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Fractionalized excitations probed by ultrasound
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In this work, we study magnetoelastic interactions by means of ultrasound experiments in α-RuCl3—a
prototypical material for the Kitaev spin model on the honeycomb lattice, with a possible spin-liquid state
featuring Majorana fermions and Z2-flux excitations. We present results of the temperature and in-plane
magnetic-field dependence of the sound velocity and sound attenuation for several longitudinal and transverse
phonon modes propagating along high-symmetry crystallographic directions. A comprehensive data analysis
above the magnetically ordered state provides strong evidence of phonon scattering by Majorana fermions. This
scattering depends sensitively on the value of the phonon velocities relative to the characteristic velocity of the
low-energy fermionic excitations describing the spin dynamics of the underlying Kitaev magnet. Moreover, our
data displays a distinct reduction of anisotropy of the sound attenuation, consistent with the presence of thermally
excited Z2 visons. We demonstrate the potential of phonon dynamics as a promising probe for uncovering
fractionalized excitations in α-RuCl3 and provide new insights into the H -T phase diagram of this material.
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I. INTRODUCTION

A hallmark of a quantum spin liquid (QSL) is spin fraction-
alization. In the exactly solvable Kitaev model spin excitations
are fractionalized into two types of quasiparticles: itinerant
spinon-like excitations, which are described by Majorana
fermions, and localized gapped Z2 fluxes [1,2]. Recent theo-
retical studies have shown that the characteristic signatures of
such a spin fractionalization can be observed experimentally
using various dynamical probes [3–14]. Phonon dynamics is
another indirect but promising probe to explore QSL physics
in real materials [15–21], since spin-lattice coupling is in-
evitable and often rather strong in real materials with large
spin-orbit coupling.

The spin-orbit-coupled Mott insulator α-RuCl3 is among
the most extensively studied materials predicted to host Kitaev
interactions and to be in proximity to the Kitaev QSL state
[14,22–26]. Despite the presence of non-Kitaev interactions
in this material leading to a zigzag antiferromagnetic order
below TN = 7.1 K [27–31], much effort has been devoted to
searching for traces of fractionalization in the spin dynamics
of α-RuCl3 [23,32–39]. However, how close this material is
to the Kitaev QSL remains an open question both at zero and
applied magnetic field [31,40].

It was realized that the magnetoelastic coupling plays an
important role in the interpretation of thermal-Hall transport
measurements [37,41,42]. Therefore, the research focus has
shifted further towards this aspect [43–46] producing insights
into the spin-phonon interactions in this material [37,47–51].
Mobile Majorana fermions and thermally induced static Z2

gauge fluxes lead to a continuum of scattering processes,
which strongly affect the phonon dynamics and dissipation
[17–19]. In particular, low-temperature sound attenuation due
to phonon scattering from fermionic particle-hole excitations
is predicted to be linear in temperature [17,18], and to show
rotational symmetry breaking to C6v symmetry [18,19]. Fur-
thermore, time-reversal symmetry breaking by a magnetic
field results in a Hall viscosity, which mixes the longitudinal
and transverse phonon modes, and allows for phonon Berry
curvatures [18].

In this work, we report on a study of the spin dynamics
in α-RuCl3 by means of ultrasound, examining the theoretical
predictions related to the sound velocity and attenuation in the
Kitaev material [17,18]. From the temperature and in-plane
magnetic-field dependence of the attenuation of sound waves,
we conclude that phonons are scattered off fractionalized ex-
citations associated with the underlying Kitaev magnet. The
difference in the sound attenuation of the longitudinal and
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transverse phonon modes can be understood by the value of
phonon velocities with respect to the characteristic velocity
of the low-energy fermionic excitations. Remarkably, due to
a significant difference in the velocities of the longitudinal
and transverse phonon modes being larger and smaller than
the velocity of dispersing Majorana fermions, respectively, the
phonon dynamics in α-RuCl3 exhibits two different regimes
of attenuation: (1) a phonon scatters an occupied fermion
state to a higher-energy state [ph channel, Fig. 2(d)], and
(2) a phonon decays into two fermions, both with positive
energy [pp channel, Fig. 2(e)]. In the former case, the sound
attenuation increases linearly with T . In the latter case, it is
almost temperature independent, only slightly decreasing with
T for temperatures above 30–40 K. Furthermore, thanks to
the high sensitivity of ultrasound to various phase transitions
[52,53], we performed a detailed investigation of the H-T
phase diagram of α-RuCl3 for an in-plane magnetic field
applied perpendicular to the Ru-Ru bonds.

II. METHODS

We grew high-quality single crystals by vacuum sublima-
tion [31,54]. Our samples show a single phase transition at
7.1 K and no signatures of an additional phase transition at
14 K, which could be caused by stacking faults. While the
trigonal P3112 space group of α-RuCl3 has been reported
at room temperature [55], the low-temperature symmetry of
this compound is still under debate [46,56]. In our investiga-
tion, we oriented the samples using Laue x-ray backscattering
diffraction technique. Analysis of the anisotropic suppression
of magnetic order with in-plane magnetic fields confirms
the sample orientation. There are two distinguished crys-
tallographic directions in the honeycomb plane: the a axis
perpendicular to the Ru-Ru bonds and the b axis parallel to
the Ru-Ru bonds [see inset in Fig. 3(c)]. The typical sample
length in the honeycomb plane is 2.0 mm along the a direction
and 1.63 mm along the b direction, with a characteristic size
of 1 mm normal to the plane (c direction).

We performed bulk ultrasound measurements using a
pulse-echo method with a phase-sensitive detection technique
[52,57], the details of which are outlined in the Appendix. To
generate and detect ultrasonic signals in the frequency range
20–120 MHz, we bonded ultrasound transducers (LiNbO3,
36◦ Y cut for longitudinal and 41◦ X cut for transverse-
acoustic modes) with Thiokol 32 to the two parallel sample
surfaces prepared by a focused ion beam (FIB). The transduc-
ers were adapted in size and covered the prepared surfaces of
the sample. Typically, several ultrasound echoes due to multi-
ple propagations and reflections in the sample are observed in
our experiments. We used a calibrated RuO2 resistor in a 3He
cryostat and a Cernox sensor in a variable temperature insert
(VTI) for thermometry.

Our results for the sound velocity of the longitudinal acous-
tic modes, corresponding to the elastic stiffness constants c11

and c33, and of the transverse acoustic modes (c11 − c12)/2,
and c44, in the crystal assuming hexagonal symmetry at zero
and finite magnetic fields are summarized in Fig. 1. The
related geometries, as well as the absolute values of the ul-
trasound frequency f , sound velocity vs, and wave numbers

TABLE I. Sound velocities and wave numbers for various acous-
tic modes and experimental settings. Here, f is the frequency, q the
wave vector, u the polarization of the acoustic wave, vs the sound
velocity measured at 0.3 K at zero field, and q the corresponding
wave number. Sound velocities vs of both longitudinal c11 and trans-
verse (c11 − c12)/2 modes agree well with results from the x-ray
experiments from Li et al. [48,62] and Lebert et al. [56].

f vs q = 2π f /v
Mode Geometry [MHz] [m/s] [μm−1]

c33 q ‖ c; u ‖ c 106 2900 ± 100 0.23
c44 q ‖ b; u ‖ c 27 1350 ± 50 0.126

Voigt
c11 q ‖ b; u ‖ b 40 3000 ± 200 0.084
(c11 − c12)/2 q ‖ b; u ‖ a 28 2400 ± 100 0.073

Faraday
c11 q ‖ a; u ‖ a 22 3300 ± 200 0.042
(c11 − c12)/2 q ‖ a; u ‖ b 26 2200 ± 100 0.057

q are listed in Table I. For each of the acoustic modes, the
general relationship, ci j = ρv2

s , between the elastic constants,
sound velocities, and mass density is satisfied. Note that as the
symmetry of α-RuCl3 might be lower than hexagonal (both
C2/m or P3112 were previously reported in the literature
[23,27,58]), the sound velocities of acoustic modes along the
a and b axes are different.

In addition to the velocity, we characterize the dissipa-
tion of the propagation of the acoustic modes by means
of a sound-attenuation coefficient α. Because the signal
amplitude A′(T0, H0) (measured at the initial field H0 and
temperature T0) depends on the experimental settings, only the
change of the sound attenuation is obtained from our experi-
ments. We define this as �α(T, H ) = α(T, H ) − α(T0, H0) =
−20 log10[A′(T, H )/A′(T0, H0)]/L, where A′ is the signal am-
plitude and L is the effective sample length (see Appendix).

III. RESULTS

A. Sound velocity and attenuation

Next, we present the main result of this paper—the ex-
perimental observation of a rich temperature and in-plane
magnetic-field dependence of the sound attenuation beyond
the magnetically ordered state in α-RuCl3.

Figure 1 shows the temperature dependence of the rel-
ative sound velocity, �v/v, and the change in the sound
attenuation, �α(T ) in different acoustic-mode geometries;
Figs. 1(a)–1(c) and 1(d)–1(f) correspond to zero field and
a field of μ0Ha = 8 T, respectively. To begin with, this fig-
ure clearly establishes the presence of strong magnetoelastic
coupling for sound propagation in α-RuCl3. At zero field,
shown in Figs. 1(a)–1(c), the acoustic modes exhibit pro-
nounced anomalies at the magnetic ordering temperature TN ,
which are fully consistent with the critical softening due to
a second-order magnetic phase transition [59], displaying a
sharp dip in �v/v(T ) (blue lines) and a peak in �α(T )
(black lines). The inset in Fig. 1(a) shows a thermal hysteresis
of the c33 mode at the first-order structural phase transition,
presumably, from the high-temperature monoclinic to a low-
temperature rhombohedral structure [60,61]. For an external
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FIG. 1. Temperature dependence of the relative sound velocity (blue, left scales) and sound attenuation (black and red, right scales) of
selected acoustic modes in (a)–(c) zero and in (d)–(f) magnetic field along the a direction with μ0H = 8 T. The modes shown are (a), (d) c11,
(b), (e) c44, and (c), (f) (c11 − c12 )/2 with q ‖ b. Geometries and measurement frequencies are given in Table I. The inset in panel (a) shows
the sound velocity change for the c33 acoustic mode up to 180 K ( f = 60 MHz). Here, up and down sweeps are marked by arrows. Note the
different attenuation scales for the data obtained in (a)–(c) zero field and (d)–(f) at μ0H = 8 T.

magnetic field of μ0Ha = 8 T, the sharp anomalies both in
�v/v(T ) (blue lines) and in �α(T ) (red lines) are absent
[see Figs. 1(d)–1(e)]. This is consistent with the complete
suppression of long-range magnetic zigzag ordering. How-
ever, some weak minima (maxima) can still be observed in
�v/v(T ) [�α(T )] around 3–4 K, most notably for the trans-
verse (c11 − c12)/2 mode [Fig. 1(f)]. These are indications for
some remaining short-range magnetic fluctuations.

In Fig. 2(a), we summarize the temperature dependence
of the sound-attenuation change of the longitudinal, c11, and
transverse, (c11 − c12)/2 and c44, acoustic modes propagating
along two high-symmetry directions, q ‖ a and q ‖ b, in zero
and in a finite magnetic field H||a. In the following, we focus
on three relevant aspects. First, for a given propagation direc-
tion and magnetic field, �α(T ) varies differently with T for
different modes. Second, for a fixed magnetic field, �α(T )
is different for the same mode propagating along the a and
b directions, i.e., the sound attenuation is anisotropic. Third,
every acoustic mode with in-plane strain exhibits different
zero- and finite-field attenuation “slopes” versus temperature.

Zero-field behavior of sound attenuation. At zero mag-
netic field, �α(T ) shows markedly different temperature
dependencies for the in-plane longitudinal, c11, and the trans-
verse, (c11 − c12)/2, acoustic modes in the temperature range
of 10–45 K. The c11 mode shows an almost-temperature-
independent sound attenuation, with an overall weak down-
turn of �α(T ), which may slightly increase above 20 K . In
contrast, we observe a clear linear temperature dependence of

�α(T ) for the transverse modes (c11 − c12)/2. To show this
more clearly, we display enlarged plots of these two modes for
q ‖ b in Figs. 2(b) and 2(c), respectively. It is also remarkable
that �α(T ) not only shows a very different temperature de-
pendence for the longitudinal, c11, and the transverse, (c11 −
c12)/2, acoustic modes for the same propagation vector, but it
is also quite different with respect to the same acoustic mode
propagating with q ‖ a or q ‖ b (see Fig. 2). For example,
the slope for the transverse mode, (c11 − c12)/2, propagat-
ing along q ‖ a is significantly larger than that propagating
along q ‖ b, clearly indicating the spatial anisotropy in the
attenuation.

We rationalize these findings based on the fermionic ex-
citations of the pure Kitaev model. In our consideration, let
us first neglect thermal flux excitations and return to them
later. The Fermi velocity, which is determined by the slope
of the Dirac cones, can be estimated via the Kitaev cou-
pling, J � 81 K (7 meV ), in α-RuCl3 to be vF � 2746 m/s
(18 meV Å ). This is consistent with previous estimates in
Ref. [62]. Previous theoretical studies [17–19] have shown
that, when vs < vF , the primary contribution to the sound
attenuation stems from microscopic processes, in which a
phonon scatters a positive-energy fermion to a higher-energy
fermion state—dubbed ph channel, schematically shown in
Fig. 2(d). When vs > vF , the kinematic constraints can only
be satisfied in microscopic processes where a phonon de-
cays into two fermions, both with positive energy—dubbed
pp channel in Fig. 2(e). The sound attenuation depends on
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FIG. 2. (a) Change of the sound attenuation versus temperature in α-RuCl3 beyond the magnetically ordered state. We show results for
the longitudinal c11 and transverse (c11 − c12)/2 acoustic modes for two high-symmetry in-plane propagation directions, q ‖ a and q ‖ b, in
zero (black) and magnetic field applied along a (red, orange). Results for the transverse c44 acoustic mode (q ‖ b, u ‖ c) are also shown. The
zero-field data were removed close to and below TN (below the vertical dashed blue line) to mask the dominant attenuation anomaly [shown
in Figs. 1(a)–1(c)] at the ordering temperature TN . Panels (b) and (c) show the data from panel (a) for the acoustic mode (c11 − c12)/2 and c11,
respectively, on an enlarged scale. Measurement frequencies were in the range 20–40 MHz . Note that, for different experimental geometries
(different acoustic modes and different propagation directions) the related attenuation is arbitrarily shifted for clarity. The zero- and in-field
curves belonging to the same acoustic mode for a chosen propagation direction [and with the same A′(T0, H0 ) defined in Sec. II] are not shifted
with respect to each other. The straight dashed gray lines are guides to the eye. Panels (d) and (e) illustrate different scattering channels near
the bottom of the Dirac cone with acoustic-phonon velocities vs < vF and vs > vF , respectively. See text for details.

temperature in distinct manners for phonon decaying in the ph
and pp channels. We discuss this in detail below and compare
with our data.

Apparently, from Table I, the sound velocities vTa
s and

vT b
s of the transverse mode (c11 − c12)/2 for q ‖ a and q ‖ b,

respectively, are both smaller than vF . In this situation, the ph
channel dominates. Power counting for the density of states
in the vicinity of the Dirac points leads to �α(T ) ∝ T when
vsq � T � J , i.e., linearity in temperature [17–19]. This pre-
diction is consistent with the experimental data presented in
Figs. 2(a) and 2(b).

Regarding the anisotropy of the attenuation, it was shown
in Ref. [18] that the dominant contribution is due to the E2

irreducible representation of the C6v point group. For the
transverse mode, this results in an angular dependence of
(1 + cos 6θq) [see inset in Fig. 2(a)]. This leads to a maxi-
mum attenuation of the transverse mode for q ‖ a and none
for q ‖ b. In addition to the E2 channel, however, contri-
butions from a subdominant A1 channel are also present,
generating an angular-independent contribution to �α(T ).
This is consistent with the observed angular variation of
the slope of the (c11 − c12)/2 mode for q ‖ a and q ‖ b,
seen in Fig. 2(a). We also note that while our consider-
ation is based on the group P6mm, the lower symmetry
of α-RuCl3 may further enhance the anisotropy of the

sound-attenuation coefficient along different crystallographic
directions.

Turning to the longitudinal c11 mode, the sound velocities
vLa

s and vLb
s from Table I for q ‖ a and q ‖ b, respectively,

are both larger than the Fermi velocity vF , being in agreement
with Ref. [62]. In this case, the pp channel dominates. These
processes happen even at zero temperature, if a phonon has
enough energy to excite a pair of particles [17–19]. Con-
sequently, �α(T ) depends on temperature only above the
energy scale of the phonon. In that range, thermal occupation
of the fermion states will block the scattering states due to the
Pauli exclusion principle. This is consistent with the downturn
of c11 in Figs. 2(a) and 2(c). We note that asymptotically the
Fermi function requires �α(T ) ∝ T −1 for T � vF q [62].

Next, we comment on the relevance of the Z2 flux excita-
tions for the temperature dependence of the sound attenuation.
Specific-heat analysis [63,64] shows that at zero magnetic
field, flux proliferation occurs in a very narrow temperature
range, namely, in the vicinity of T � ≈ 0.01J, . . . , 0.03J <

3 K, which is of the order of the vison energy scale. Since
T � is clearly lower than 10 K, i.e., the temperatures for
which we discuss peculiarities of the sound attenuation due to
fractionalization (Fig. 2), flux excitations should play a role.
Here, three comments are due. First, the fluxes do not directly
scatter phonons, the spin-phonon vertex is diagonal in the flux

144415-4



FRACTIONALIZED EXCITATIONS PROBED BY … PHYSICAL REVIEW B 109, 144415 (2024)

0 2 4 6 8 10 12 14 16
0

2

4

6

8

10

12

14

16

18

20

0 10 20 30 40
-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0 2 4 6 8 10 12
-2.5

-2.0

-1.5

-1.0

-0.5

0.0
H || aα - RuCl3

µ0H (T)

T
(K
)

TN

Hc1

(c)

Hc2

11.5 T
10 T

9.25 T
8.3 T
8 T

15 T

α - RuCl3
c11 - mode

6.9 T

6 T

µ0H = 0

T(K)

Δv
/v
(%
)

(a)

H || a

TN

Hc1

(b)

1 K

8 K
7 K

12.5 K
T = 17 K

µ0H (T)

Δv
/v
(%
)

Hc2

FIG. 3. (a) Temperature and (b) magnetic-field dependence of the relative sound velocity of the longitudinal acoustic mode c11 (q ‖ u ‖ a)
at selected magnetic fields (H ‖ a) and temperatures, respectively. The curves are arbitrarily shifted for clarity. The measurement frequency
was f = 22 MHz. The vertical arrows indicate positions of the sound-velocity anomalies. TN , Hc1, and Hc2 are also shown. The gray dashed
line in panel (a) corresponds to the Néel temperature TN at zero field. (c) H -T (H ‖ a) phase diagram of α-RuCl3. Characteristic temperatures
(red symbols) and magnetic fields (black symbols) are extracted from the ultrasound data shown in panels (a) and (b). The lines are guides to
the eye. The inset shows crystallographic directions in a honeycomb plane with the notations used in this work.

(gauge) sectors. Second, numerical treatment [17–19] clari-
fies, that the emergent randomness due to static Z2 fluxes does
not obliterate the presence of a characteristic energy scale ωc

(ωc = vF q in the absence of Z2 flux excitations), such that
�α(T ) scales qualitatively similar to either ph or pp scattering
for phonons above or below this scale, respectively (see also
Fig. 4 in Ref. [17]). While vF of the flux-free sector is not a
well-defined quantity at a finite flux density, it is reasonable
to assume that ωc ∼ vF q remains true. Hence, we believe that
our arguments based on the flux-free sector are qualitatively
valid even in the temperature range of interest presented in
Fig. 2. Third, we stress that apart from the A1 channel, a
finite flux density will additionally reduce the anisotropy of
the sound attenuation since relaxing the kinematic constraint
on momenta allows for more scattering processes [19].

Finally, we note that our conclusions about the temperature
dependence of the sound attenuation based on the pure Kitaev
model remain valid even in the presence of small, perturbative
interactions beyond the pure Kitaev limit. Recent analysis in
Ref. [65] has shown that they do not destroy the T -linear
dependence of the sound attenuation in the ph channel but may
further reduce the anisotropy in the pp channel.

Finite-field behavior of sound attenuation. The behavior
of �α(T ) in a finite magnetic field is also quite remarkable.
We show corresponding data in Figs. 2(a)–2(c), mostly at 8 T,
which is above the critical field μ0Hc = 6.9 T, suppressing the
zero-field magnetic zigzag order in our sample [66]. For the
longitudinal mode c11 with q ‖ a, data are only available at
6 T, i.e., below the critical field.

In the temperature range of 10–45 K and μ0Ha = 8 T,
�α(T ) of the transverse mode (c11 − c12)/2 for both q ‖ a
and q ‖ b remains linear in T , consistent with the dominance
of the ph processes. However, while the slope of the curve for
q ‖ b strongly increases compared with the zero-field data, it
remains almost unchanged for the transverse mode with q ‖ a,
such that they become similar to each other. This can be under-

stood by the field-induced decrease of the flux-proliferation
temperature T � due to flux mobility [14,67], leading to a larger
flux density at μ0H = 8 T than at 0 T and implying less
anisotropy of �α(T ) for the transverse modes at finite field.

Finite-field data for the sound attenuation of the longitu-
dinal c11 mode requires more attention since it changes the
character for the mode propagating along the b direction from
pp-like behavior to ph-like behavior, but it remains pp-like for
the mode propagating along the a direction. This is consis-
tent with the observation that vLa

s > vLb
s > vF at zero field

(see Table I) and with the enhanced low-T softening of the
acoustic modes close to Hc1 and Hc2 [shown in Fig. 3(a) for
the longitudinal c11 mode with q ‖ a]. From this, we speculate
that a situation of vLb

s < vF arises at μ0Ha = 8 T and leads
to the change of the character in the temperature dependence
of the sound attenuation of the longitudinal c11 mode with q ‖
b. At 6 T and potentially at higher fields, vLa

s remains larger
than vF , with a sound attenuation by pp scattering. We also
note that for the flux-free zero-field case, analysis of the pp
channel yields �α(T ) ∼ q3/T for T � qvF [62]. Assuming
that these estimates remain qualitatively valid at finite field
and flux density and combining them with [(q‖a)/(q‖b)]3 ≈
1/8 from Table I, it is conceivable that attenuation phenomena
are relatively weak for the c11 mode with q ‖ a. For complete-
ness we note, that the flux-free case, displays a single-fermion
gap at finite magnetic field [1]. However, this does not hamper
our interpretation, since thermal flux excitations readily mask
this gap.

Other potential sources of the sound attenuation in
α-RuCl3. Let us elaborate on why we have chosen to focus
on the discussion of the change in sound attenuation behavior
only above 10 K. A few remarks are in order here. First,
in the case of zero magnetic field, it is worth recalling that
α-RuCl3 undergoes a magnetic ordering phase transition at
temperatures below 7 K. Thus, below 7 K, the dominant
source for the sound attenuation are gapped magnons. It
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is also reasonable to assume that just above this transition
temperature, phonons will primarily scatter from the short-
range fluctuations associated with this magnetic order. This
explains the nonmonotonic behavior of sound attenuation at
low temperatures observed in Figs. 2(a)–2(c). More important,
however, the data show that such fluctuations, if present, have
receded above 10 K and do not hamper our interpretation in
terms of Majorana fermions there. Another potential reason
for the low-temperature enhancement of �α(T ) could be a
non-negligible amount of disorder in α-RuCl3. This includes
vacancies, bond-type, and stacking-type disorder [22,27]. Re-
cent studies have shown that in the Kitaev spin liquid, disorder
induces quasilocalized low-energy states, which at finite field
(6 or 8 T ), when dispersive fermionic modes are gapped, form
in-gap low-energy bands [68–71]. These in-gap states provide
an additional, predominantly pp channel for phonon scatter-
ing, bringing about an increased sound attenuation at very low
temperatures. However, once the temperature increases and all
these in-gap states become populated, the attenuation exhibits
a decrease before starting to increase again due to the phonon-
scattering processes involving dispersive Majorana modes.

Second, let us justify why we exclude some other potential
origins of the observed behavior of the sound attenuation
above 10 K. Lattice anharmonicity is one of them. It scales
as T 3, so it can explain neither the linear T dependence
observed for the transverse (c11 − c12)/2 mode nor the al-
most temperature-independent behavior of the longitudinal
c11 mode. Moreover, the sound attenuation due to lattice an-
harmonicity is not field dependent.

Another potential source of the sound attenuation could be
dislocations. As reported in the literature [72], dislocations
might lead to a linear T dependence of �α(T ) at low tem-
peratures but also produce a characteristic maximum in the
latter at intermediate temperatures. Dislocations in α-RuCl3

could result from stacking disorder of the honeycomb layers
[73,74]. If dislocations would play an important role in the
sound attenuation, then the acoustic modes c44 and c33 involv-
ing out of plane stress would be expected to be sensitive to
them. However, we have not detected any maximum in the
attenuation below the structural phase transition. See Fig. 6 of
the Appendix, where we have shown the sound attenuation
of the modes up to 140 K in zero field. This suggests a
negligible dislocation contribution to the sound attenuation
in α-RuCl3.

For completeness, we clarify that sound attenuation by
Fermi gases, normal as well as superconducting, can be di-
vided into two limiting regimes [75]. Namely, (i) the clean
limit, where the fermion mean-free path l f is large com-
pared with the phonon wavelength, i.e., ql f � 1. And (ii)
the viscous regime, in which ql f � 1. In regime (i), sound
attenuation is a pure quantum effect, i.e., phonons decay into
particle-hole (particle) pairs. This is well known for clean
normal metals and superconductors [76–79]. Our theoretical
analysis employs this framework, yet introducing novel ele-
ments by substituting the conventional electron system with
a Z2 quantum spin liquid and replacing the electron-phonon
coupling with magnetoelastic coupling. Regarding the pure
spin-phonon system the fermionic clean limit is justified,
since the imaginary part of the fermion self-energy is O(T 2)
[18]. Regarding additional extrinsic interactions, it may be of

interest to clarify the relevance also of regime (ii) following,
e.g., Refs. [75,80,81]. This, however, is unrelated to the work
presented here. Finally, we note that sound attenuation has
also been studied previously in U(1) spin liquids [15,16].
While employing fermionic spinons similarly, the latter stud-
ies also include dynamical gauge fields and fermionic lifetime
effects. This differs from our Kitaev spin-liquid approach.

B. H-T phase diagram of α-RuCl3

In Figs. 3(a) and 3(b), we show our results for the rela-
tive change of the sound velocity �v/v versus temperature
and magnetic field, respectively, for the longitudinal mode
c11 with q ‖ a and H ‖ a. Figure 3 clearly displays anoma-
lies, marked by black arrows, both in the temperature (a)
and magnetic-field (b) dependence of �v/v. These anomalies
signal phase transitions or crossover regimes in α-RuCl3. The
anomaly at TN shifts with magnetic field and an additional
step-like feature together with a shallow minimum appears at
about 1 K, for magnetic fields close to Hc2, above which the
zigzag order disappears [Fig. 3(a)]. Remarkably, the elastic
softening for H close to Hc2 is at least twice as large as in
zero field. Presumably, this is due to enhanced fluctuations in
the quantum-critical regime. In fields H > Hc2, the velocity
versus temperature exhibits a broad minimum which shifts to
higher temperatures with increasing magnetic field [Fig. 3(a)].
This minimum evidences a crossover regime in this range of
temperatures and magnetic fields.

The field dependence of �v/v in Fig. 3(b) shows two
pronounced minima at T = 1 K (orange curve), i.e., one at
μ0Hc2 � 6.9 T and another at μ0Hc1, just below the critical
field, at approximately 6 T . The anomaly at Hc2 shifts with
temperature whereas Hc1 stays constant. With Hc2 reaching
6 T close to 5 K, both anomalies merge and for T < TN we
observe a single anomaly in the field dependence. Moreover,
we observe a change of curvature at small magnetic fields
for temperatures below TN . The large anomalies at 6 and
6.9 T at 1 K are related to the changes in the 3D magnetic
structure between zigzag phases with different stacking or-
ders [28,45,82] and the critical field Hc2, respectively. The
low-field feature close to 1 T might be due to a domain
rearrangement in magnetic fields [83]. Moreover, at higher
temperatures, i.e., T � 7 K, a broad minimum appears in
the sound velocity [Fig. 3(b)]. Its position correlates with
the minimum observed in the temperature dependence of the
sound velocity in this magnetic-field and temperature range
[Fig. 3(a)].

We summarize our observations by plotting the posi-
tions of all detected anomalies on an H-T phase diagram
in Fig. 3(c). Despite extensive studies [28,35,45,47,82] this
is still under debate. In particular, while it is well known
that magnetic fields applied along the a direction suppress
the zigzag magnetic order in α-RuCl3, leading to a spin-
liquid-like state, the precise nature of this state and whether
it is adiabatically connected to the high-field paramagnetic
phases remains an open issue. The dashed line above 8 T is
consistent with the linearly increasing spin gap detected also
by other methods [47,83,84]. Remarkably, the sound-velocity
minimum related to this crossover can be traced down nearly
to Hc2.
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IV. CONCLUSION

We present the temperature and in-plane magnetic-field
dependence of the relative velocity and attenuation of lon-
gitudinal and transverse sound waves in α-RuCl3. Strong
spin-lattice coupling allows our ultrasound measurements
to uncover remarkably rich information about the magnetic
ground state and excitations of this material. We argue that
the peculiar behavior of the sound attenuation in α-RuCl3

over a wide range of temperatures can be understood as a
fingerprint of the fractionalized excitations of a Kitaev mag-
net with comparable Fermi and sound velocities: transverse
sound modes with smaller velocities scatter off from particle-
hole excitations, inducing a characteristic T -linear damping,
while longitudinal modes with higher velocities tap into the
fermionic particle-particle continuum at zero field. The Z2

flux excitations are relevant to lift part of the symmetry-
required anisotropies of the attenuation, as well as to explain
its high-field behavior. Our data suggest the striking scenario
of a field-driven tuning of one of the longitudinal sound
velocities through the Fermi velocity. Likely, these findings
survive inclusion of further exchange interactions in the QSL
phase [65]. Regarding the sound velocity, we identify a large
set of transitions in temperature and in-plane magnetic-field
dependencies, and draw an H-T phase diagram, consistent
with previous work by other methods.
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APPENDIX A: ULTRASOUND PULSED-ECHO
TECHNIQUE

In this work, we utilize the ultrasound pulse-echo
phase-sensitive detection technique [52] that is suitable for
experiments at low temperatures, high magnetic fields, and
under hydrostatic pressures. This technique is based on the
homodyne method and allows the simultaneous measurement
of the sound velocity, �v/v, and sound attenuation, �α. The
measurement setup used in this work is schematically shown
in Fig. 4.

First, a signal generator produces radio-frequency signal
(cw) of the form B = B0 cos(ωt ), with angular frequency ω =
2π f , in the frequency range f = 10–500 MHz. The signal is
then divided with a voltage divider to a reference channel and
signal channel. A quadrature hybrid in the reference chan-
nel provides two reference signals with equal frequency but
with 0◦ and 90◦ phase shift, respectively. The signal channel
contains a switch driven by the pulse generator to form the

FIG. 4. Schematic illustration of the ultrasound setup based on the homodyne method for the simultaneous measurement of the sound
velocity and sound attenuation.
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FIG. 5. Echo train for the transverse (c11 − c12)/2 mode (q ‖ a)
in α-RuCl3 at 200 K. The Q (blue) and I signal (purple) are shown
versus time together with the ranges averaged by means of gated
integrator (green and red gates). Vertical, dashed lines show the
onset of crosstalk (CT, gray) and onset of echoes (black) n = 0 (first
transmitting signal), 1, and 2. In the present work all measurements
were performed at zero echo. Note, that for different echoes, n, the
effective sample length should be used L′ = L(2n + 1). τ = L/v is
the time required by the sound to travel through the sample length
L with the velocity v. Hence, the absolute sound velocity can be
obtained.

radio-frequency pulses with a typical pulse duration of 100 to
500 ns and repetition rate of a few kHz. After the amplification
(up to a few volts amplitude), these pulses excite a piezoelec-
tric ultrasonic transducer bonded to the sample. The second
transducer detects the ultrasound signal on the opposite side
of the sample and transforms it back into a high-frequency
voltage signal.

In the sample, the signal undergoes a phase shift 
 and
a change of the amplitude depending on external parame-
ters such as magnetic field or temperature. The signal takes
the form A = A0 cos(ωt + 
). During the signal detection,
the signal is amplified by a broadband low-noise pream-
plifier and mixed with both reference signals. A low-pass
filter (LPF) removes double-frequency signal components,
extracting the amplitude and phase information in-phase
(0◦) and quadrature (90◦) channels, denoted as I and Q,
respectively [52,85]:

I = (1/2)A0B0cos
,

Q = (1/2)A0B0sin
.
(A1)

One can consider I and Q as Cartesian coordinates related
to the signal with the amplitude A′ = (I2 + Q2)1/2 and phase

 represented in polar coordinates.

The measured sound-velocity change is [52]

�v/v = � f / f − �
/
 + �L/L. (A2)

The sample-length change [last term in Eq. (A2)] is
typically very small and can be neglected. In the pulsed-
magnetic-field experiments the frequency is fixed [first term
on the right side of Eq. (A2) is zero] and the sound-velocity
change is proportional to the phase change. At constant fre-
quency � f = 0, the phase is determined from I and Q as 
 =
arctan(Q/I ). Instead, in static-field experiments the phase 
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FIG. 6. Ultrasound-attenuation change for the elastic modes c44

(k ‖ b, u ‖ c), (c11 − c12)/2 (k ‖ b, u ‖ a), and c33 (k ‖ u ‖ c) versus
temperature in α-RuCl3 up to 140 K in zero field.

is typically locked (�
 = 0) by a feedback loop based on
the frequency modulation (FM) by a DC signal regulating I to
zero by adjusting the ultrasonic frequency. The sound-velocity
change is proportional to the frequency change in this case,
increasing the measurement accuracy to typically 10−6. The
signals in the channels I and Q are averaged by means of
gated integrators (boxcar averagers) at the gate position. Typ-
ically, an average value of 1000 repetitions is collected. The
information from both channels and the measured frequency
together with temperature and magnetic field are saved for
further analysis.

The sound attenuation change �α(T, H ) is calculated with
respect to the attenuation initial value α(T0, H0) at a chosen
temperature T0 and magnetic field H0 (e.g., in zero-field at
lowest temperature) as �α(T, H ) = α(T, H ) − α(T0, H0)=
20(log10[B′

0/A′(T, H )]−log10[B′
0/A′(T0, H0)])/L=−20 log10

[A′(T, H )/A′(T0, H0)]/L [53]. Here, B′
0 is a sound-excitation

amplitude and A′ is the amplitude of the detected sound signal.
Note, for each new sample installation the direct comparison
of the absolute values of ultrasonic attenuation α is not possi-
ble due to unknown losses in the transducers and in the bond,
diffraction effects, and phonon focusing [52]. This results
in different initial values of the sound excitation amplitude
B′

0. Only the relative change, �α(T, H ), can be compared
in this case. A characteristic output of a measured signal in
the oscilloscope is shown in Fig. 5. The oscilloscope channels
show signal Q (blue), signal I (purple) and the clocked gates
of the boxcar averager (green and red, respectively). During
a measurement, the two gates are set to the same temporal
position and span.

APPENDIX B: ULTRASOUND ATTENUATION BEYOND
THE ORDERED STATE

Figure 6 shows the ultrasound-attenuation change versus
temperature for the acoustic modes c44, (c11 − c12)/2, and c33

up to 140 K.
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