV to 22 meV, along with
a broad (but still structured) two-magnon continuum between
15 meV and 45 meV. These features can qualitatively ac-
count for some of the structures seen in the experimental data.
However, a more accurate description must take into account
the effects of spin-wave anharmonicities and magnon decays,
which are expected to play a nontrivial role at this intermediate
energy range, given the non-coplanar ordering and the strong
off-diagonal Γ couplings, that are additionally the source of
finite-state interactions [45].

iv) Magnetic continuum.– Let us now return to the contin-
uum background seen in the data. One of the most notable
features of this continuum is that it covers a wide energy
range, extending all the way down to zero energy, well below
the onset of the two-magnon continuum expected for the IC
ordered state [30]. Moreover, as mentioned above, unlike the
sharp low-energy modes M1 and M2, which disappear at TI ,
the broad continuum persists well above TI , see Figs. 2 (b, c).
In fact, as we analyze further in Fig. 4, the broad continuum
persists in a wide temperature range, extending up to ∼ 100K,
well above TI . The presence and very weak T-dependence of
the continuum aswe crossTI should be contrasted towhat hap-
pens e.g., in unfrustrated magnets, where, with increasing T ,
the spectral weight broadens and shifts to lower energies and
finally evolves to quasi-elastic scattering from overdamped
short-range magnetic fluctuations above the ordering temper-
ature [15, 46–48]. This suggests that in β-Li2IrO3 much of
the continuum background, and especially the one persisting
down to zero energy (where neither magnons nor phonons
are expected as mentioned above), is not related to magnons.
On the other hand, such a continuum Raman response in
which low-energy photons create pairs of Majorana spinons
(no fluxes) with the bandwidth of twice the Majorana spinon
bandwidth is generally expected in the proximate Kitaev spin
liquids [13–17, 49–52].

To explore this further, we follow previous studies and pro-
ceed to analyse the integrated Raman susceptibility, or the
spectral weight (SW). Figure 4 (a) shows the T-dependence of
the SW in the (c, a-b) polarization in two energy ranges:
one between 1-4 meV, which includes both M1 and M2
modes and the underlying continuum, and the other between
4.5-7.5meV from the continuum only. We can see that the
lower-energy SW, governed primarily by the two low-energy
magnon modes, rapidly decreases with T until it reaches TI ,
above which it shows nearly no T-dependence. By contrast,
the higher-energy SW, which comes solely from the contin-
uum background, keeps increasing withT even aboveTI , until
it roughly levels off around 100 K. This points to a systematic
SW transfer from magnons to the continuum background as
we approach TI . Conceptually, this ties in with the intuitive
picture of magnons turning into pairs of deconfined spinons
of the proximate Kitaev phase as we enter the paramagnetic
phase. Next, we compare the low-energy SW obtained in (c,
a-b) and (a-b, a-b) polarizations, see Fig. 4 (b). At low T , the
(c, a-b) SW is significantly larger than the (a-b, a-b) SW, due
to the presence of the low-energymagnonmodes in the former
channel. Above TI , the two SWs, both originating solely from
the continuum background, saturate to some temperature in-
dependent values, with the (c, a-b) SW being slightly larger
than the (a-b, a-b) SW, consistent with the theory prediction
for the pureKitaevmodel on the hyperhoneycomb lattice [50].

Summary.– Our inelastic Raman scattering data provides
significant insights for the magnetic response of the hyper-
honeycomb Kitaev magnet β-Li2IrO3 in a wide energy and
temperature range. In our study, we have provided evidence
that while the observed continuum background is likely of
magnetic origin, it cannot be associated with the magnon ex-
citations of the low-temperature ordered phase. The systematic
transfer of spectral weight from the sharp low-energy peaks
M1 and M2 (which we have established to be magnons) to the
continuum background as we heat up the system is consistent
with the interpretation of the continuum in terms of fractional
excitations emerging from the proximate spin liquid phase, as
discussed in previous studies [13–15, 17, 22, 51].

Turning to the sharp low-energy peaks M1 and M2, we
have demonstrated numerically that their temperature and po-
larization dependence can only be explained by extending the
traditional Loudon-Fleury theory of Raman scattering, where
the contributionRi j to the Raman vertex from a given bond di j

is given by the corresponding superexchange HamiltonianHi j

weighted by a bond-specific polarization-dependent factor. In
reality, Ri j can have a different functional form than Hi j , as
the various electron hopping paths each come with their own,
non-equivalent polarization factors [30]. In the present case,
we have shown that the observed peaks M1 and M2 verify the
existence of the ‘non-Loudon-Fleury’ dipole terms that arise
from the interplay of direct and ligand-mediated hopping, sim-
ilarly to the exchange terms leading to the Γ interaction. This
experimental verification therefore marks a drastic change of
paradigm for the understanding of Raman scattering in mate-
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rials with strong SOC and multiple exchange paths.
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