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We report measurements of optical absorption in the zig-zag antiferromagnet α-RuCl3 as a func-
tion of temperature, T , magnetic field, B, and photon energy, ~ω in the range ∼ 0.3 to 8.3 meV,
using time-domain terahertz spectroscopy. Polarized measurements show that 3-fold rotational sym-
metry is broken in the honeycomb plane from 2 K to 300 K. We find a sharp absorption peak at 2.56
meV upon cooling below the Néel temperature of 7 K at B = 0 that we identify as magnetic-dipole
excitation of a zero-wavevector magnon, or antiferromagnetic resonance (AFMR). With application
of B, the AFMR broadens and shifts to lower frequency as long-range magnetic order is lost in a
manner consistent with transitioning to a spin-disordered phase. From direct, internally calibrated
measurement of the AFMR spectral weight, we place an upper bound on the contribution to the dc
susceptibility from a magnetic excitation continuum.

When exchange interactions between neighboring spins
in a magnetic system are at odds, the resulting frustra-
tion can lead to a highly entangled form of matter with no
ordered ground state. Such highly correlated, liquid-like
states have come to be known as quantum spin liquids
(QSLs) [1, 2]. The QSL state is markedly featureless and
difficult to experimentally detect – there being no local
order parameter or phase transition. Nonetheless QSL
candidates are of great interest both theoretically and
experimentally because they can host emergent fraction-
alized excitations – wherein the electron is divided into
quasiparticles with fractional quantum numbers [3].

Lattices exhibiting geometric frustration, specifically
those based on triangular arrangements of spins such as
the Kagome [4], have long been at the center of QSL re-
search. A significant step in the development of QSL the-
ory was an alternative, exactly solvable route proposed
by Kitaev [5, 6]. The Kitaev spin liquid (KSL) model
consists of spin-1/2 particles arranged on a hexagonal
lattice with Ising exchange interaction between nearest
neighbors. Frustration results from rotation of the Ising
axis from bond to bond, rather than the geometry of
the lattice. In the exact solution of the KSL model the
spin Hamiltonian is recast in terms of Majorana fermions
propagating on the landscape of a static Z2 gauge field
[6]. Exact analytical results for dynamical spin corre-
lations can be derived [7], leading to predictions for the
signatures of Majorana quasiparticles in inelastic neutron
[8–10], Raman [11], and resonant X-ray [12] scattering.

Coupled with theoretical progress, interest in the KSL
model was greatly stimulated by the suggestion [13, 14]

that Kitaev interactions could arise in real materials,
such as iridates and ruthenates [15–17], as a natural con-
sequence of spin-orbit coupling. Although it was found
that these materials order magnetically at low T [18–
25] interest in these systems as proximate Kitaev spin
liquids has developed, accelerated by the idea that emer-
gent KSL quasiparticles may exist despite the presence
of magnetic order. α-RuCl3 has risen to prominence in
this line of research because crystals suitable for inelas-
tic neutron scattering (INS) have been grown, whereas
INS is notoriously difficult in iridate compounds. INS
performed on α-RuCl3 indicates a continuum of excita-
tions extending to 15 meV and centered at zero in-plane
wavevector, in addition to magnon peaks below the Néel
temperature, TN [26, 27]. This spectrum has been inter-
preted in terms of the q = 0 dynamical susceptibility of
KSLs, in which fractionalization into Majorana fermions
and Z2 vortices creates a continuum of spin fluctuations
above a small gap [8–10]. Interpretations in terms of an
incoherent multi-magnon continuum have also been ad-
vanced [28]. The search for spin liquid states in α-RuCl3
has been further stimulated by the observation that mag-
netic order is destroyed by in-plane magnetic fields that
are weak compared to the leading order exchange inter-
actions, suggesting the existence of one or more quantum
critical points and a variety of exotic phases occupying
the B − T phase space [29–34].

Thus far, the dynamical response in α-RuCl3 has been
probed exclusively by inelastic scattering [26, 27, 35–
37]. In this work, we use time-domain THz spectroscopy
(TDS) to probe excitations in α-RuCl3 in the frequency
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range 0.08-2 THz (energy range 0.3-8.3 meV) and mag-
netic field range 0-7 Tesla. TDS is complementary to INS
in exploring magnetic excitations, as it focuses on the
q = 0 response function with higher spectral resolution
and precise, internally calibrated, determination of abso-
lute spectral weight. By contrast, INS accesses near zero
in-plane wavevector (qab) by selecting non-zero out-of-
plane momenta (qc), introducing broadening and distor-
tion of lineshapes from dispersion along the c-direction.
Furthermore, INS studies of α-RuCl3 at qab = 0 pub-
lished to date are limited to energies above ∼ 2 meV by
the elastic scattering background. The ability of TDS to
trace the spectrum and spectral weight of the magnetic
response function to lower energies at high resolution is
critical for achieving a theoretical understanding the ef-
fective spin Hamiltonian of α-RuCl3 and the nature of
its phases in the B − T plane.

The crystals used in this study exhibit a single thermal
phase transition to zig-zag antiferromagnetic order at a
TN ∼ 7 K and have been shown to contain few stacking
faults [27]. Samples of α-RuCl3 with typical area ∼ 0.8
cm2 and thickness 1 mm were mounted over an aperture
on a copper plate. We measured THz transmission at
near normal incidence such that the probing fields lie in
the ab (honeycomb) plane.

TDS is based on measuring the transmission coef-
ficient, t(ω), of picosecond timescale electromagnetic
pulses. In the weak absorption limit appropriate to
a large gap Mott insulator such as α-RuCl3, |t(ω)| ∼=
[4n/(n + 1)2] exp [−α(ω)d], where α(ω) is the frequency
dependent absorption coefficient, n is the index of refrac-
tion, and d is the sample thickness (See Supplementary
Information (SI) section I [38]).

Before considering the frequency-dependence of the ab-
sorption, we show that TDS probes the point group sym-
metry of the unit cell of α-RuCl3. In the presence of
3-fold rotational symmetry (C3), t(ω) will be indepen-
dent of the direction of the THz field in the ab plane. To
test for C3, we measured t(ω) as the sample was rotated
between a pair of crossed linear polarizers. The inset
to Fig. 1a shows a polar plot of the transmitted ampli-
tude as a function of sample angle at room temperature.
The observed anisotropy demonstrates that C3 is broken
at 300 K. The 4-fold pattern of the polar plot indicates
optical birefringence, that is the existence of a pair of or-
thogonal principal axes with distinct values of the index
of refraction. Laue X-ray diffraction on the same crystal
confirmed that these directions correspond to the a and b
axes depicted in Fig. 1b (see SI section II [38]). The opti-
cal birefringence is likely related to an in-plane distortion
of the Ru hexagons in which the length of the pair of op-
posing Ru-Ru links parallel to the b axis is greater than
the other two by ∼ 0.2% [39, 40]. Although there are
three equivalent orientations of this distortion, we note
that the crystal under study must comprise largely a sin-
gle such domain on the scale of the optical probe (∼5

mm2 area by 1 mm thickness) in order to show strong
optical anisotropy.
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FIG. 1: (a) Optical density α(ω)d with E parallel to axis a
(blue) and axis b (red) at T = 4 K. Inset: Polar plot of trans-
mitted THz electric field amplitude at 294 K as a function
the rotation angle of a sample positioned between crossed po-
larizers. The principal axes are marked by dashed lines. (b)
Zig-zag AFM order on the honeycomb lattice, with a and b
axis directions denoted by blue and red arrows.

In the main panel of Fig. 1a, we plot the absorption
α(ω)d at 4 K with the E field polarized parallel to the
a and b directions. A conspicuous feature of both spec-
tra is the narrow peak at 0.62 THz (2.56 meV), which
is superposed on a broad continuum of absorption with
a low-energy cut-off. The spectra for the two orthogonal
polarizations are distinctly different, showing that the
breaking of C3 observed at room temperature persists to
low T . Thus the phase transition at 150 K (which we
observe optically, see SI section III [38]) must occur be-
tween crystal structures that each break C3, for example
monoclinic → triclinic [41].

Figs. 2a and 2b focus on the temperature dependence
of the sharp peak in zero magnetic field. The inset to
Fig. 2a compares pulses transmitted through the sample
at 2 K and 15 K. In the main part of Fig. 2a we show, on
an expanded vertical scale, the results of subtracting the
THz transient measured at 15 K from those measured at
various temperatures below the magnetic transition, for
B(t) ⊥ a. The oscillations that grow with decreasing T
are well described by damped sine waves Ae−Γtsin(ωRt),
where A is the amplitude, ωR is the resonant frequency,
and Γ is the decay rate (see SI section IV [38]. Fig. 2b
illustrates the T -dependence of A (left-hand scale) and Γ
(right-hand scale).

As the 2.56 meV mode appears at TN , it is natural
to associate it with resonant magnetic-dipole excitation
of a q = 0 magnon, which is known as antiferromag-
netic resonance (AFMR) [42, 43]. AFMR will appear at
a nonzero frequency whenever SU(2) spin rotation sym-
metry is broken by spin-orbit interactions, as are clearly
present in α-RuCl3. However, as translational symmetry
is changed at TN , it is also conceivable that the resonance
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FIG. 2: (a) Coherent magnon emission measured in the time domain at 2 K, 4 K, 6 K, and 8 K on an expanded vertical scale.
Inset: Time trace of transmitted THz E field at 2 K (blue) and 15 K (red). The 2 K pulse shows coherent magnon radiation
while the 15 K pulse does not. (b) Resonance amplitude (left-hand scale) with B(t)⊥a (blue) and B(t)⊥b (red) and full-width
half maximum (FWHM) along a (right-hand scale) as a function of temperature. Dashed lines are a guide to the eye. (c) The
absorption spectrum at 4 K as a function of magnetic field. (d) Absorption spectra with DC B- field parallel to THz field B(t),
both at 45◦ between the a and b axes. The zero-field spectrum is subtracted. (e) Dependence of AFMR energy (left-hand axis)
and inverse quality factor, ΓR/ωR (right-hand axis), on magnetic field. (f) Solid black and red circles show the static magnetic
susceptibility, χ(0), and the contribution to χ(0) from the q = 0 spin wave, respectively, as a function of magnetic field. The
shaded region between indicates the maximum contribution from a magnetic excitation continuum.

results from folding to zero wavevector of an acoustic
phonon.

To test whether the resonance is indeed AFMR, we
performed TDS as function of in-plane magnetic field
from 0 to 7 Tesla, obtaining the absorption spectra shown
in Fig. 2c. The resonant mode clearly shifts systemati-
cally to lower frequency with increasingB. As the period-
icity of the antiferromagnetic order does not change with
field [30], this observation demonstrates that the mode
is not a zone-folded phonon and confirms its identity as
AFMR .

Assuming that photons couple to the AFMR through
the magnetic dipole interaction, we can evaluate the
imaginary part of the dynamic magnetic susceptibility
at zero wavevector, χ2(ω), associated with the peak. To
focus on this component we subtract the zero-field spec-
trum from those measured with B 6= 0; the resulting
difference spectra are shown in Fig. 2d. The strength
of the absorption thereby is directly related to χ2(ω) via

the relation,

α(ω)d =
ωnd

2c
χ2(ω) =

ωTrt
4

χ2(ω) (1)

Note that the absolute, as opposed to relative, values
of χ2(ω) are obtained directly from fundamental observ-
ables: optical density, αd, and the pulse roundtrip time,
Trt (see SI section I [38]).

We find that for all values of the magnetic field the
resonance can be well fit by a Lorentzian lineshape, that
is,

χ2(ω,B) =
SωΓ

(ω2 − ω2
R)2 + ω2Γ2

, (2)

where ωR, Γ are now field-dependent and S(B) param-
eterizes the the overall amplitude. The dashed line in
Fig. 2d illustrates the quality of the fit for the 4 Tesla
difference spectrum (equally good fits for other fields are
shown in SI section IV [38]). The variation with B of
the resonant frequency and inverse quality factor, Γ/ωR,
obtained from the lineshape analysis are shown in Fig.
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2e. The width of the resonance measured at zero applied
field, ≈ 300 µeV, is at least 5 times smaller than the
qab ≈ 0 peak observed by INS [27, 44]. It is striking
that although ωR(B) decreases with increasing B, the
resonance remains remains a well-defined, underdamped
mode despite the loss of long-range magnetic order that
occurs at a critical field, Bc ≈ 7 Tesla. Recent experi-
ments that extend electron spin resonance measurements
to higher fields show that this mode persists through the
transition spin-disordered state; its frequency reaches a
minimum value of ≈ 1 meV at Bc [45] and thereafter
increases linearly in proportion to B −Bc [45, 46].

A key issue in unravelling the physics of α-RuCl3, in
particular its proximity to a spin liquid ground state, is
the existence and strength of a continuum of magnetic
excitations at q = 0 in addition to well-defined magnon
modes. THz spectroscopy directly addresses this issue
by providing an auto-calibrated measurement of χ2(ω) at
zero wavevector. The thermodynamic sum rule, derived
from the Kramers-Kronig relation, relates χ2(ω) to the
dc magnetic susceptibility, χ(0),

χ(0) =
2

π

∫ ∞
0

χ2(ω′)

ω′
dω′. (3)

While Eq. 3 is valid in general, the contribution to the
dc susceptibility of a mode described by the Lorentzian
lineshape of Eq. 2 is simply given by χ(0) = S/ω2

R.
The thermodynamic sum rule allows us to place a

bound on the strength of the q = 0 magnetic continuum
in α-RuCl3. In Fig. 2f we compare the dc susceptibility
associated with the spin wave resonance, S(B)/ω2

R(B),
with recent measurements of χ(0, B) using low-frequency
susceptometry [44]. Both the spin wave contribution and
the total χ(0, B) grow with increasing field, maintaining
a fixed proportionality for B < 6 T; this is highlighted
by the dashed line, which shows S(B)/ω2

R(B) scaled by a
factor of 1.5. The shaded region between the two curves
corresponds the dc susceptibility not accounted for by
the AFMR resonance. It is expected that in a quantum
phase transition from a magnetically ordered phase to a
QSL with fractional excitations, the spectral weight of
spin wave modes would shift to a broadband magnetic
continuum. Our spectra show instead that the contribu-
tion to the dc susceptibility from a magnetic continuum
remains comparable in size to the contribution of the
q = 0 spin wave, which remains a well-defined mode even
approaching the critical magnetic field. This suggests
that the Bc ≈ 7 T transition cannot be straightforwardly
interpreted as a transition to a QSL.

Finally, we discuss the broad-band component of the
THz absorption that is evident in Figs. 1a and 2c. First,
the thermodynamic sum rule argument described above
rules out the possibility that the large observed contin-
uum arises entirely from magnetic-dipole absorption. To
show this, consider converting the entire α(ω) to χ2(ω)
using Eq. 1, and then integrating χ2(ω)/ω with respect

to ω to obtain a value for χ(0). As is already evident from
comparison of the spectral weight of the resonant and
broadband contributions to αd, the χ(0) that emerges
from this calculation is far larger, by ≈ 30 times, than
the measured value of 0.02 emu/mole (∼ 0.005 in SI
units) [24]. We conclude that the dominant contribution
to the broadband absorption must originate from elec-
tric, rather than magnetic-dipole coupling, as expressed
for example in terms of an optical conductivity.

Fig. 3 shows optical conductivity, σ1(ω), at temper-
atures from 2 K to room temperature, converted from
the absorption coefficient using the relation, σ1(ω) =
2nY0α(ω), where Y0 = 377Ω−1 is the admittance of free
space (see SI section I). A striking feature of the spectra
is the lack of temperature dependence – in particular the
drop-off in σ1(ω) below ≈ 1 meV remains well-defined
even at high temperatures where kBT � 1 meV. The
linear in ω cut-off below 1 meV evident in Figs. 1, 2c,
and 3 is a highly reproducible feature seen in all spectra.
Further evidence for the decrease in σ1(ω) below 1 meV
is that the dc conductivity, σ(0), (shown as a solid red
circle) is indistinguishable from the origin on the scale of
Fig. 3 even at room temperature, where σ(0) ∼ 3× 10−4

Ω−1 cm−1.
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FIG. 3: Absorption spectra interpreted as optical conductiv-
ity, with E parallel to b.

At this point the origin of the broadband THz con-
ductivity in α-RuCl3 is not known, as the 0.3-8.3 meV
energy scale is well below the range of expected opti-
cal transitions. Excitations across the Mott gap onset
at 200 meV (∼ 50 THz) [17] and the dominant dipole-
active optic phonon resonance is found at ∼ 35 meV (∼
8.5 THz) (see SI section V [38]). Lorentzian fits to this
phonon mode yield σ1(ω) that is well below the mea-
sured value near 1 meV (see SI section V [38]). Although
non-Lorentzian lineshapes are found in many wide-gap
insulators, the signatures of these acoustic-phonon as-
sisted processes are strong temperature and featureless
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power-law frequency dependences , both of which are in-
consistent with the spectra of Fig. 3.

Given the structure in the spectra on the meV energy
scale, we believe it is possible that the THz absorption is
related in some way to the spin-degree of freedom. We
note that features of the THz spectra, particularly the
linear in ω low-energy cut-off shown in Fig. 1a and 2c,
closely resemble the dynamical spin structure factor pre-
dicted for the Kitaev-Heisenberg Hamiltonian [10]. In-
trinsic mechanisms by which spin fluctuations in frus-
trated magnets acquire electric-dipole activity were de-
scribed in Refs. [47] and [48]. The predicted optical
conductance per atomic layer is either ∼ (e2/h)(t/U)3

if the lattice is fixed, and ∼ (e2/h)(t/U)2 if magnetoe-
lastic coupling is considered (t and U are hopping and
Coulomb energies, respectively). Converting the spectra
shown in Fig. 3 to conductance per Ru layer (see SI sec-
tion VI) yields an optical conductance of ∼ 10−4(e2/h)
and of the same order as found in the Kagome compound
Herbertsmithite [49].

To summarize, we have measured the optical ab-
sorption of α-RuCl3 at photon energies comparable to
its magnetic exchange interactions, revealing a sharp
magnon resonance and broad-band optical conductivity
that cuts-off linearly below 1 meV. We tracked the evolu-
tion of the frequency, damping rate, and spectral weight
of the dynamic susceptibility of the q = 0 magnon as a
function of magnetic field. We believe this information is
critical to understanding the role of the Kitaev and other,
“parasitic”, exchange interactions in determining the na-
ture of the quantum critical points and novel phases of
α-RuCl3.
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