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ABSTRACT: Controlling magnon densities in magnetic materials
enables driving spin transport in magnonic devices. We
demonstrate the creation of large, out-of-equilibrium magnon
densities in a thin-�lm magnetic insulator via microwave excitation
of coherent spin waves and subsequent multimagnon scattering.
We image both the coherent spin waves and the resulting
incoherent magnon gas using scanning-probe magnetometry
based on electron spins in diamond. We �nd that the gas extends
unidirectionally over hundreds of micrometers from the excitation
stripline. Surprisingly, the gas density far exceeds that expected for
a boson system following a Bose�Einstein distribution with a
maximum value of the chemical potential. We characterize the
momentum distribution of the gas by measuring the nanoscale
spatial decay of the magnetic stray �elds. Our results show that driving coherent spin waves leads to a strong out-of-equilibrium
occupation of the spin-wave band, opening new possibilities for controlling spin transport and magnetic dynamics in target
directions.
KEYWORDS: Magnon gas, Spin waves, Yttrium iron garnet, Scanning-probe magnetometry, Nitrogen-vacancy centers, Spin relaxometry

Spin waves are collective, wave-like precessions of spins in
magnetically ordered materials. Magnons are the bosonic

excitations of the spin-wave modes. The ability to control the
number of magnons occupying the spin-wave energy band is
important for driving spin transport in spin-wave devices such
as magnon transistors.1�4 In addition, the generation of large
magnon densities can trigger phenomena such as magnetic
phase transitions,5 magnon condensation,6�8 and domain-wall
motion.9�12 As such, several methods to control magnon
densities have been developed, with key methods including
spin pumping based on the spin-Hall e�ect,1,2,13,14 in which
magnons are created by sending an electric current through
heavy-metal electrodes, and microwave driving of ferromag-
netic resonance (FMR)15�18 via metallic electrodes deposited
onto the magnetic �lms.

Here, we demonstrate how the excitation of coherent,
traveling spin-wave modes in a thin-�lm magnetic insulator can
be used to generate a high-density, out-of-equilibrium magnon
gas unidirectionally with respect to an excitation stripline. We
characterize this process using scanning-probe magnetometry
based on spins in diamond, a technique which enables probing
magnons in thin-�lm magnets at microwave frequencies by
detecting their magnetic stray �elds.17,19�21 We �nd that the
magnon gas has an unexpectedly high density that far exceeds
the density expected for a magnon gas following a Bose�

Einstein distribution with the maximum possible value of the
chemical potential,22 opening new opportunities for creating
and manipulating magnon condensates.6�8,23 We further
characterize the gas by probing its momentum distribution
through distance-dependent measurements of the stray-�eld
magnetic noise it creates. The observed nanoscale spatial decay
lengths reveal the presence of large-wavenumber magnons in
the gas and underscore the need for nanometer proximity
enabled by our scanning-probe magnetometer.

Our scanning-probe magnetometer is based on nitrogen-
vacancy (NV) ensembles embedded in the tip of a diamond
probe (Figure 1a)24 (Supporting Information Notes 1�3).
The electron spins associated with the NV centers act as
magnetic-�eld sensors that we read out via their spin
dependent photoluminescence.20 We use the NV sensors to
locally characterize the magnetic stray �elds generated by spin
waves in a 235 nm-thick �lm of yttrium iron garnet (YIG),25 a
magnetic insulator with record long spin-wave lifetimes.26 We
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employ two measurement modalities to shed light on the
interaction between coherently driven spin waves and the
resulting out-of-equilibrium magnon gas at higher frequencies:
in the �rst, we measure the coherent NV-spin rotation rate
(Rabi frequency) to image the coherent spin waves excited by
the stripline. In the second, we drive coherent spin waves with
frequencies near the bottom of the spin-wave band while we
measure the NV spin relaxation rates at frequencies hundreds
of MHz above the drive frequency to characterize the local
density of the magnon gas.

We reveal the directionality of the coherent spin waves
launched by the stripline by spatially mapping the contrast of
the f� ESR transition (Figure 1c). At B0 � 0, this transition is
resonant with spin waves of wavelength �500 nm, as expected
from the known spin-wave dispersion (Supporting Information
Note 5). On the right-hand side of the stripline, we observe a
spatial standing-wave pattern in the ESR contrast that results
from the interference between the direct �eld of the stripline
and the stray �elds of the spin waves launched by the
stripline.21 In contrast, we do not observe a spin-wave signal to

the left of the stripline. This directionality is characteristic of
coherent spin waves traveling perpendicularly to the magnet-
ization and results from the handedness of the stripline �eld
and the precessional motion of the spins.27

In addition to the narrow lines of reduced photo-
luminescence indicating the NV ESR frequencies (Figure
1b), we observe a broad band of photoluminescence reduction
close to the expected ferromagnetic resonance (FMR)
frequency of our YIG �lm that is detuned from the NV ESR
transitions. A similar o�-resonant NV response was observed
previously17�19,25,28�30 and has been attributed to the driving
of a uniform FMR mode and subsequent multimagnon
scattering. The scattering processes lead to an increased
magnon density at the NV ESR frequencies, causing NV spin
relaxation17,18 (Figure 1d). However, in contrast with the
uniform nature of the FMR mode, we observe that the signal
strength depends strongly on the detection location with
respect to the stripline (Figure 2a): on the right-hand side, we
observe a much stronger response than on the left, up to
distances 300 �m away from the stripline. This asymmetry

Figure 1. Detecting coherent spin waves and incoherent magnon densities using NV spins in diamond. (a) A diamond cantilever, with NVs
implanted �20 nm below the tip surface, is mounted in an AFM setup and used for probing the stray �eld of spin waves that are excited by a gold
stripline. The NV spins are initialized using a green laser and read out via spin-dependent photoluminescence (PL). Insets: scanning electron
micrographs of diamond cantilever and tip. (b) Normalized NV photoluminescence vs external �eld B0 and microwave drive frequency. The ESR
frequencies ( f±) of the NV family that is most aligned with B0 are labeled. The strong PL response close to the ferromagnetic resonance (FMR) is a
result of the process depicted in (d). The FMR is calculated as � �= +f B B M( )FMR IP IP 0 s , where � = 28 GHz/T, �0 = 4� × 10�7 H/m, Ms = 1.42
× 105 A/m, and BIP is the in-plane magnetic �eld component (Supporting Information Note 4). (c) Spatial map of the normalized NV ESR PL
showing a coherent spin wave excited unidirectionally (to the right) by applying a microwave current at f� through the stripline. On the left of the
stripline there is no detectable spin-wave signal. The �lm is magnetized along the stripline direction by a magnetic �eld B0 (orange arrow), which is
set to a low value (B0 � 0 mT) in this measurement. At each pixel, the measured PL under microwave driving is normalized to that without
microwave driving (PL0). The image is low-pass �ltered to reduce pixel-by-pixel noise. (d) Sketch of the spin-wave dispersion (black line) and its
occupation by magnons (color gradient). Without microwave driving (left), only thermally excited magnons are present. Microwave (MW) driving
near the FMR frequency (oscillating arrow in right panel) increases the magnon density, which can be detected via the increased stray-�eld noise at
the NV ESR frequencies ( f±).
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