SCIENCE ADVANCES | RESEARCH ARTICLE

W) Check for updates

CONDENSED MATTER PHYSICS

Sensing spin wave excitations by spin defects in
few-layer-thick hexagonal boron nitride

Jingcheng Zhou', Hanyi Lu?, Di Chen®?, Mengqi Huang1, Gerald Q. Yan?, Faris AI-matouq1,
Jiu Chang', Dziga Djugba’, Zhigang Jiang', Hailong Wang'#, Chunhui Rita Du'"**

Optically active spin defects in wide bandgap semiconductors serve as a local sensor of multiple degrees of freedom
in a variety of “hard” and “soft” condensed matter systems. Taking advantage of the recent progress on quantum
sensing using van der Waals (vdW) quantum materials, here we report direct measurements of spin waves excited
in magnetic insulator YsFes01; (YIG) by boron vacancy V;; spin defects contained in few-layer-thick hexagonal
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boron nitride nanoflakes. We show that the ferromagnetic resonance and parametric spin excitations can be
effectively detected by V; spin defects under various experimental conditions through optically detected mag-
netic resonance measurements. The off-resonant dipole interaction between YIG magnons and V;; spin defects is
mediated by multi-magnon scattering processes, which may find relevant applications in a range of emerging
quantum sensing, computing, and metrology technologies. Our results also highlight the opportunities offered
by quantum spin defects in layered two-dimensional vdW materials for investigating local spin dynamic behaviors in

magnetic solid-state matters.

INTRODUCTION

Nanoscale control and detection of spin waves, quanta of spin angu-
lar momentum in magnetic systems also referred to as magnons,
constitutes a key challenge for the development of modern solid-
state spintronic technologies (1, 2). Optically active spin defects in
wide bandgap semiconductors are finding increased applications in
this field due to their competitive magnetic sensitivity, spatial reso-
lution, and remarkable functionality over a broad range of experi-
mental conditions (3-7). Over the past decade, nitrogen-vacancy
(NV) centers, one of the most prominent candidates of this class of
defects, have been applied as effective sensors of local spin transport
and dynamic behaviors in various condensed matter systems (8).
Notable examples include off-resonant NV detection of magnon ex-
citations by nanodiamonds (9-11), nanoscale measurements of spin
chemical potential in a magnetic insulator (12), probing spin torque
driven auto-oscillations (13, 14), magnetic resonance imaging of
spin-wave propagation (15, 16), and others (8, 17). More recently,
emergent color centers hosted in layered van der Waals (vdW) crys-
tals such as transition metal dichalcogenides and hexagonal boron
nitride (hBN) became new contenders in this field (I8, 19). In
comparison with NV centers embedded in highly rigid, three-
dimensional (3D) diamond, spin defects contained in exfoliable, 2D
materials exhibit improved compatibility with nanodevice integration,
providing an attractive platform for implementing ultrasensitive
quantum metrology measurements by exploiting the atomic length
scale proximity between the spin sensors and objects of interest
(20-23). In the current state of the art, the local sensing of electrical,
magnetic, and thermal flux arising from solid-state materials using
spin defects in hBN has been experimentally demonstrated in both
confocal and wide-field optical microscopy configurations (5, 21,

'School of Physics, Georgia Institute of Technology, Atlanta, GA 30332, USA. 2De-
?artment of Physics, University of California, San Diego, La Jolla, CA 92093, USA.

Department of Physics, University of Houston, Houston, TX 77204, USA. “Texas
Center for Superconductivity, University of Houston, Houston, TX 77204, USA.
*Corresponding author. Email: hwang3021@gatech.edu (H.W.); cdu71@gatech.edu
(C.R.D)

Zhou et al., Sci. Adv. 10, eadk8495 (2024) 1 May 2024

22, 24), and the development of transformative approaches to revo-
lutionize the current quantum technologies is under way (25-29).
Despite the much progress over the past years, to date, experimental
demonstration of practical quantum sensing using few-layer-thick
hBN in a real, “non-sterile” material environment remains a formi-
dable challenge. In this work, we present our recent efforts along
this direction. Specifically, we report quantum sensing of magnons
with variable wave vectors in a magnetic insulator Y3;FesO,, (YIG)
(30) by boron vacancy V spin defects in hBN flakes with a thick-
ness down to ~2 nm. Using optically detected magnetic resonance
(ODMR) measurements (5, 18), we show that ferromagnetic reso-
nance (FMR)- and parametric pumping (31, 32)-driven YIG spin
waves can dynamically interact with V spin defects to induce
“three-level” spin transitions with associated variations in the V
photoluminescence (PL). The YIG spin wave spectrum measured
under a broad range of experimental conditions can be well inter-
preted by considering the sample’s magnon band structures and intrin-
sic magnetic properties. The sensitivity length scale and magnetic
field resolution of the presented hBN-based quantum sensing plat-
form are primarily determined by the distance between the V; spin
defects and the magnetic sample (21, 22), which can readily reach
the atomic length scale due to the established vdW proximity. The
demonstrated coupling between spin defects in 2D vdW crystals
and magnons carried by a magnetic insulator brings opportunities
for developing hybrid solid-state electronics for next-generation
quantum information and technological applications (33).

RESULTS

In the current study, we used two independent methods including
helium ion (He") implantation and thermal neutron irradiations to
create boron vacancy V; spin defects in hBN (see Materials and
Methods for details). Figure 1A presents our measurement platform,
where an exfoliated hBN flake containing V spin defects is me-
chanically transferred onto a Au microwave stripline patterned on
top of a 100-nm-thick YIG thin film. Note that the V spins are
orientated along the out-of-plane (OOP) direction of the hBN sample
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Fig. 1. Measurement platform and mechanism. (A) Schematic of a hexagonal boron nitride (hBN) nanoflake transferred onto a Au microwave stripline patterned on
magnetic insulator YsFesO1; (YIG) for quantum sensing measurements. (B and C) Optical microscope images of a prepared hBN-YIG device and the constituent hBN flake.
The surveyed hBN flake area is outlined with white dashed lines; scale bar, 5 pm. (D) One-dimensional (1D) atomic force microscopy scan from which the thickness of the
surveyed hBN flake area is characterized to be ~6 nm. (E) Energy level diagram of a V;; spin defect and the nonradiative decay processes between the excited state (ES),
metastable state (MS), and ground state (GS). I'y and I'_ characterize the spin relaxation rates between ms =0 and ms = +1 states. (F) Schematic illustration of ferromagnetic
resonance (FMR) and parametric spin excitations. The microwave magnetic field By, is applied along the x-axis direction. The static YIG magnetization M is perpendicular
and parallel with B, under the FMR and parametric pumping conditions, respectively. The transverse magnetization component My oscillates at a frequency fy,, and

frw/2 under the FMR and parametric spin excitation geometries.

(18) and microwave signals delivered into the on-chip Au stripline
are used to provide local control of the Vi spin states and YIG
magnon excitations. The V; fluorescence is measured using an ava-
lanche photodiode in a confocal microscope. An optical microscope
image shown in Fig. 1B provides an overview of a prepared YIG-
hBN device (sample A) for ODMR measurements. The thickness of
the surveyed hBN flake area is determined to be ~6 nm from layer-
dependent optical contrast (Fig. 1C), which is confirmed by atomic
force microscopy measurements shown in Fig. 1D.

Figure 1E presents the energy level diagram of the ground state
(GS), excited state (ES), and metastable state (MS) of a Vg spin de-
fect. The negatively charged V; state has an S = 1 electron spin and
serves as a three-level system (18). Fluctuating magnetic fields at the
corresponding electron spin resonance (ESR) frequencies will in-
duce V; spin transitions between the m, = 0 and m, = +1 states (21).
The mg = +1 V spin states are more likely to be trapped by a
nonradiative pathway through the metastable state before decaying
back to the m, = 0 ground state, generating reduced PL in the red
wavelength range (5, 18, 34). The optically accessible V; spin states
and their dipole interaction with the local magnetic field environ-
ment provide a suitable way to investigate spin wave excitations in a
proximal magnetic material. In this work, we used both FMR and
nonlinear parametric pumping to excite magnons with a broad
range of wave vectors in the ferrimagnetic insulator YIG. Figure 1F
shows the underlying mechanism of these two driving methods. For
FMR excitation, the external microwave magnetic field B, at a fre-
quency fmw perpendicularly applied to the static YIG magnetization
M drives quasi-uniform spin wave modes with a wave vector k = 0 at
the same frequency of fuy (32, 35). In contrast, parametric excita-
tion features elliptically shaped precession of the YIG magnetization,
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where a sufficiently large B, parallel with M excites exchange
magnons (k > 10 rad/pm) at half the frequency (f,w/2) of the micro-
wave magnetic field (32, 35, 36). In a more classical spin dynamics
picture, FMR refers to direct excitation of precessional motion of the
transverse magnetization component, while parametric pumping
characterizes the microwave-driven oscillations of the longitudinal
magnetization component (32).

We now present ODMR measurements of microwave-driven
YIG spin waves by V spin defects. Figure 2A shows the schematic
configuration of the static magnetic field Bey, microwave magnetic
field By, and YIG magnetization M in our measurements. The vector
direction of Bey is characterized by the spherical angles 6 and ¢. The
Bmw generated by the Au stripline is parallel to the x-axis direction,
and the YIG magnetization is partially tilted away from the sample
plane due to the shape magnetic anisotropy. The current study
focuses on a 100-nm-thick YIG film, whose magnon band structure
is shown in Fig. 2B (see section S1 for details). In the small wave
vector regime of k < 1 rad/pum, the YIG spin wave energy is domi-
nated by dipole interaction (36). Magnetic dipole fields generated by
the dynamic magnetization along the thickness direction of the YIG
sample increase and decrease the energy of the surface spin wave
mode and the back volume spin wave mode relative to the FMR
frequency femr, respectively (30). In the large wave vector regime
(k > 10 rad/pm), the exchange interaction dominates, resulting in a
parabolic increase of the spin wave energy. Under external micro-
wave driving, FMR and parametric pumping excited magnons at
frequencies fpygr and fy/2 interact with the YIG thermal magnon
bath via multi-magnon scattering processes, establishing a new
magnetic thermal equilibrium state with enhanced spin densities
at the V ESR frequencies f, (37). Here, f. represent the V' ESR
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Fig. 2. Sensing YIG spin waves using V spin defects in 6-nm-thick hBN. (A) A
coordinate system to illustrate the configuration of external magnetic field Beyt, YIG
magnetization M, and local microwave magnetic field By, in our measurements.
(B) Sketch of the magnon band structure of a 100-nm-thick YIG thin film and illus-
tration of the FMR and parametric spin excitations. The upper and lower branches
of the dispersion curves correspond to the magnetostatic surface spin wave mode
and the backward volume spin wave mode, respectively. The energy-dependent
(1/E) YIG magnon density is indicated by the fading color filled in the area between
the two dispersion curves. The V; ESR frequency f. (purple), FMR frequency fewr
(brown), microwave drive frequency fm, (red), half of the microwave drive frequency
farw/2 (red), and the magnon band minimum energy fqin (green) are marked in the
picture of the YIG magnon band structure. (C) Normalized PL of V; spin defects
measured as a function of external magnetic field Bex and microwave frequency
frw- Bext is applied in the direction of 6 = 16° and ¢ = 39°. (D) A linecut at Bext = 204 Oe
of the ODMR map measured over a broad range of the input microwave power
from 20 to 34 dBm. (E) Normalized PL map of Vg spin defects measured when the
Bext is 42° tilted away from the OOP direction. The in-plane azimuthal angle ¢ of Bext
is fixed at 39° in this measurement. White dashed lines shown in (C) and (E) represent
the calculated field-dependent femg, 2fmin, and V; ESR curves.

frequencies corresponding to the spin transition between the m =0 and
mg = +1 states. The increased magnetic fluctuations at frequencies f,
will induce spin relaxation of proximal Vi spin defects and varia-
tions of the emitted PL, which can be optically detected.

We applied continuous green laser and microwave signals to per-
form the ODMR measurements (20). Figure 2C shows normalized
PL of V7 spin defects measured as a function of the microwave fre-
quency fmy and external magnetic field Bex. The polar and azimuthal
angles of By are 16° and 39° in this measurement, and the input
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microwave power is 33 dBm. Under this field configuration, the
microwave magnetic field By, has both significant longitudinal and
transverse components relative to the static YIG magnetization,
allowing for the coexistence of FMR and parametric spin excitations.
The two “straight” lines from ~3.5 GHz result from the expected,
ESR-induced decrease of V;; fluorescence. The measured V PL is
also reduced when fp,,, matches the calculated FMR frequency femr
of the 100-nm-thick YIG film as shown by the lower branch of the
white dashed lines (see section S1 for details). Notably, spin excita-
tions also emerge in the high-frequency regime with a threshold
value of twice of the magnon band minimum f,, exhibiting the key
feature of parametric spin excitations (36, 37). Figure 2D shows a
linecut at Beyy = 204 Oe of the ODMR map measured over a broad
range of input microwave powers from 20 to 34 dBm. The V; PL
intensity decreases at the corresponding frequencies of femr, 2fmins
f-> and f,. It is worth mentioning that the emergence of parametric
pumping at frequencies above 2fni, exhibits a threshold microwave
power of ~27 dBm. We also perform the ODMR measurements
under different external magnetic field conditions. When By is 42°
tilted away from the OOP direction with the same azimuthal angle,
the reduced demagnetizing field contributes to an increased YIG
magnon energy due to the enhanced internal field experienced by
the YIG sample (38). In this case, the measured FMR and parametric
spin excitation frequencies increase accordingly as shown in Fig. 2E. Note
that the V; ESR lines are curved because of the notable misalign-
ment between Bey; and the V; spin direction (18).

Next, we systematically modulate the static magnetic field direc-
tion to investigate variations of the FMR and parametric spin wave
excitation efficiency in the YIG sample. Figure 3A presents a nor-
malized PL map of V; spin defects measured as a function of the
microwave frequency fi and azimuthal angle @ of Bey. The magni-
tude and polar angle 0 of By are fixed to be 150 Oe and 16° in this
measurement, and the input microwave power is 33 dBm. The FMR
and parametric spin waves exhibit clear angular dependence on ¢
and reach a maximum magnitude under different field conditions.
To further highlight this point, Fig. 3B plots a series of linecuts for
varying in-plane azimuthal angle ¢. When ¢ = 0°, the local micro-
wave magnetic field By, is mostly aligned parallel with the static
YIG magnetization M, resulting in the highest parametric pumping
driving efficiency. In contrast, the conventional FMR spin excita-
tions are largely suppressed under this field geometry due to the
minimal transverse microwave magnetic field component. The static
YIG magnetization M rotates accordingly around the z axis when ¢
varies because of the negligibly small in-plane magnetic anisotropy.
When ¢ = 90°, M is mostly perpendicular with By, leading to a
maximum FMR excitation efficiency, while the signature of para-
metric pumping virtually disappears. Figure 3 (C and D) shows two
PL maps of V; spin defects measured at ¢ = 0° and 90°, respectively,
providing an overview of the observed YIG spin wave spectrum.
One can see that the FMR and parametric spin excitations emerge
and vanish under the corresponding field geometries, in agreement
with the picture discussed above. Note that multiple few-layer-thick
hBN samples have been evaluated in our work to ensure the repro-
ducibility of the presented results. In section S2, we present extended
ODMR results on a 2-nm-thick hBN flake (sample B, see section
S2 for details), demonstrating the potential to push the hBN thick-
ness to the atomical scale for quantum sensing study. Here, we fur-
ther comment that the advantage of placing atomically thin hBN in
vdW proximity to desired positions of a magnetic material allows
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Fig. 3. ODMR spin wave spectra measured by a 6-nm-thick hBN flake at different
azimuthal angles of external magnetic field. (A) Normalized PL of V; spin de-
fects measured as a function of microwave frequency fm, and the in-plane azi-
muthal angle @ of static magnetic field Bext. The magnitude and polar angle 6 of Bext
is fixed at 150 Oe and 16° for the measurement. (B) A series of linecut spectra at
different azimuthal angle ¢ of the ODMR map. The curves are offset for visual clarity.
(Cand D) Normalized PL maps ofVB‘ spin defects measured as a function of external
magnetic field Bex and microwave frequency frw. Bext is applied along the direction
of azimuthal angle ¢ = 0° (C) and ¢ = 90° (D), respectively, and the polar angle 0 is
set to be 16° in these measurements. The white dashed lines represent the calculated
field-dependent femg, 2fmin, and VB‘ ESR curves.

for sensitive detection of high-wave vector spin waves. On the basis
of the magnon dispersion curves calculated when the wave vector is
parallel and perpendicular to the in-plane projection of the YIG
magnetization (38, 39), it is estimated that the wave vector of YIG
spin excitations measured in the current work lies in the range of
3%x10°m™ <k <6x 10" m™' (see section S3 for details), which is
not accessible in our previous work using NV centers (37).

Last, we present extended ODMR measurements on a separate
76-nm-thick hBN flake (sample C, see section S4 for details) to
demonstrate the quantum sensing functionality of Vi spin defects
over a broad range of temperature. Figure 4 (A and B) shows two
ODMR maps recorded at 200 and 280 K. The external magnetic field
Beyt is applied along the direction 8 = 16° and @ = 15° in these mea-
surements. Both the FMR and parametric spin wave excitations
are observed at the corresponding resonant frequencies (see section
S$4 for details). The moderate enhancement of fpmr and 2fmin in the
low temperature regime is attributed to the increased static YIG
magnetization (see section S1 for details). Figure 4C summarizes
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the magnetic field dependence of the FMR frequency fpmr mea-
sured in a temperature range from 100 to 300 K, in agreement
with the theoretically calculated YIG spin wave dispersion curves
(see section S1 for details) (38). Here, we briefly comment on the
temperature-dependent variations of the optical contrast of the ob-
served YIG spin waves. Qualitatively, the optical contrast of the
spin waves reflects the number of YIG magnons “pumped” to the
V; ESR frequencies by FMR or parametric spin excitations. From a
statistical viewpoint, the occupation of YIG magnons, bosonic-
type quasiparticles, is expected to follow the classical Bose-Einstein
distribution in a thermal equilibrium state (12, 40). Under our ex-
perimental conditions where the thermal energy is much larger than
the magnon energy, the YIG magnon density at a given frequency is
proportional to ~kgT, where kg is the Boltzmann constant and T is
temperature (12, 40). Thus, the YIG magnon density will decrease at
low temperatures, resulting in reduced optical contrast of spin
waves as shown in Fig. 4D. This point is also corroborated by V;
-based quantum sensing study of thermally induced YIG magnon
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Fig. 4. Temperature dependence of ODMR measurements of YIG spin waves
by a 76-nm-thick hBN flake. (A and B) Normalized PL maps of V; spin defects
measured at 200 K (A) and 280 K (B). The external magnetic field Bey: is 16° tilted
away from the OOP direction, and its in-plane azimuthal angle ¢ is 15°. The white
dashed lines represent the calculated field-dependent femg, 2fmin, and Vg ESR
curves. (C) Magnetic field dependence of the FMR frequency femg of the
100-nm-thick YIG film measured under different temperatures. The lines and dots
plotted represent theoretical calculations and our experimental data, respectively.
(D) A linecut at Bey = 225 Oe of the ODMR map measured from 100 to 300 K. The
input microwave power is fixed at 36 dBm.
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noise. As a qubit-based magnetometer, V; spin defects provide the
possibility of probing noncoherent magnetic fields that are chal-
lenging to access by conventional magnetometry methods. Fluctuat-
ing magnetic fields generated by YIG magnons at the ESR frequencies
will induce m; = 0 «—=1 transitions of V spin defects, which can
be optically detected by spin relaxometry measurements (12, 21).
We observe that the measured YIG magnon noise qualitatively de-
creases with decreasing temperature from 250 to 20 K, indicating a
reduced YIG magnon density in the low-temperature regime (see
section S5 for details). It is also instructive to note that the YIG FMR
and parametric pumping efficiency gets dramatically decreased below
200 K possibly because of a combined effect of variations of magnon
density (12), Gilbert damping (41), and the efficiency of pumping
incoherent magnon gas through coherent magnetization dynamics
(12, 42). A comprehensive understanding of these effects calls for
future systematic studies.

DISCUSSION

In summary, we have demonstrated V;; spin defects contained in
few-layer-thick hBN flakes to be a versatile local sensor of proximal
spin wave excitations under a broad range of experimental condi-
tions (see section S6 for details). Robust FMR and nonlinear para-
metric spin excitations are observed in a 100-nm-thick YIG film by
V5 -based ODMR measurements. Detailed sample information such
as the local static magnetization, spin fluctuations, exchange stiff-
ness, and magnon band minimum can be extracted from the pre-
sented quantum sensing measurements, highlighting the capabilities
of Vi spin defects in accessing local spin dynamic behaviors in mag-
netic materials. We expect that the improved solid-state scalability
and compatibility with nanodevice fabrication will establish hBN as
an excellent candidate for implementing next-generation quantum
sensing innovations. The off-resonant dipole interaction between
magnons and V; spin defects may also find potential applications in
developing hybrid quantum systems consisting of layered 2D vdW
crystals and functional spintronic devices for emerging quantum
information and science applications (33).

MATERIALS AND METHODS
Sample fabrication
Two independent spin defect generation methods are used in the
current study. The first one is thermal neutron irradiation of mo-
noisotopic hBN crystals with a dose of ~2.6 x 10'® neutrons cm™2,
The '°B-enriched monoisotopic hBN crystals are synthesized using
a metal (Ni-Cr) flux method (43). The starting materials include
48 wt % Ni (Alfa Aesar, 99.70%), 48 wt % Cr (Alfa Aesar, 99.99%), and
4wt % '°B (Ceradyne 3M, 96.85%) powders. The source of elemental
nitrogen is flowing N gas [ultrahigh purity, 125 standard cubic cen-
timeter per minute (sccm)], and 5 sccm H; gas is used to mini-
mize impurities originating from oxygen and carbon. Samples A
(6-nm-thick hBN), B (2-nm-thick hBN), and D (75-nm-thick hBN)
are mechanically exfoliated from neutron irradiated '°B-enriched
monoisotopic hBN crystals and then transferred onto the YIG film
for quantum sensing measurements. Samples A and B are used for
ODMR measurements, and sample D is for V; spin relaxometry
measurements of YIG magnon noise.

The second method is helium ion (He") implantation of hBN
flakes pre-exfoliated from standard hBN crystals commercially
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available from HQ Graphene. Boron vacancy V spin defects in
hBN sample C and sample E are created in this way with a helium
ion energy of 5 keV and dose of 5 X 10" ions cm ™ using 200-kV
National Electrostatics Corporation ion implantation at room tem-
perature. The thickness of the hBN sample C is ~76 nm, and the
average ion implantation depth of the V" spin defects is estimated to
be ~60 nm by stopping and range of ions in matter (SRIM) simula-
tions. Relevant optical microscopy images and thickness calibra-
tions of the prepared hBN samples are presented in Fig. 1 and in the
Supplementary Materials. The 100-nm-thick YIG films grown on
(111)-oriented Gd;GasO;, substrates were commercially available
from the company Matesy GmbH.

ODMR measurements

The presented quantum sensing measurements were performed by a
custom-designed confocal microscope with samples positioned
inside a closed-loop optical cryostat. We applied continuous green
laser and microwave signals to perform ODMR measurements. The
PL of V; spin defects was detected by an avalanche photodiode, and
the external magnetic field was generated by a cylindrical NdFeB
permanent magnet attached to a motorized translation stage inside
the optical cryostat.

Supplementary Materials
This PDF file includes:
Supplementary Text

Sections S1to S6

Figs. S1to S8
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