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Strong interactions between particles can lead to emergent collective excitations. These phenom-
ena have been extensively established in electronic systems, but are also expected to occur for gases
of neutral particles like spin waves, also known as magnons, in a ferromagnet. In a hydrodynamic
regime where magnons are strongly interacting, they can form a slow collective density mode — in
analogy to sound waves in water — with characteristic low-frequency signatures. While such a mode
has been predicted in theory, its signatures have yet to be observed experimentally. In this work,
we isolate atomically-thin sheets of ferromagnetic CrCls where magnon interactions are strong, and
develop a technique to measure its collective magnon dynamics via the quantum coherence of nearby
Nitrogen-Vacancy (NV) centers in diamond. We find that the thermal magnetic fluctuations gener-
ated by CrCls exhibit an anomalous temperature-dependence, whereby fluctuations increase upon
decreasing temperature. Our analysis reveals that this anomalous trend is a consequence of the
damping rate of a low-energy magnon sound mode which sharpens as magnon interactions increase

with increasing temperature, providing a first glimpse of the magnon hydrodynamic regime.

I. INTRODUCTION

Modern quantum technologies are often based on mag-
netic materials, with applications ranging from non-
boolean computing [1], to spin torque manipulation [2],
to overcoming the Landauer limit of energy consump-
tion [3, 4]. These technologies rely on the propagation
of magnons — quanta of spin excitation — in magnetic
materials [5]. A fundamental understanding of various
magnon transport mechanisms is therefore crucial for the
development, design, and operation of spintronic devices,
especially those based on recently-discovered atomically-
thin magnets [6].

Of particular interest is the realization of novel trans-
port regimes. Typically, propagating magnons lose their
momentum through collisions with the boundaries of the
sample or the atomic lattice of the host material. A qual-
itatively different regime emerges when magnons collide
predominantly with each other. Such a hydrodynamic
regime is characterized by liquid-like flow in which trans-
port is controlled by collisions within the fluid rather than
its interactions with the host material. This hydrody-
namic regime is further expected to exhibit a collective
sound mode at energies lower than that of single magnon
excitations [7-9].
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In the solid state, hydrodynamic transport is an emerg-
ing field with growing evidence in electron systems [10—
14], and even demonstrated practical value [15]. In the-
ory, it has been suggested that a hydrodynamic regime
could be realized in densely-populated and strongly in-
teracting magnon gases, which exist in two-dimensional
ferromagnets with highly isotropic spins [8, 9, 16, 17].
CrCls, a magnetic insulator with relatively low single-
ion anisotropy [18-23] and the potential to be isolated
in atomically-thin form [24-26], is therefore an excellent
candidate. However, it is challenging to measure collec-
tive dynamics of magnons in general, and even more so
in atomically-thin materials because of their mesoscopic
sample volumes and correspondingly small signals.

The latter difficulty could be naturally overcome using
atomic-like defects such as nitrogen-vacancy (NV) cen-
ters in diamond, which are capable of detecting small
magnetic field signals at the nanoscale [27, 28]. Previ-
ous studies demonstrated how proximal NV centers can
be used to measure the dissipative magnetic suscepti-
bility of a material through noise measurements in the
GHz frequency range (also called T relaxometry), via
the fluctuation-dissipation theorem [29]. This technique
has proven valuable for measuring not only critical phe-
nomena near magnetic phase transitions [30], but also the
spin diffusion constant in antiferromagnets [29, 31]. Here,
we employ a magnetic noise sensing technique based on
the dephasing rates (T3) of NV centers in proximity to
atomically-thin CrClsz. In contrast to T relaxometry,
Hahn-echo based T dephasing spectroscopy provides di-
rect access to the low frequency dynamics that are well
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below the frequencies of single magnons.

Our central finding is that the low-frequency mag-
netic noise in a CrClz monolayer and thin bulk samples
exhibits an enhancement with decreasing temperature.
This observation is surprising given that usually thermal
fluctuations generated by an ordered magnet are expect
to freeze as temperature is reduced [32]. We show that
the observed trend is a signature of a low-energy hydro-
dynamic magnon sound mode with anomalous damping
rate set by magnon viscosity.

II. SENSING TECHNIQUES

Exfoliated CrCls samples encapsulated by hBN are
placed onto a bulk diamond surface with a uniform
layer of NV centers implanted 55nm beneath the sur-
face (Fig. 1A). A sensing spot of about 640 nm diameter
is selected within the NV layer using a focused green laser
that can be spatially rastered around the CrCls sample.

A layer of CrClz hosts ferromagnetic nearest-neighbor
exchange on a honeycomb lattice (Fig. 1B) [33]. Because
the magnetization properties of exfoliated monolayers of
this material have not previously been reported, we em-
ploy a conventional static field sensing technique to access
the sample magnetization (Fig. 1C). We monitor the spa-
tial variation of the NV spin state energy-splitting that
directly reflects local static magnetic field (see supple-
ment I1.A). Through this procedure, the stray field gen-
erated by monolayer CrCl; can be imaged (Fig. 1D).

Access to low-energy spin dynamics is achieved
through a quantum coherent sensing protocol. This pro-
cedure leverages phase-coherent pulses to evolve the NV
spin state on the Bloch sphere (Fig. 1E). During the
spin precession time over the course of this Hahn-echo
sequence, dynamical magnetic noise leads to an expo-
nential loss of state purity characterized by a dephasing
rate 1/T5 (Fig. 1E inset). We isolate the sample-induced
dephasing rate by subtracting the background rate taken
off the sample (Fig. 1F and supplement I1.C). To ensure
that the signal obtained reflects the equilibrium noise, a
variable delay between 1 us and 60 us was added between
the initialization laser and the Hahn-echo sequence [34]
(supplement V).

The sample-induced magnetic noise measures the
dissipative component of the magnetic susceptibility
of the material Im[x(k,w)], subject to frequency and
momentum filtering functions [35]. The probed fre-
qUENCY Wecho 1S essentially set by the Hahn-echo se-
quence time, and the probed momentum k is strongly
peaked at momenta given by the inverse of the NV-
sample distance zyy. The Th-signal is thus related to
Im[x (kN Wecho)] [35](supplement X and V):

1 I
o m[X(kNV7wecho>] ’ (1)
TT2 Wecho

where T is temperature. In this experiment, knyv =~
1/znv with zyy = 65nm and weecho ~ 10 — 100 kHz. Ac-

cess to these relatively short length-scales distinguishes
NV noise measurements from conventional low-frequency
probes of dynamical susceptibility [36]. Furthermore, in
contrast to T relaxometry, the frequency band of Tp
measurements is solely controlled by the pulse sequence,
allowing robust access to low-frequency dynamics at any
applied magnetic field.

ITII. RESULTS
A. Monolayer CrCl;

The stray field generated by the sample can be in-
terpreted as an indirect measurement of its magneti-
zation (see supplement IV for a quantitative relation-
ship) [24, 37]. Here we utilize this property to experi-
mentally estimate the ferromagnetic transition temper-
ature and the exchange constant of a monolayer CrCls
film. The monolayer sample is shown in Fig. 2A with
the corresponding optical image and magnetic stray field
map at 6 K. The stray field across the monolayer flake
(Fig. 2B) decreases considerably upon raising temper-
ature from 6 K to 15 K. The temperature-dependence of
the integrated stray field across the sample indicates that
the material undergoes a ferromagnetic-to-paramagnetic
phase transition around T, = 12.5K (Fig 2C) in agree-
ment with previous measurements on epitaxially-grown
monolayer CrCls [24].

We extract the exchange interaction J by fitting
the temperature-dependent stray field data within the
ferromagnetic state to a self-consistent linearized spin
wave theory (details see SI IV.x and VII) with two free
parameters (Fig. 2C) — J, and an overall scale factor
converting magnetization to stray field. The exchange
constant we obtain (J = 10.9 £ 0.4K) agrees well
with previous measurements on multilayer CrCls [21].
The deviation between the model and experimental
data above 12.5K can be attributed to the failure
of linearized spin-wave theory close to the transition
temperature [38]. From the agreement between the
model and experimental data within the ferromagnetic
state, we conclude that dipolar interactions stabilize the
ferromagnetic phase (see also supplement IX), and that
magnons are the relevant elementary excitations below
12.5 K when modeling the spin dynamics of a monolayer
CI‘Clg.

While the static magnetic properties conform to a spin-
wave model [21, 24], the observed spin dynamics, as mea-
sured by 1/T», unveil peculiar behavior indicative of the
existence of strong magnon interactions within the fer-
romagnetic state. These measurements are performed
both with a 4mT bias field normal to the sample plane
and a 136 mT field along the NV axis 54° from normal
(Fig. 3A).

At 4mT, the noise exhibits sharp peaks close to the
transition temperature as inferred from static field mea-
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FIG. 1. CrCls material properties and nitrogen-vacancy (NV) center sensing techniques. A CrCls samples are placed on the
surface of a diamond slab, which contains a uniform layer of shallow NV centers. A focused laser addresses a movable sensing
spot in the NV layer. B Crystal structure of the monolayer CrCls and its relevant magnetic exchange interaction along with
an optical image of a region of a monolayer CrCls. C Sensing protocol in which the static field along the NV quantization axis,
with contributions from both the sample (Bsar*'®) and applied bias field (BR®), is measured via the magnetic resonance of the
NV spin state wo——1 detected via optical photoluminescence (PL). D Bf\?\',nplc is isolated by rastering the sensing spot position
across the sample and subtracting the bias field determined off the sample. This image was taken at 5.2 K with a 131 mT
bias field applied 54° from surface normal. E AC field sensing is achieved by measuring the dephasing rate, 1/75, of the NV
centers under the Hahn-echo pulse sequence. 7% is determined by fitting the Hahn-echo contrast to an exponential (supplement
I1.C). A variable delay between the initialization laser and measurement sequence was employed to ensure that the obtained
signal reflects the equilibrium properties of the sample (see supplement VII). F An image of the Hahn-echo contrast at 40 us
evolution time taken under the same conditions as in D. Dark blue regions indicate faster NV dephasing. The line cut shows
1/T» as obtained from a full fit of the Hahn-echo decay at each spatial point.

surements. Subsequently, the noise level continues to rise
with further cooling down to our lowest recorded temper-
ature (Fig. 3A). A 136 mT magnetic field suppresses the
features near the transition temperature, but only weakly
affects the increasing noise trend with lowering tempera-
ture.

The peak in noise near the phase transition likely re-
sults from critical fluctuations [35]. The suppression of
this feature for the stronger magnetic field could result
from the explicit symmetry-breaking effect of the pla-
nar component of the applied field. The presence of two
closely-spaced peaks appears to be non-generic (see sup-
plement VI for measurements on another sample), point-

ing to spatial inhomogeneity in transition temperatures
of a few percent on length scales of the sensing spot.
Similar variation in transition temperatures has been ob-
served previously in epitaxial CrCl; monolayers [24].

The increase of 1/T5 with decreasing temperature is a
surprising observation given that, on general grounds, the
magnetic noise in an ordered ferromagnet should mono-
tonically decrease with decreasing T as thermal fluctu-
ations become progressively more frozen [32]. We ar-
gue that this anomalous noise scaling is a signature of
magnon hydrodynamics. At the temperatures of the
experiment, the magnons comprise a dense gas, which
produces noise at the NV location due to the trans-
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FIG. 2. Static magnetization properties of a monolayer
CrCls. A Optical image containing a monolayer(1) and bi-
layer(2), alongside a stray field map taken on the monolayer
with a 136 mT bias field applied 54° from the surface nor-
mal at 6 K. B Temperature-dependent stray field measure-
ment across the monolayer flake as is indicated by the red line
in A. C Integrated stray field over the area of the sample as a
function of temperature. A sharp decrease in the integrated
stray field upon raising temperature above 12.5 K indicates
that the material undergoes a ferromagnetic-to-paramagnetic
phase transition. The red line is a fit to our dipolar spin-wave
model (supplement IX), from which we determine the ferro-
magnetic exchange constant, J.

port of density fluctuations of the gas through the
nanoscale sensing region [31]. The magnons are so
strongly-interacting in the monolayer CrCls that the gas
can form a low-energy long-lived collective sound mode,
which both moves faster and becomes longer lived as
temperature increases. This interaction-driven speed-up
and linewidth narrowing counteracts the amplification of
thermal fluctuations, ultimately leading to a suppression
of noise with increasing temperature.

We first note that the 1/T5 signal is expected to be
insensitive to single magnon excitations. To see this
explicitly, we plot the magnon dispersion in monolayer
CrCl3 computed based on our linearized spin-wave the-
ory in Fig. 3B. The NV center filters out momenta away
from kny ~ 1/znyv. Magnons near kyy have frequen-
cies in the GHz range, which are highly off-resonant with
the frequencies of the 1/T, measurements (see inset of
Fig. 3B).

Instead, the 1/T% signal originates from density fluctu-
ations of the magnon gas, as depicted in the momentum-
space diagram in Fig. 3B [31]. These fluctuations are
associated with magnon scattering processes with mo-
mentum transfer set by knyv and frequency transfer set
by Wecho- At the typical temperatures of the experiment,

the thermal momentum of magnons g, is significantly
larger than kynv. As such, the main contribution to den-
sity fluctuations at the NV location arises due to interac-
tions of high-momentum thermal magnons (supplement
XII). These thermal magnons are so high energy that the
small anisotropy energy scales (dipolar, single-ion, and
planar magnetic field) have little effect on their disper-
sion. They essentially obey a parabolic dispersion with
the mass m set by the exchange interaction and an effec-
tive small pseudo-gap A, which originates from the weak
effects of the anisotropy (Fig. 3B, Fig. S6).

These high-momentum thermal magnons in CrClg are
also predicted to strongly interact, and their interac-
tions grow with increasing temperature. This can be
deduced from the fact that the dominant exchange-
mediated magnon-magnon interaction in this relatively
isotropic spin system increases with momentum [17] and
thus increases not only with magnon density n but also
with the thermal momentum. Indeed, the corresponding
mean free path for magnon-magnon exchange collisions
Ity = (J/T)%/?/(na) ~ T=5/2 [17], where a is the lat-
tice constant, shrinks rapidly with increasing tempera-
ture. This crude estimate gives Ingp, ~ 18nm at T'=5K
and Iy ~ 3nm at T' = 10K, indicating that magnon-
magnon interactions could dominate over all other scat-
tering processes and put the magnon gas in a hydrody-
namic regime over the length scale probed by the NV
center, knvimep S 1, even at T =5 K.

In this case, the magnon gas forms a low-energy collec-
tive sound mode whose broadening due to finite lifetime
spans frequencies down to those of the 1/7T, measure-
ments (Fig. 3C). The sound mode has a linear dispersion
set by the speed of sound v, and decay rate set by the
magnon viscosity p. The spectral weight in the 1/T%
measurement has two opposing contributions as temper-
ature increases from 5K to 10K. On the one hand, the
magnon density increases with temperature (Fig. 3D)
thereby increasing the overall strength of magnetic fluc-
tuations. On the other hand, v and the sound lifetime
both increase with increasing temperature, both of which
contribute to the decreasing noise at low frequencies. In
particular, in the high magnon density regime we op-
erate in, with 7" > A, we find that the sound veloc-
ity is set by the pseudogap A: v? ~ (A/m)log|(A/T)|
(supplement XIII.B). For the magnon viscosity u, we get
X ggnnlmep ~ 1/T, where n ~ T and g ~ T/? (see
also supplement XIV.A).

Taking into account these two competing effects, we
find a quantitative relationship between the 1/T5 noise
and the properties of the sound mode (1/(TT3) o< p1/v?);
more precisely,

1 1 w
— 0. 2
TT, Zyv A?log? (A/T) ®
Here C is a constant (see supplement VI.D). The
exchange-driven magnon viscosity is expected to scale as
1/T (Fig. 3D), producing a 1/T> signal that decreases
with increasing T' and providing an interpretation to
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FIG. 3. Dephasing spectroscopy of a monolayer CrCls and relation to magnon dynamics. A Sample-induced 1/7> dephasing
rate, averaged over the area of the monolayer sample, at both 4mT external field normal to the sample and 136 mT tilted
54° from the normal. B Calculated magnon dispersion along the I'-K’ direction, at both applied magnetic fields as in the
experiment. The inset shows a zoom-in with a label of the relevant frequency and momenta of the 7> noise measurements (pink
square). The dispersion is essentially parabolic with an effective gap A set by anisotropy terms. The right axis is the energy
scale plotted in the unit of temperature. Our measurements occur between 5 and 15K. Although the 7% sensing frequency is
off-resonant with the relevant magnons, magnon scattering processes produce density fluctuations resulting in low-frequency
noise apparent in 75 measurements. C Modeled Im[x] of the magnon sound mode in a hydrodynamic regime. A linecut at knv
depicts how T5 noise (related to Im[x]/w via Eq. (1)) is proportional to the viscous damping rate, p, of the sound mode. D
Top panel shows calculated magnon density n(7") and exchange-driven magnon viscosity p(7), which is shown to decrease with
increasing T'. The bottom panel shows a fit to the data based on our phenomenological theory in Eq. (2), allowing us to extract
the magnon viscosity u as well as the gap A.

parameters, and using zyy = 65 nm, we obtain an esti-
mate of the two-dimensional viscosity of the magnon gas
as varying between 1-2x107!° kg/s under these experi-
mental conditions (see supplement VI.D).

the experiment. Note that if the dominant magnon in-
teractions were contact rather than exchange mediated,
w~ T, and the opposite trend would result (supplement
XIV.A). Based on our model, the increase in applied field
from 4 mT to 135 mT enhances A by roughly a factor of
two, and thus the noise given by Eq. (2) is expected to
decrease also by about a factor of two.

This phenomenological theory produces excellent qual-

itative agreement with our 1/7% measurements (Fig. 3D).
The agreement further allows us to extract two physical
quantities of the system: viscosity p and pseudogap A via
a fit (supplement VI.D). We obtain CuT /2% = 55+ 10
K?/ms and A = 1.24+0.2K at 4mT; CuT /2%, = 40 £ 10
K?/ms and A = 1.7 £ 0.7K at 136mT. From these fit

In agreement with the prediction of our theory, a
30-fold enhancement of magnetic field reduces 1/T5 by
roughly a factor of two, and similar viscosity values are
obtained at both magnetic fields. Within error bars,
quantitative agreement is found on a separate monolayer
sample (supplement VI.D).
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B. Bulk CrCl;

Here we extend our measurements to a multilayer stack
of CrCls of 26 nm thickness where the system can be
thought of as CrClz monolayers that are weakly antifer-
romagnetically coupled [20]. We aim to investigate how
this coupling affects the spin dynamics in comparison to
the monolayer.

From the perspective of static magnetization, it is
known that AFM coupling between layers induces an
AFM ground state with Tarpm = 14K [20, 25, 39]. Fer-
romagnetism within the 2D sheets appears to form at
a slightly higher temperature (Tpym &~ 17K) [20]. In our
measurements, an applied field of 135 mT induces a finite
stray field around the sample (Fig. 4A), the magnitude

of which at 14K is approximately 50% of that expected
from a fully polarized sample. This implies a cancella-
tion effect of the magnetization between opposing layers
in accordance with our expectations. The finite sample
magnetization originates from the fact that the magnetic
field is comparable to the interlayer exchange, and thus
cants the spins between layers [20].

The general trend observed in the temperature-
dependent dephasing images (Fig. 4B) is that the sample-
induced magnetic noise abruptly rises upon cooling from
18K to 17K close to the anticipated intralayer ferromag-
netic transition. The noise then gradually decreases be-
tween 14K and 9K. Further insight is gained through
temperature-dependent measurements of 1/7T5 in specific
regions of the sample (Fig. 4C), where at 4mT, 1/T%
shows a sharp enhancement upon cooling through the
FM transition temperature, and a sharp drop across the
AFM phase transition. 1/T, continues slowly decreas-
ing upon cooling further until very low temperatures
where we observe the plateauing of this behavior, with
the lowest temperature suggesting its eventual reversal.
The features associated with the phase transitions — the
plateau between the AFM and FM transitions, and the
broad tail below the AFM transition — are quenched by
a 136 mT magnetic field, but the low-temperature behav-
ior is essentially unaffected. The weak increase of 1/T5
with decreasing temperature, most notably at 136 mT,
could indicate that the interpretation applied to an iso-
lated monolayer to some degree extends to the multilayer
case.

Notably, however, the observed 1/T5 signal in the AFM
state is much smaller than that expected of additive
monolayers. The 26 nm thickness corresponds to roughly
45 layers, where we expect 1/T5 ~200ms~! using the
measured viscosity of monolayer and integrating Eq. (2)
across the depth of the 26 nm thick bulk sample. The
comparatively low noise signal observed in the bulk anti-
ferromagnet indicates that interlayer AFM coupling has
a non-trivial influence on the properties of the asserted
magnon sound mode within the 2D layers. A quantita-
tive investigation of this effect is left to future work.

IV. DISCUSSION

In this work, we measure the dissipative magnetic re-
sponse of atomically-thin CrCls based on the coherence
of nearby NV centers in diamond. The central exper-
imental finding is the observation of a continuous en-
hancement of magnetic noise with decreasing tempera-
ture that is only weakly suppressed by 30-fold increase
in the externally applied magnetic field. The data are
interpreted as a signature of exchange-collision induced
hydrodynamic magnon transport, in which the NV center
is employed as a magnon viscometer. We further corrob-
orate this interpretation by discussing in the supplement
how other mechanisms, including the damping of single
magnon [40, 41], magnetic vortices [33], magnetization



tunneling [42], exotic magnetic particles [43], and spin
glass physics [44, 45] all fail to fully capture the exper-
imental phenomenology (see supplement XV.A). While
we do not fully account for a potential coupling of the
sample signal to the spin bath of the background (primar-
ily P1 centers [46, 47]), our analysis in supplement XV.A
indicates that such a coupling is unlikely to be the origin
of the anomalous noise trend. We also note that the mi-
croscopic calculation of the hydrodynamic transport co-
efficients of a strongly-interacting magnon gas presents a
challenge to future theory.

This work provides a first glimpse of hydrodynamic
magnons, and in particular evidence for viscous damp-
ing of a low-lying magnon sound mode. We also provide
concrete predictions for the sound mode velocity, moti-
vating future efforts towards its direct detection, as well
as ultimately its potential application in magnon-based
devices. Finally, the NV-based sensing protocol intro-
duced here may be further extended to study magnetic
dynamics in a wide range of materials.
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