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Imaging spin-wave propagation in magnetic materials in a wide frequency range is crucial for under-
standing and applying spin-wave dynamics. Recently, nitrogen-vacancy (N-F) centers in diamond have
attracted attention as sensors capable of quantitatively measuring the amplitude and phase of coherent
spin waves. However, the conventional sensing protocol has been limited to detecting spin waves whose
frequencies match the resonance frequency of the N-J spins. We demonstrate that by utilizing the ac Zee-
man effect, it is possible to image spin waves propagating in an yttrium iron garnet thin film over a wide
frequency range up to a maximum detuning of 567 MHz without changing the external magnetic field. Our
results expand the applicability of N-V centers for spin-wave sensing and pave the way for quantitative
investigations of the dynamics in various magnetic materials, such as metallic ferromagnets and van der

Waals magnets.
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I. INTRODUCTION

In magnetic materials, spin-wave dynamics show
fascinating physics by reflecting various spin-spin inter-
actions and anisotropies [1]. Rich dispersion relation-
ships are observed depending on the parameters and
shape of magnetic materials. Nonlinear phenomena such
as parametric instability [2], soliton formation [3], and
Bose-Einstein condensation [4] are also interesting ones
observed in spin-wave dynamics. Additionally, coher-
ent spin waves are expected for applications in next-
generation information devices, such as logic circuits
and transistors, because they avoid the heat generation
associated with conventional charge-based devices [5].
Therefore, quantitative visualization of spin-wave dynam-
ics is essential for understanding and applying spin-wave
dynamics.

Recently, nitrogen-vacancy (N-V) centers in diamond
[6] have attracted significant attention as sensors for
microwave magnetic fields. N-/ spins have resonance fre-
quencies around 3 GHz in a low magnetic field and they
can detect microwave fields with these frequencies with
high sensitivity [7,8]. In particular, microwave sensing
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using N-V centers is well suited for probing spin-wave
dynamics, which typically have frequencies in the range
of a few gigahertz. Previous studies have demonstrated
quantitative imaging of coherent spin waves [9—13].

One advantage of spin-wave sensing using N-J centers
is that, when combined with a wide-field microscope, it
enables high-sensitivity imaging over areas of the order
of tens to hundreds of micrometers [8,14]. Moreover,
because the microwave magnetic field amplitude detected
by the N-V centers is analytically linked to the spin-wave
amplitude [12,13], it becomes possible to obtain quan-
titative information regarding the spin-wave precession
amplitude.

Microwave sensing using N-J centers is convention-
ally based on measuring the Rabi oscillation of N-V spins
[15]. In this protocol, it is necessary to match the reso-
nance frequency of N-V spins with the target microwave
frequency. If we want to change the target microwave fre-
quency, we must tune the static magnetic field strength.
This implies that N-V centers can detect only spin waves
whose frequency matches the resonance frequency of N-V/
spins. This in turn means that, compared to existing exper-
imental techniques for sensing spin waves, such as scan-
ning transmission x-ray microscopy [16], Brillouin light
scattering, magneto-optical methods [17], and microwave
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techniques [18], which can offer bandwidths ranging from
several tens of gigahertz up to the terahertz range in some
techniques, the bandwidth of N-J centers is extremely nar-
row. This limitation constitutes a challenge in terms of
their applicability.

To overcome this limitation, a previous study observes
the ferromagnetic resonance in a ferromagnetic microdisc
whose frequency is far from the resonance frequencies
of the N-V spin by detecting the reduction of the time-
averaged longitudinal magnetization [9]. However, the
off-resonant detection of the microwave from the spin
waves is not performed. Also, recent studies utilize spin-
wave mixing for frequency conversion of off-resonant spin
waves [19,20]. They convert the target off-resonant spin
waves to spin waves whose frequency matches the reso-
nant frequency of N-V spins by tuning the frequency of
the additional pump spin waves. This approach is practical,
but because it relies on complex nonlinear processes of the
spin waves, directly observing the propagation of the tar-
get spin waves is challenging. If it is possible to directly
detect the propagation of off-resonant spin waves, we can
understand the properties of the target spin waves more
straightforwardly.

In this paper, we focus on the ac Zeeman effect.
This refers to a phenomenon in which the resonance
frequency of the N-V spins shifts slightly when an off-
resonant microwave is applied [21-23]. The effect where
the energy levels of an atom shift due to an alternating
electric field is called the ac Stark effect. This effect has
been applied in optical dipole traps for atomic cooling
[24] and microwave electric field sensing using Rydberg
atoms [25-27].

By detecting the ac Zeeman effect, detection of off-
resonant microwaves with a maximum detuning of approx-
imately 1 GHz using a single N-V center [28] and visual-
ization of the frequency characteristics of resonator anten-
nas [29] have been demonstrated. Here, we demonstrate
an imaging of surface spin waves propagating through a
magnetic thin film with a detuning of more than 500 MHz
without changing a bias magnetic field. Furthermore, we
validate the future applicability of this protocol based on
the sensitivity evaluation and show that this protocol has
the potential to detect spin waves with a frequency of
several tens of gigahertz.

This paper is organized as follows. In Sec. II, we
describe the experimental setup and principle. In Sec. I1I,
we present the results of sensing resonant spin waves by
the conventional Rabi-based protocol. In Sec. IV, we show
the results of wideband spin-wave sensing using the ac
Zeeman effect, which are key results of this paper. In
Sec. V, we investigate the spin-wave excitation power
dependence of the spin-wave amplitude. In Sec. VI, we
estimate the sensitivity of our measurement and discuss
future applicability. Finally, in Sec. VII, we summarize the

paper.

II. EXPERIMENTAL SETUP AND PRINCIPLE

The experimental setup in this paper is shown in
Fig. 1(a). For the measurement system, we employ a wide-
field N-V microscopy, where a green laser with a wave-
length of 515 nm is irradiated to ensemble N-J centers, and
the red fluorescence is detected with an sSCMOS camera
(Andor Zyla 5.5) [29]. The laser power is set to 600 mW
in all measurements. All the measurements are conducted
at ambient conditions. Regarding the signal, each frame
is acquired by repeating the same pulse sequence over an
exposure time of 40 ms (see Appendix A for details) [8,29].

The diamond chip used in this study is fabricated by
cutting a (111)-oriented Ib-type diamond single crystal
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FIG. 1. (a) Schematic of the experimental setup. (b) The dis-

persion relationship of surface spin waves in the yttrium iron
garnet (YIG) thin film with an effective magnetization puoMey =
170 mT and the resonance frequencies of the N-JV spins under
various magnetic fields. The pink line corresponds to the fer-
romagnetic resonance (FMR) frequency of the YIG film and
the black line represents the overlap between the resonance fre-
quency of the N-V spins and the dispersion relationship. (c)
Pulse sequence used to detect the Rabi oscillation. (d) Numer-
ical simulation results of off-resonant microwave detection using
the Rabi oscillation with detunings A = 30, 100, and 200 MHz.
Microwave amplitude is fixed at fr, =20 MHz with regard
to Rabi frequency. (e) Pulse sequence used to detect the ac
Zeeman effect. (f) Numerical simulation results of off-resonant
microwave detection using the ac Zeeman effect with detunings
A =30, 100, and 200 MHz. Microwave amplitude is fixed at
fravi = 20 MHz with regard to Rabi frequency.
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(Element Six, MD111) into a substrate with a thickness
of 38 wm in the (110) orientation. An N-V ensemble
layer distributed at a depth of around 30nm from the
surface is formed by carbon ion implantation (30keV,
1 x 10'? cm~?) and subsequent annealing [30]. We uti-
lize the N-V centers oriented in the in-plane direction (y
axis) [see Fig. 1(a)]. Using in-plane N-V centers is experi-
mentally advantageous for spin-wave sensing. Applying a
bias magnetic field By parallel to the N-V centers makes
it possible to magnetize the target material in the in-
plane direction. Several fundamental spin-wave modes,
such as a backward volume mode and a surface mode,
are excited when a magnetic film is magnetized in the
in-plane direction. Therefore, using in-plane N-V cen-
ters simultaneously satisfies the conditions of applying
an external magnetic field along the N-J axis and of
magnetizing the target material in the in-plane direction.
The diamond chip is attached to the magnetic film with
the N-V surface facing down. The chip and the film are
bonded by varnish. The distance z; between the N-V
layer and the surface of the magnetic film is estimated
to be (878 =20) nm, determined by evaluating the dis-
tribution of the stray magnetic field from the stripline on
the magnetic film surface under current application (see
Appendix D).

As the magnetic material, we utilize a yttrium iron
garnet (YIG) thin film with a thickness of d = 54 nm,
epitaxially grown on a (111)-oriented gadolinium gallium
garnet (GGQG) substrate using rf sputtering [31]. We mea-
sured x-ray diffraction to confirm that the YIG film is
coherently strained to the GGG substrate; this is consis-
tent with a small lattice mismatch (—0.06%) between bulk
YIG and GGG. Striplines with a width of 20 wm, consist-
ing of Ti/Cuw/Au (10nm/190 nm/9 nm), are deposited on
the YIG film surface, and spin waves are excited by irradi-
ating microwaves to the stripline on the left side. A static
magnetic field is applied in the in-plane direction along the
stripline using a Helmholtz coil. In this geometry, surface
spin waves propagating perpendicular to the magnetic field
are observed [32]. We define the edge of the +x side of the
stripline as the origin of the x axis (x = 0).

Additionally, as shown in Fig. 1(a), a microwave res-
onator [33] is hung above the diamond chip, from which a
uniform microwave can be irradiated over the entire field
of view (see Appendix E). By applying microwaves to
this resonator, which is inductively coupled to the stripline
[34], it is possible to excite the surface spin waves indi-
rectly. N-V centers feel the microwaves emitted from both
spin waves and the antennas (resonator and stripline).
Henceforth, we refer to the microwaves from the antennas
as reference microwaves.

Next, we explain the principles and protocols of spin-
wave sensing using N-J centers, including resonant spin-
wave sensing based on the Rabi oscillation and wideband
spin-wave sensing using the ac Zeeman effect.

Figure 1(b) shows the resonance frequencies of N-J
spins and the dispersion relationship of the surface spin
waves in the YIG film (see Appendix B) under various
magnetic fields By [13]. The dispersion relationship of
the surface spin waves covers a wide range of frequen-
cies, depending on the magnetic field and wavenumber £;.
In spin-wave sensing based on the Rabi oscillation, N-V
centers are sensitive only to spin waves whose frequency
matches their resonance frequency [black line in Fig. 1(b)].
Therefore, when the external magnetic field is fixed, the
detectable wavenumber of the spin waves is specified. Uti-
lizing the protocol with the ac Zeeman effect enables the
detection of spin waves across a wide frequency range cen-
tered around the resonance frequency for each magnetic
field.

Figure 1(c) shows the sensing protocol based on the
Rabi oscillation. After initializing the spin state with a
green laser pulse, the signal microwave pulse is irradi-
ated for a period 7, and finally, the spin state is read
out. The resulting photoluminescence (PL) intensity can
be expressed as [35]

C
St)y=1-—
®=1-3
1 2 T
+ |:§ - 5= rjleZ sin(Zn\/ﬂt)} Ce "o,
rabi

(M

where A = f, — fmw represents the detuning between the
microwave frequency fmy and the resonance frequency of
the N-V spins foy. frabi = \/ZyeBmw corresponds to the Rabi
frequency of the N-JV spins, which is proportional to the
amplitude By, of the microwave with circular polarization
perpendicular to the N-J axis, and y, is the gyromagnetic
ratio of an electron spin. C is the PL contrast between the
spin m; = 0, —1 states, and 75, is the relaxation time dur-
ing the Rabi oscillation. This conventional protocol has
high sensitivity when the detuning is small; however, sen-
sitivity dramatically decreases as the detuning A increases.
Figure 1(d) shows the numerical simulation results of the
PL intensity. The microwave amplitude is fixed at frp; =
20 MHz with regard to the Rabi frequency, and the detun-
ings A are varied from 30 MHz to 200 MHz. At A =
200 MHz, the signal contrast is lost, and estimation of
microwave amplitude is almost impossible.

Figure 1(e) presents the measurement protocol based on
the ac Zeeman effect [28,29]. After initializing the spin
state with a green laser pulse, the Carr-Purcell sequence
with two m pulses (CP-2) is performed by resonant
microwave pulses followed by the reading out of the spin
state. The signal microwave is applied only for the time t
between the two 7 pulses to accumulate the phase due to
the ac Zeeman effect. The resulting normalized PL inten-
sity when the detuning is sufficiently larger than the Rabi
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frequency (A >> fiabi), and yet sufficiently small compared
to the resonance frequencies of the N-V spins, can be
expressed as

Sy =1 1 — cos (27;faczr) e_%’
2)

2
Jacz = Bﬂa
A

where T, represents the coherence time during the CP-2
sequence. A more rigorous expression when the detuning
becomes larger will be discussed in Sec. VI. Figure 1(f)
presents the numerical simulation results under the same
conditions as in Fig. 1(d). Signal oscillations can be clearly
observed even at large detunings, compared to the results
based on the Rabi oscillation [Fig. 1(d)]. As the detuning
increases, the signal frequency decreases, and the sensitiv-
ity degrades, but the contrast does not decrease as in the
conventional method. Therefore, estimation of microwave
amplitude is possible as long as the oscillation cycle is not
much longer than the coherence time 75.

ITI. SENSING RESONANT SPIN WAVES USING
THE RABI OSCILLATION

This section presents the results of imaging resonant
spin waves using the Rabi oscillation. We set the field of
view to 71 wm in the x-direction and 80 pm in the y-
direction. The external magnetic field By is swept from
24.39 mT to 26.14mT. At each magnetic field, the spin-
wave frequency is set to the resonance frequency of the
N-V spins determined by the optically detected magnetic
resonance spectrum. The wavelength of the spin waves
at the N-V resonance frequency is of the order of a few
micrometers only within this specific magnetic field range.
We input a microwave with the frequency to the resonator,
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and spin waves are excited by the inductively coupled
stripline.

Figures 2(a), 2(b), and 2(c) show two-dimensional
images of the microwave amplitude By, for three external
magnetic fields, By = 24.39, 25.17, and 25.94 mT, respec-
tively. In the analysis, signals from each 520-nm band
in the x- and y-directions are integrated and treated as a
single pixel. The microwave amplitude oscillates period-
ically in the x-direction, which is due to the interference
between the microwave generated by the spin waves that
propagate in the x-direction and the reference microwave
whose phase is spatially uniform in the entire field of view
[12,13]. The phase of the oscillations corresponds to that
of the spin waves. The period of the oscillations, which
is equal to the wavelength of the spin waves, decreases
as the magnetic field increases. This can be explained
by the dispersion relationship shown in Fig. 1(b). As the
magnetic field increases, the resonance frequency of the
N-V spins between m; = 0 and —1 states decreases, and
the dispersion relationship of the spin waves shifts to
higher frequencies. As a result, the wavenumber of the spin
waves at the resonance frequency of N-V spins becomes
smaller. In addition to the spin-wave propagation in the
x-direction, the microwave amplitude increases at a spe-
cific angle in the diagonal direction. This phenomenon
is known as “caustics” and arises from the anisotropy of
the spin-wave dispersion relationship [36]. The stripline
used in this study is long enough, and ideally, only spin
waves in the x-direction should be excited, and caustics
should not be observed. The caustics pattern can occur due
to two-magnon scattering caused by surface roughness or
defects in the YIG thin film [37,38] or nonuniformities in
the stripline.

We analyze the microwave amplitude obtained in one
dimension in the x-direction to extract quantitative infor-
mation about the spin waves. Figure 3(a) shows the

(c) Bo=25.94mT
sw= 21442 MHz

Bmw (mT) Bmw (mT)

0.35

0.30

40 60 80

FIG. 2. Results of imaging resonant spin-wave propagation using the conventional protocol based on the Rabi oscillation at external
magnetic fields By = 24.39, 25.17, and 25.94 mT. The position x = 0 pm corresponds to the location of the right edge of the stripline,

with the spin waves propagating in the right direction.
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microwave amplitude distribution By, (x) for each mag-
netic field By. Here, at each magnetic field, we integrate
signals over a width of 13 pm fromy = 31.87 umtoy =
44.87 wm in the y-direction. At each magnetic field, the
microwave amplitude oscillates with the wavelength of the
spin waves. In this measurement, B.f(x) > By (x) holds
over the entire field of view (see Appendix F). Therefore,
the oscillation amplitude corresponds to the microwave
amplitude from the spin wave Bgy(x), and the envelope
of the microwave amplitude corresponds to the reference
microwave amplitude Bir(x). To extract information on
the wavenumber and amplitude of the spin waves, we fit
the obtained microwave amplitude distribution using the
following equation:

Binw(X) = Bref(x) + Bsw(x) cos (kx(x — xo) + 6o)

Bsw(x) = B(s)we_T’ (3)
_(x=xq \Pref
Bref(x) = B?efe ( fref ) + Bfef’

where xo represents the distance from the end of the
stripline to the left edge of the field of view (xp = 20 pm
in this measurement), k, is the wavenumber of the spin
waves, and 6 corresponds to the phase of the spin waves
at x = xg. For the microwave amplitude distribution from
spin waves Bgy (x), we take into account the Gilbert damp-
ing and assume it to be an exponential decay, characterized
by the amplitude at the left edge of the field of view
ng = Bgw(xo) and the decay length /;. For the reference
microwave amplitude distribution B.f(x), due to the dif-
ficulty in obtaining an analytical expression, we adopt a
function that is the sum of an exponential decay character-
ized by the amplitude B?ef at the left edge of the field of
view, the decay length /¢, and the stretch factor py.r and
the constant term By ;. The fitting results accurately repro-
duce the microwave amplitude obtained at each magnetic
field.

Figure 3(b) shows the relationship between the exter-
nal magnetic field and the wavenumber of the spin waves
obtained from the fitting results. The solid line represents
the fitting line. For the fitting, we utilize the following the-
oretical dispersion relationship of the surface spin waves
(see Appendix B):

Sow = Yeto/ (Ho + Meg(1 — g(ked))) (Ho + Menrg (ked)),

| —ehd
kd) =1 — ————,
g(k.d) id

(4)

where Hj is the external magnetic field (By = woHo), o
is the magnetic permeability in vacuo, Mg is the effec-
tive magnetization, and d is the thickness of the YIG
film. We set the external magnetic field By, the obtained
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FIG. 3. One-dimensional analysis results of sensing resonant

spin-wave propagation based on the conventional protocol using
the Rabi oscillation, (a) One-dimensional microwave amplitude
distribution By, (x) for each external magnetic field from By =
24.39mT to By = 26.14mT. The points with error bars repre-
sent experimental data, and the solid lines correspond to the
fitting results. (b) Relationship between the external magnetic
fields and the experimentally obtained spin-wave wavenumbers.
The solid line represents the theoretical line at the effective
magnetization poMer = 169.6 mT determined by the fitting. (c)
Plots of the results of (b) in the form of the dispersion rela-
tionship between the spin-wave wavenumber and spin-wave
frequency. (d) Microwave amplitude distribution from the spin
waves By, (x) at each magnetic field, calculated from the fitting
result. (e) Spin-wave amplitude distribution m(x) multiplied by
the permeability of vacuum g, converted from the result of (d).

wavenumber of the spin waves k,, and the spin-wave
frequency fq as input variables, and the only fitting param-
eter is the effective magnetization M.g. The fitting line
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agrees well with the experimental result, and the effec-
tive magnetization obtained, puoMeg = (169.6 £ 0.7) mT,
is consistent with the value in a previous study [39].

Figure 3(c) shows the relationship between the obtained
spin-wave wavenumber and frequency for each magnetic
field (markers) with dispersion relationships calculated
with the effective magnetization pwoMeg = 169.6 mT (solid
lines). As evident from the figure, for the conventional
spin-wave sensing using the Rabi oscillation, when we
fix the external magnetic field, the wavenumber of the
detectable spin waves is also specified. While changing the
magnetic field makes it possible to detect spin waves with
different wavenumbers, it is invasive for the target mate-
rial because it also alters the dispersion relationship of the
material.

Next, we extract quantitative information about the
amplitude of the spin waves. Figure 3(d) shows the
microwave amplitude distribution from the spin waves
By (x), calculated from the fitting result. The microwave
amplitude increases as the bias magnetic field becomes
larger and the wavenumber decreases. Also, at each mag-
netic field, the microwave amplitude from the spin waves
decays at a scale of tens of micrometers. In particular,
for the data at By = 25.36 mT, the decay length obtained
is I; =37 wm. From this decay length, we can calcu-
late the Gilbert damping constant « in this condition as
a = 1.1 x 1072 (see Appendix B).

Theoretically, the microwave amplitude from the spin
waves at the position of the N-V" layer can be represented
by the product of the spin-wave amplitude m(x) and a
wavenumber-dependent transfer function D(k,z) [12,13]:

Boy(x) = %D(kx,z)u + ) m (),
)
D(k,z) = e (1 — e7*),

where 1, is the ellipticity of the spin waves (see
Appendix B). Figure 3(e) shows the results of convert-
ing the microwave amplitude By, (x) [Fig. 3(d)] into the
spin-wave amplitude m(x) using Eq. (5). As the bias mag-
netic field increases, the spin-wave amplitude increases
in the same way as the microwave amplitude [Fig. 3(d)].
The main reason for the observed behavior would be
related to the wavenumber dependence of the excitation
efficiency of the spin waves, which is determined by the
dimension of the stripline. The excitation efficiency of the
spin waves is proportional to the Fourier amplitude of the
microwave from the stripline at their wavenumber. In our
measurement, the wavenumber decreases as the bias mag-
netic field becomes larger. It is generally known that the
Fourier amplitude becomes smaller as the wavenumber
increases [18] (see Appendix H), which is consistent with
the experimental result.

Although the impact is minor, in addition to the
stripline’s excitation efficiency, the resonator’s frequency

characteristics also affect the amplitude of the spin waves.
The resonator has a resonance frequency of around
2100 MHz (see Appendix E). As the magnetic field
increases, the frequency of the spin waves approaches
this resonance frequency, resulting in a greater microwave
intensity for spin-wave excitation. From the magnitude of
the reference microwave, contributions from this effect are
estimated to account for a maximum of about 30%

As mentioned above, the ability to quantitatively detect
the phase and amplitude of spin waves is a unique prop-
erty of N-V centers. However, as repeatedly emphasized,
the conventional protocol based on the Rabi oscillation can
detect only one wavenumber of spin waves for a given bias
magnetic field. Moreover, the protocol cannot be applied
to materials whose spin-wave frequency does not match
the resonance frequency of the N-J spins. This limitation
restricts the future applicability of N-J centers in spin-
wave sensing. To address this issue, the following section
demonstrates wideband spin-wave sensing using the ac
Zeeman effect.

IV. SENSING WIDEBAND SPIN WAVES USING
THE AC ZEEMAN EFFECT

This section presents the results of wideband spin-wave
sensing using the ac Zeeman effect. As shown in Fig. 1(e),
wideband spin-wave sensing using the ac Zeeman effect
requires pulse operations of N-V spins. For pulse opera-
tions, it is necessary to manipulate N-J spins fast enough
compared to the dephasing rate. To meet this condition,
we directly input microwave pulses for both pulse oper-
ations of the N-V spins and spin-wave excitation (the
resonator is not used in the following measurements). In
all measurements, the external magnetic field is fixed at
By = 18.4 mT (the resonance frequency of the N-V cen-
ters is 2356.7 MHz). For this bias magnetic field, the
wavenumber of spin waves whose frequency matches the
resonance frequency of the N-V spins is sufficiently large
(ky ~ 6 rad/pum), and the microwave amplitude from the
spin waves at the frequency is small (see Appendix G).
Thus, when we input microwaves with the same frequency
as the resonance frequency of the N-JV spins into the
stripline, most of the microwave field generated at the posi-
tion of N-V centers originates from the stripline. Therefore,
we utilize this microwave field for pulse operations. For
imaging measurement, it is also necessary to manipulate
the N-J spins uniformly within the field of view. We
adopt the SCROFULOUS composite pulse sequence [29,40,
41] to suppress pulse errors caused by spatial nonunifor-
mity of the microwave field amplitude generated from the
stripline (see Appendix G). This composite pulse sequence
makes it possible to adequately estimate the microwave
amplitude, even when an approximately 50% pulse ampli-
tude error exists. With this technique, we image the area
from x = 1.95 pum to x = 14.3 pm where the microwave

054001-6



WIDEBAND WIDE-FIELD IMAGING...

PHYS. REV. APPLIED 23, 054001 (2025)

(a) fow= 1800 MHz (b) fsw = 1890 MHz (c) fsw= 1980 MHz (d) fsw = 2070 MHz (e) fow = 2160 MHz () fow= 2250 MHz

Bmw (mT) Bmw (mT) Bmw (mT)
80 09 80 10 80 1.0
60 08 60 60
08 0.8
g g g
Z40 240 07 240
- 0.6 - 0.6 =
0.5
20 20 20
05 05 0.4
0.4 0.3
0 04 0 0
2 8 14 2 8 14 2 8 14
* (um) * (um) x (um)

Bmw (mT) Bmw (mT) Bmw (mT)
08 80
0.6
0.7
60
0.6 g 0.5
240
05 %
0.4
20 : 04 2
03 0.3
ol
2 8 14 2 8 14

x (um)

x (um)

FIG. 4. Results of imaging off-resonant spin-wave propagation using the ac Zeeman effect at spin-wave frequencies fs,, ranging from
1800 MHz to 2250 MHz at intervals of 90 MHz. The external magnetic field By is fixed at 18.37 mT.

field for pulse operations is sufficiently strong and pulse
errors can be compensated. Under these conditions, we
sweep the spin-wave frequency f from 1800 MHz (A =
556.7MHz) to 2310 MHz (A = 46.7MHz). At all fre-
quencies, the input microwave power Pp, is fixed at
22.9 dBm.

Figure 4 displays the two-dimensional images of the
microwave amplitude B, at frequency intervals of
90MHz from fy, = 1800 MHz to f = 2250MHz. In
the analysis, signals from 130 nm in the x-direction and
1.3 pm in the y-direction are integrated and treated
as a single pixel. The interference patterns are clearly
observed, similar to the results of imaging resonant spin
waves (Fig. 2). Notably, at f;,, = 1800 MHz two interfer-
ence peaks are visible within the field of view, whereas
at fow = 2250 MHz nine interference peaks are observed.
Additionally, variations in the two-dimensional microwave
amplitude in the y-direction are noticeable at frequencies
such as f, = 1980 MHz. This variation can be attributed
to the influence of other spin-wave modes similar to that
observed in Fig. 2.

These results are obtained without changing the bias
magnetic field and underscore the utility of wideband
spin-wave sensing using the ac Zeeman effect.

Next, to extract the quantitative information of the
spin waves, we analyze the obtained microwave ampli-
tude distribution in one dimension along the x-direction.
Figure 5(a) shows the one-dimensional microwave ampli-
tude distribution along the x-direction for each spin-wave
frequency. For the analysis, we integrate signals over a
width of 26 um from y = 31.9 uwm to y = 57.9 um in the
y-direction. As with the previous section, the fitting is per-
formed using Eq. (3) to extract the contributions from the
spin waves. Since the reference microwave originates only
from the stripline and becomes negligible at a sufficient
distance from the stripline, we set By, = 0. The fitting
curve accurately reproduces the experimentally obtained

microwave amplitude distribution at every spin-wave
frequency.

Figure 5(b) shows the experimentally obtained disper-
sion relationship. The solid curve represents the dispersion
relationship obtained by the fitting, using Eq. (4), with
the effective magnetization Mg as the fitting parameter.
The fitting curve accurately reproduces the experimen-
tal results. The effective magnetization obtained, Mg =
(169.5 £ 0.7) mT, is consistent with the effective magneti-
zation derived in the previous section, uoMer = (169.6 +
0.7) mT. This consistency guarantees the validity of the
results obtained.

Figure 5(c) displays the microwave amplitude distribu-
tion Bgy (x) from the spin waves calculated from the fitting
result. A decrease in microwave amplitude is observed
as the distance from the stripline increases, similar to
the conventional resonant spin-wave sensing [Fig. 3(d)].
The decay lengths appear to vary among some results
(e.g., fsw = 2280 MHz), which is likely due to large spatial
variations in the reference microwave distribution. The dis-
crepancy between the actual distribution of the reference
microwave and the fitting result can affect the microwave
distribution from the spin waves.

The microwave amplitude distribution from the spin
waves is represented as the product of the spin-wave
amplitude and a wavenumber-dependent transfer func-
tion, as expressed by Eq. (5). Figure 5(d) illustrates the
results of converting the microwave amplitude distribu-
tion from the spin waves in Fig. 5(c) into the spin-wave
amplitude distribution m(x) using Eq. (5). The spin-
wave amplitude decreases as the spin-wave frequency
increases. In this measurement, unlike the results in the
previous section, the spin waves are excited by inputting
microwaves into the stripline directly. Since the stripline
has no specific frequency characteristics, the reduction of
the spin-wave amplitude is considered to derive primar-
ily from the wavenumber dependence of the spin-wave
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FIG. 5. One-dimensional analysis of sensing off-resonant spin-
wave propagation using the ac Zeeman effect. (a) One-
dimensional microwave amplitude distribution By, (x) at each
spin-wave frequency from f;,, = 1800 MHz to f;,, = 2280 MHz.
The points with error bars represent the experimental data, and
the solid lines correspond to the fitting results. (b) Relationship
between the experimentally obtained spin-wave wavenumbers
and spin-wave frequencies. The solid line represents the theo-
retical line at the effective magnetization of poMegx = 169.5 mT
determined by the fitting. (c) Microwave amplitude distribution
from spin waves By, (x) at each spin-wave frequency, calculated
from the fitting result. (d) Spin-wave amplitude distribution m(x)
multiplied by the permeability of vacuum i, converted from the
result of (c).

excitation efficiency of the stripline. A more detailed anal-
ysis of this wavenumber dependence of the spin-wave
amplitude is provided in Appendix I. Note that in regions
with large wavenumbers, the wavelength of the spin waves
approaches as small as approximately twice the optical
diffraction limit, and as a result, the oscillation amplitude
of the microwave from the spin waves can be reduced,
resulting in the spin-wave amplitude being underestimated
by 10—20%. It is possible to obtain a more accurate esti-
mation of the spin-wave amplitude by measuring the point
spread function (PSF) of the optical system, calculating

how much the PSF reduces the microwave oscillation
amplitude, and applying corrections to the value of spin-
wave amplitude [42,43]. However, since this effect does
not alter the essence of our results, we have analyzed the
data without making any corrections.

The above results demonstrate the possibility of obtain-
ing quantitative information on the wavenumber and spin-
wave amplitude of the surface spin waves with up to a
maximum detuning of 556.7 MHz using the ac Zeeman
effect.

V. POWER DEPENDENCE OF SPIN-WAVE
AMPLITUDE MEASURED BY AC ZEEMAN
EFFECT

In this section, we examine the excitation power depen-
dence of the spin-wave amplitude to validate our quantita-
tive method further. Here, we set the spin-wave frequency
to few = 2260 MHz (A = 96.7 MHz) and sweep the input
microwave power Ppy,.

Figure 6(a) displays the distribution of the signal fre-
quency facz(x) at each microwave power, analyzing the
same area as in the previous section. The signal frequency
increases as the input microwave power is raised. As Eq.
(2) indicates, the signal frequency is proportional to the
square of the input microwave amplitude. Consequently,
significant changes in the signal frequency are observed as
the input power varies.

Figure 6(b) presents the results of converting fu.z(x)
[Fig. 6(a)] into the microwave amplitude distribution
Buw(x). The solid lines represent the fitting results
obtained using the same procedure as in the previous
section. The fitting result is consistent with the experimen-
tal result for each microwave power.

Figure 6(c) displays the results of converting the
microwave amplitude distribution from the spin waves,
extracted from the fitting result, into the spin-wave ampli-
tude distribution m(x) using Eq. (5). The spin-wave ampli-
tude increases with input microwave power, and a sim-
ilar decay curve is observed across all microwave input
powers.

We discuss the relationship between the input microwave
amplitude and the spin-wave amplitude obtained. Figure
6(d) illustrates the dependence of the spin-wave ampli-
tude my at the left edge of the field of view on the input
microwave amplitude H,,,, (defined as equal to +/Ppy).
The solid line represents a fitting line obtained through lin-
ear regression that passes through the origin. The fitting
result demonstrates that the spin-wave amplitude obtained
is proportional to the input microwave amplitude. In this
measurement, the maximum spin-wave amplitude is about
12 mT, considerably smaller than the saturation mag-
netization. Therefore, the linear relationship observed is
consistent with expectations.
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FIG. 6. Off-resonant spin-wave amplitude dependence on the
microwave input power measured using the ac Zeeman effect.
(a) Signal frequency distribution f,.7 (x) at each microwave input
power with the spin-wave frequency fg = 2260 MHz (A =
96.7 MHz). (b) Microwave amplitude distribution By, (x) at
each microwave input power. (¢) Spin-wave amplitude distribu-
tion m(x) multiplied by the permeability of vacuum p, at each
microwave input power, converted from the result of (b). (d)
Relationship between the input microwave amplitude H,,, and
the spin-wave amplitude my multiplied by the permeability of
vacuum g at the left edge of the field of view (x = 1.95 pm).
The solid line represents a linear fit through the origin.

Previous studies have demonstrated that as the ampli-
tude of spin waves increases, nonlinear effects such as
effective static magnetization reduction and higher-order
spin-wave scattering processes become apparent, leading
to phase modulation and nonlinear decay of propagat-
ing spin waves [44—46]. Our method holds the poten-
tial for quantitatively investigating such nonlinear spin-
wave dynamics across a broad range of frequencies and
wavenumbers.

VI. SENSITIVITY ESTIMATION AND
CONSIDERATIONS OF FUTURE APPLICABILITY

Finally, we evaluate the sensitivity of the present off-
resonant spin-wave sensing. To evaluate the sensitivity,
we conduct a measurement at the spin-wave frequency
fsw = 2256.7 MHz (A = 100 MHz) under the same condi-
tions as in the frequency sweep measurement (Sec. IV).
As in the one-dimensional analysis in Fig. 5, we inte-
grate signals from 130 nm in the x-direction and 26 pm
in the y-direction, and analyze the data at the position

(a) (b) A—T7,=0715 s
— T,=5ps
SRR N
Z 102 =2 =30ms
E: 1 00 /
— g 1072 /
0 107
0 50 100 3 10 20 50
Tint (s) Jmw (GHz)
FIG. 7. Evaluation of the sensitivity of off-resonant spin-

wave sensing using the ac Zeeman effect. (a) The relationship
between integration time 7;,; and the standard error of microwave
amplitude og,,, at the position x = 5.85 wm with a spin-wave
frequency fsw = 2256.7 MHz (A = 100 MHz) and microwave
amplitude B, = 0.42mT. (b) Estimation of the sensitivity npest
of spin-wave microwave amplitude B, at various spin-wave
frequencies under different coherence time 7,. The reference
microwave amplitude and the spin-wave microwave amplitude
are assumed to be Br = 0.505mT and By, = 75.8 wT, respec-
tively.

x = 5.85 pm. At this position, the microwave amplitude
is estimated to be B, = 0.42 mT. We follow the same
procedure described in Ref. [29] for the derivation of the
sensitivity. We calculate the standard error of the esti-
mated microwave amplitude for each integration time, and
sensitivity is determined by fitting the calculation result.

Figure 7(a) displays the standard error op,, of the
microwave amplitude for each integration time Tiy. The
standard error decreases with a longer integration time. We
categorize the error into the statistical error, which arises
from the optical shot noise and is inversely proportional
to the square root of the integration time, and contribu-
tions from other systematic errors oy. The time dependence
of the standard error can be expressed by the following
equation:

O (1) = % + o0, (©)
nt

where np,,, corresponds to the sensitivity. From the fit-
ting, the sensitivity np,, is estimated to be 25 wWT/+/Hz.
This value indicates that for a microwave signal with an
amplitude of 0.42 mT and a detuning of A = 100 MHz, the
standard error of the measurement over a one-second inte-
gration period is 25 W T. This sensitivity demonstrates that
our method can sufficiently sense off-resonant spin waves
with high sensitivity.

Based on the sensitivity, we examine the capability of
this protocol to detect far-off-resonant spin waves. In this
situation, we have to take care of the effects of the N-V
spin m, = 1 state and the breakdown of the rotating-wave
approximation. A more rigorous expression for the res-
onance frequency shift f,c; due to the ac Zeeman effect
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that includes these effects can be derived using Floquet
perturbation theory as [9,28,47,48]

(veB+)?

2(f+ _fmw) '
(7

where f1 are the resonance frequencies of the N-V spins
between the m; = 0 and m; = £1 states, By correspond
to the amplitudes of the circularly polarized microwaves
rotating counterclockwise (clockwise), and fi is the
microwave frequency. A detailed derivation is provided in
Appendix J.

Using the derived expression, we estimate how sensitiv-
ity scales with the detuning. We assume surface spin-wave
interference measurements where the microwave from the
stripline is linearly polarized while the microwave from
the surface spin waves is circularly polarized. In this case,
the circular polarization components of the microwave
amplitude can be expressed as

(veB-)?  (yeB:)?

(B N
20 +fmw) o Ffow

fécZ—f_ —fmw +

B_ = Bref + BSW7

8

By = Brer, ®)

where B, and B, represent the reference microwave
amplitude and the microwave amplitude from the spin
waves, respectively. We estimate the sensitivity of the
microwave amplitude from spin waves Bg, under con-
ditions with an external magnetic field By = 20 mT, the
reference microwave amplitude B = 0.505mT, and the
microwave amplitude from spin waves Bg, = 75.8 nT.
Following the process in Ref. [29], we calculate the best
sensitivity npes at a single microwave irradiation time Tpeg.
Figure 7(b) illustrates the dependence of the sensitivity
on the microwave frequency fny. The blue line represents
the estimation of the sensitivity for the diamond sample
used in this study, characterized by a coherence time 7, =
0.72 ps. The other lines correspond to the estimations
obtained by varying coherence time 7, up to 50 s while
keeping the PL contrast and the shot noise constant. The
sensitivity degrades as the microwave frequency increases
and the detuning becomes larger. Notably, there is a peak-
like feature at fi,w =3 GHz. This occurs because the
microwave frequency approaches the resonant frequency
of the N-V spins’ m; = 1 state. In this condition, pertur-
bation theory does not hold, and conducting microwave
sensing with the conventional protocol using the Rabi
oscillation is reasonable. Regarding the sensitivity with
a much longer coherence time where 7, = 50 s, the
sensitivity at a microwave frequency fiw = 50 GHz is esti-
mated to be npest = 708 WT/ /Hz. This sensitivity means
that the standard error can be reduced to op,,,, = 70.8 uT
through 100 seconds of integration and gets less than the
microwave amplitude from spin waves By, = 75.8 nT.
This sensitivity implies that the protocol based on the ac

Zeeman effect has sufficient potential to image spin-wave
propagation at the frequency of several tens of gigahertz.

We show some strategies to enhance the sensitivity. The
diamond sample used in this study is fabricated from an Ib
substrate with a high nitrogen concentration, and it has a
short coherence time of 7, = 0.72 s and a relatively small
PL contrast of C = 0.01. By adjusting the nitrogen concen-
tration and ion irradiation conditions, it should be possible
to optimize the sensitivity with regard to PL contrast, PL
intensity, and coherence time [49]. Moreover, extending
the coherence time could also be possible by replacing
the CP-2 sequence in the protocol with sequences such as
XYS8, which can cancel out the effects of magnetic noise
sources more effectively [29]. By enhancing the quality
of the diamond sample and employing advanced pulse
sequences, achieving coherence times up to 50 ps could
be possible while maintaining the sensitivity determined
by PL contrast and PL intensity, enabling the detection of
wideband spin-wave dynamics up to 50 GHz.

VII. CONCLUSION

In this study, we demonstrated wideband wide-field
quantitative imaging of spin-wave propagation using the
ac Zeeman effect. In particular, we quantitatively visual-
ized surface spin waves, both in phase and amplitude, over
a wide range of frequencies (up to a maximum detun-
ing of 567 MHz). Furthermore, our sensitivity estimation
effectively showed the potential to image spin-wave prop-
agation with detunings up to 50 GHz. Our results expand
the applicability of N-J centers to visualizing spin-wave
dynamics. This includes exploring ferromagnetic metals
such as permalloy [50] and CoFeB [51], which exhibit
spin-wave frequencies around 10 GHz. Additionally, our
approach paves the way to exploring two-dimensional Van
der Waals ferromagnets [52,53], whose spin-wave frequen-
cies often range from several gigahertz to tens of gigahertz.
Quantitative investigation of the spin-wave dynamics of
these materials through N-V centers is essential and valu-
able, not only for understanding the dynamics themselves
but also for their engineering applications.
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APPENDIX A: DETAILS OF EXPERIMENTAL
SETUP

An optical image of the measurement device is shown
in Fig. 8(a).

Figure 8(b) shows the signal acquisition protocol for the
wide-field measurements. The protocol is the same as in
Refs. [8,29]. After initializing the N-J spins with a green
laser pulse (16.384 s laser on + 16.384 s wait), the expo-
sure of the SCMOS camera starts. During the exposure, we
repeat a sequence that consists of microwave pulse opera-
tions, and reading out and reinitialization with a green laser
pulse (20 ws laser on + 2 s wait). Subsequently, a frame
without the microwave pulse operations is acquired as a
reference; we use the ratio of the two frames as a signal.

The microwave circuits used for resonant spin-wave
sensing and wideband off-resonant spin-wave sensing are
shown in Figs. 8(c) and 8(d), respectively. For the resonant
spin-wave sensing, the microwave pulse that is controlled
in amplitude and phase via IQ modulation using an arbi-
trary waveform generator (AWG, SPECTRUM M41.6631-
x8) is output by a vector network analyzer (VSG, Anritsu
MG3700A), amplified by an amplifier, and finally input
into a microwave resonator, which is hung above the
diamond chip. For the wideband off-resonant spin-wave

(b) x Repetition Number

x Loop Number

x Loop Number

‘amera Exposure ‘amera Exposure
40 ms 40 ms

() (d)
‘ AWG ‘ ‘Resonator‘ A\T([}Q —
1Q
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FIG. 8. Experiment details. (a) Optical image of the measure-

ment device. (b) Signal acquisition protocol for the wide-field
measurements. (¢) Microwave circuit for the resonant spin-wave
sensing using the Rabi oscillation. (d) Microwave circuit for the
off-resonant spin-wave sensing using the ac Zeeman effect.

sensing, resonant microwaves for pulse operations of N-
V spins are output from a vector signal generator, similar
to the measurement based on Rabi oscillation. The off-
resonant microwave is output constantly from a signal gen-
erator (Rohde & Schwarz SMU200A) and controlled by a
microwave switch (Mini-Circuits ZY SWA-2-50DR+). The
two microwaves are mixed in a microwave mixer (Mini-
Circuits ZFRSC-42-S+) and amplified before being input
into the stripline.

APPENDIX B: DERIVATION OF SPIN-WAVE
DISPERSION RELATIONSHIP

In this section, we derive the dispersion relationship of
the spin waves used in this study [38,54,55]. The mag-
netization M(r, ) in a magnetic film evolves over time
according to the Landau-Lifshitz-Gilbert (LLG) equation

, o aM
= =Y, 4oM X Her + —M x —— (Bl)

dt M, dt’
where H. is the effective magnetic field, M, is the satura-
tion magnetization of the magnetic film, « is the Gilbert
damping constant, and y,(= 2my.) is the gyromagnetic
ratio of an electron spin. For the effective magnetic field,
we consider the external magnetic field Hy, the dipolar
magnetic field Hy;p, the exchange magnetic field Hey, and
the surface anisotropy field H;. The dipolar and exchange
magnetic fields can be expressed as

1 V' -M(x,t
Hapr.) = o [ VM0 4 (B2)
4 r —r'|
M *M  *M
Hex (v, 1) = aex 92 + ay2 + 922 , (B3)

where .y is exchange stiffness.
Regarding the surface anisotropy field, we assume the

surface anisotropy energy E per unit volume to be given
by

K,

Ey=— -M?, B4

where K is the surface anisotropy constant [56]. From
the derivative of Ej, only the z-component H; . (r, ¢) of the
surface anisotropy field is nonzero; it can be calculated as

0L 2K, Hyi

= —M,(r,t) =
oM.  M2d .2 M,

H (r,1) = M:(r,7), (B5)

where H,,; = 2K;/M,d is the anisotropy field.

We consider the above equations in wavenumber and
frequency space to derive the dispersion relationship. With
regard to wavenumber space, regarding the propagation of
spin waves in a magnetic thin film, the two-dimensional
ky-k,, plane is considered.
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First, we calculate the Fourier transformation of the
dipolar field and the exchange field in wavenumber space.

The dipolar field is expressed in the form of a convolu-
tion

Hgipp (r, 1) = / dr' Dy, (r — ¥ )M, (¥, 1),

1 9 0 1

(B6)

D, (r) = — ,
o (1) 4 3p dq |r]

where Hgjp ), is the p-component (p = x, y, z) of the dipole
magnetic field Hg;p.
Therefore, it can be expressed in wavenumber space as

Haipp (2, 1) = / dp Haipp (p,z, )"

= /dz’qu(k,z—z/)Mq(k,z’,t), B7)

where p = (x,y) represents the two-dimensional coordi-
nate and

1 Jd o0 1 .
D, (K,z) = — — — e Py, B8
o (K.2) 4n/(apaq|r|)e P B9

Each component of D, (k, z) can be calculated as

D(K,z)

_&
2k

—k|z|

oKzl _ ’ﬂ;_’;ve—km

—ikysign(z)e

= keky izl _ K k] g —klz|
—>pe€ — € —ik,sign(z)e ’

—iksign(z)e ¥ —ik,sign(z)e = 1ke7Hl — §(2)
(B9)

where k = | /k2 + k2.

Regarding the integration in the z-direction of Eq. (B7),
we consider the condition where the wavelength of the
spin waves is sufficiently longer than the thickness of
the film, and the magnetization is uniform across the z-
direction. Also, we approximate that the dipolar field takes
the average value across the thickness direction and does
not depend on z:

1 0 0
Hapy (k1) = / dz / d'Dyy(K, 2 — 2 )My (K, 1).
—d —d
(B10)

Stripline YIG

FIG. 9. Schematic of spin-wave propagation.

Under these conditions, the dipolar field in wavenumber
space can be calculated as

Haip (K, 7)
2
~Sgld) —SFekkd) 0
— " ©
0 0 g(kd) — 1
. (kd) sin 2¢p
—g(kd) sin® ¢ — e 0
_ _g(kaozsinm —g(kd) cos® ¢ 0 M(k, 1),
0 0 gkd) — 1
(B11)
where
M, (k, 1)
Mk, ) = | My(k, D) |, (B12)
M (k1)
. 1 —e
=1-—"" B13

and ¢ is the angle between the direction of the external
magnet and that of spin-wave propagation [Fig. 9].

The Fourier transformation of the exchange field in
wavenumber space can be calculated as

Hey (K, 1) = —ae k°M(K, 7). (B14)

The Fourier transformation of the surface anisotropy field
in wavenumber space can be calculated as

H .
M, (K, 7).
M,

N

Hs,z(k: t) = (BIS)

We assume the external magnetic field is applied in the
y-direction, and the magnetic film is magnetized in this in-
plane direction. Also, we consider the condition where the
precession amplitude of the spin waves is sufficiently small
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compared to the saturation magnetization:

MX (r5 t)s MZ (r9 t) << MS!

My (e,0) = /M, — M2(r, ) — M2(x, 1)

~ M,. (B16)

Based on the above preparations, we consider the LLG Eq.
(B1) in the wavenumber and the frequency space. Also, we
ignore second-order terms of small quantities. The LLG
Eq. (B1) can be expressed as

_iwmx,k,w = (Cl)l - lOlC()) m; k,w
. . ’ (B17)
—iwm; kg, = (—wy + l0w) My k0,

where miy ko, M-k are respectively the Fourier transfor-
mations of magnetization in the x- and z-direction,

Mo = / dp / dt M (r, e Pe™"",
(B18)
Moyow = / dp / dt M. (r, e *re=iet

and

w1 =y (Ho + My(1 — g(kd)) — Hani + cex Mk?) ,
wy = )’e/MO (HO + Mg (kd) sin’ ¢+ Olevakz) .
(B19)

From Eq. (B17), the resonance frequency of the spin waves
can be calculated as

w1 + @

w =/ ww, —ix (B20)

From the real part of Eq. (B20), the following dispersion
relationship of the spin waves is obtained:

o = y.oy (Ho + My(1 = gkd)) — Hoi + e M)

x (Ho + Mg (kd) sin® ¢ + aexMR?).  (B21)

For the analysis of the experimental results in this paper,
since we examine only the regions where the wavenumber
is small and the effects of the external magnetic field and
the dipolar magnetic field are dominant, we use the dis-
persion relationship that ignores the terms of the exchange
field. Furthermore, when the wavelength is sufficiently
longer than the film thickness (kd < 1) and the anisotropy
field is not large, Hang (kd) << Hy, M holds. In this situa-
tion, by defining the effective magnetization M g as Meg =

M — Hypi, w1, @y in Eq. (B19) can be approximated as

w1 2 Yoo (Ho + Menr(1 — g(kd)))

, L (B22)
w2 = Y, Ko (Ho + M. gg (kd) sin ¢) .

The dispersion relationship in Eq. (B21) can be therefore
rewritten as [18]

==y, oy (Ho+ M1 — g (kd))) (Ho -+ Meng (kd) sin® ),
(B23)

which is equivalent to Eq. (4) in the main text.

The imaginary part of the resonance frequency Aw =
a(w; + wy)/2 corresponds to the resonance linewidth.
Also, the linewidth in the corresponding wavenumber Ak
is linked to the decay length of the spin waves prop-
agating on the magnetic film. The relationship between
the linewidth of the resonance frequency and that of the
wavenumber is

w

Aw = ﬁAk = v Ak, (B24)

where v, is the group velocity of the spin waves. From
Eq. (B24), the decay length of the spin waves /; can be
calculated as

2vg
-~ B25
7w + o) (B23)

Also, the ellipticity ny of the spin wave precession can be
calculated from Eq. (B17) as

= =2 (B26)

APPENDIX C: CALCULATION OF MICROWAVE
AMPLITUDE FROM SPIN WAVES SENSED BY
N-V CENTERS

1. Microwave amplitude from spin waves

In this section, we derive the microwave amplitude from
the spin waves at the position of the N-J/ centers [12,13].

We consider the spin waves propagating in a magnetic
thin film and assume the temporal precession of the spin
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waves at a position p to be

my (pa t) = moei(k'p_wt)a ( )
) Cl1
m(p,t) = —incmoe’® P~

Using Eq. (B7), the microwave dipolar magnetic field in
wavenumber space at a position z > 0 can be expressed as

0

Bgwp (k1) = /Lo/ dz'Dpy(k,z — 2 )my(k,1).  (C2)
d

By calculating the above equation and converting it back
into the coordinate representation, the microwave ampli-
tude at the position (p,z) from the spin waves can be
expressed as

Boywx(p, 1)

= — P (1 — e sing (sing + momoe P,

Bsw,y (p; t)

= —%e_kz(l — e ") cos ¢ (sin ¢ + i) mee’ P,

By - (p,1)

=~ (1 — e ) (sin g + momoe P,

> (C3)

In this study, we detect the surface spin waves correspond-
ingto ¢ = /2. Also, the N-V centers used in the measure-
ments have their quantization axis in the y-direction, and
they are sensitive to microwave magnetic fields perpendic-
ular to this direction. Therefore, the microwave magnetic
field sensed by the N-V centers is

Bywx(p, 1) = —%e—kz(l — e (1 + mmpe® P,

By (p1) = —i%e*kz(l — e (1 + mmoe P
(C4)

This microwave is circularly polarized and induces
transitions between the my; = 0 <> m, = —1 states of the
N-V spins. Finally, from Eq. (C4), we can obtain the
expression for the circularly polarized microwave ampli-
tude from the spin waves as

Mo _ _
By = 7°e 1 — e )1 + nom.

(C5)
2. Interference between microwave field from spin
waves and reference microwave field

In our measurements, the microwave sensed by the
N-V centers results from the interference between the
microwave from the spin waves and the reference

microwave radiated from the antenna. Since the wave-
length of the reference microwave is of the order of cen-
timeters, which is sufficiently longer than the length of the
field of view, the phase of the reference microwave can be
regarded as uniform. On the other hand, the wavelength of
the spin waves is of the order of several micrometers and
their phase significantly changes within the field of view.
We define the microwave from the spin waves By (p, )
and the reference microwave B¢(p, f) as

Bsw(p’ t) = Bsw(p)ei(k'piwﬂke): (C6)
Bref(ps ZL) = Bref(p)eiiwt'

Under this condition, the microwave amplitude By, (p, )
sensed by N-V centers is

Bnw(p,1) = N [Bsw(p, 1) + Bret(p, )]

= Biot(p) cos(wt + 0), (C7)
where
Biot(p)
- \/ng(p) + 2B (p)Brer(p) cos(k - p + 0) + BL(p).
(C8)

When the reference microwave amplitude is sufficiently
larger than the microwave amplitude from the spin waves
(Bret(p) > Bsw(p)), the total microwave amplitude By (p)
can be approximated as
Biot(p) = Brer(p) + Bsw(p) cos(k - p +6). (C9)
APPENDIX D: DISTANCE CALIBRATION
BETWEEN N-V LAYER AND YIG FILM SURFACE

The distance between the N-V layer and the YIG film
surface is estimated by applying dc current to the stripline
on the YIG film surface and fitting the distribution of the
stray magnetic field from the stripline current using an
analytical model [12].

The measurement setup is shown in Fig. 10(a). The x-
component dominates the stray magnetic field from the
stripline current except near the edge of the stripline. To
detect the magnetic field in this direction, we utilize N-
V centers oriented in the [111] direction within the plane,
which is tilted from the x-direction by 19.47°. An external
magnetic field By = 9.62mT is applied in the x-direction,
and dc current / = £20mA is applied to the stripline
using a dc voltage source (Yokogawa GS200). We measure
the optically detected magnetic resonance spectrum of N-J
centers to obtain the magnetic field distribution. We inte-
grate signals in the y-direction within the field of view, and
the magnetic field distribution is calculated by estimating
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z4= 878 nm

@ (b)
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FIG. 10. Distance calibration between the N-J layer and the
YIG film surface. (a) Schematic of the measurement. (b) Mag-
netic field distribution from the stripline current. (blue) Exper-
imental results. (red) The fitting result based on the analytical
model.

the two resonance frequencies of the N-J centers at each
position and converting them to the magnetic field [57].
The magnetic field distribution from the dc current B;(x)
is estimated by taking the difference between the distri-
butions obtained with positive and negative currents. We
fit the obtained magnetic field distribution using Ampere’s
law:

! I
Bi(x)= / dz Ho arctan (
0

w(zg—2z)
2wt (x—xo)2+(Zd—z)2—(3—V)2)’

(D)

where z; represents the distance between the N-/ layer and
the YIG film surface, w is the width of the stripline, x
is the x-coordinate of the central position of the stripline,
and / corresponds to the current value. The integration in
the z-direction refers to the integration across the thick-
ness of the stripline. In this measurement, the thickness
of the stripline ¢ is estimated to be t = 209 nm from the
calibration values of the coating thickness gauge. In this
configuration, the z-component of the magnetic field from
the stripline current can be ignored because it is perpendic-
ular to the N-V axis, and the expected maximum magnitude
of 0.5 mT is sufficiently small compared to the bias exter-
nal magnetic field in the x-direction By = 9.62 mT. For the
fitting, only w, x¢, and z; are used as fitting parameters; all
other parameters are fixed.

Figure 10(b) shows the experimentally obtained mag-
netic field distribution (blue points) and the fitting result
(red line). The model accurately reproduces the experimen-
tal results, and the distance between the N-V layer and the
YIG film surface is estimated to be z; = (878 £ 20) nm.

APPENDIX E: FREQUENCY CHARACTERISTICS
OF THE MICROWAVE RESONATOR

In the resonant spin-wave detection based on the pro-
tocol using the Rabi oscillation, a microwave resonator is
hung above the diamond chip. The microwave is input to

1800 2000 2200 2400
Frequency (MHz)

FIG. 11. The resonator antenna used in the resonant spin-
wave sensing. (a) An optical image of the resonator. (b) Sy,
characteristics of the resonator obtained with a network analyzer.

this resonator to excite spin waves and radiate uniform
microwaves in the field of view. Figure 11(a) shows an
optical image of the resonator. The design is based on Ref.
[33]. It is manufactured by laser- processing a printed cir-
cuit board (FR-4.0) of a thickness of 300 wm with 18 pm
copper foil.

Figure 11(b) shows the S;; characteristics of the res-
onator. The figure displays that it has a resonance fre-
quency of around 2100 MHz.

APPENDIX F: ANALYSIS OF MICROWAVE
AMPLITUDE IN RESONANT SPIN-WAVE
SENSING BASED ON THE RABI OSCILLATION

In this section, we explain the details of the analy-
sis of the microwave amplitude in resonant spin-wave
sensing based on the protocol using the Rabi oscillation.
The resulting microwave distribution in the measurements
is represented by Eq. (C7). Information about the refer-
ence microwave distribution is necessary to extract the
microwave amplitude from the spin waves.

Figure 12(a) shows the microwave amplitude distribu-
tion at an external magnetic field of By = 25.17 mT and a
microwave frequency of fi, = 2166.2 MHz. Clear inter-
ference between the microwave from the spin waves and
the reference microwave is observed. The envelope of the
microwave amplitude distribution obtained is greater than
the amplitude of the oscillations at each position, and the
microwave amplitude of the envelope only changes by
about 30% from the left to the right edge of the field of
view. On the other hand, the amplitude of the oscillations
decreases by a factor of about 10 from the left to the right
edge of the field of view.

Figure 12(b) shows the microwave amplitude distribu-
tion at an external magnetic field of By = 18.37 mT and a
microwave frequency of fi,,, = 2356.7 MHz. At this mag-
netic field, the microwave amplitude from the spin waves is
small because their wavenumber at the frequency is large,
making the contribution from the reference microwave
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By =18.37mT
4%* Pmw =454 dBm
fimw = 2356.7 MHz

fmw = 2166.2 MHz

% Bo=25.17mT
I%é —}— Pw =302 dBm
i

\

20 40 60 80 20 40 60 80
x (pm) x (um)
FIG. 12. (a) Microwave amplitude distribution at an external

magnetic field By = 25.17 mT and a microwave frequency fiw =
2166.2 MHz. (b) Microwave amplitude distribution at an external
magnetic field By = 18.37 mT and a microwave frequency fiw =
2256.7 MHz.

dominant. Since the microwave frequency is far from the
resonator’s resonance frequency, the microwave amplitude
of the envelope is smaller than that at By = 25.17 mT.
However, the change in the microwave amplitude from the
left to the right edge of the field of view is about 30 %,
consistent with the envelope trend at By = 25.17mT.
Therefore, we conclude that the envelope represents the
reference microwave amplitude distribution, and the oscil-
lations derive from the spin waves. Since the amplitude of
the reference microwave is larger than that from the spin
waves, we use Eq. (C9) for the analysis.

In wideband spin-wave sensing based on the ac Zeeman
effect, pulse operations of N-J/ spins are necessary to read
out the resonance frequency shifts due to the ac Zeeman
effect using the CP-2 sequence. Since we simultaneously
image a wide field of view, we must manipulate the N-
V spins uniformly and sufficiently fast compared to the
coherence time across the field of view. As described in the
main text, we manipulate the N-J spins by the microwave
radiated from the stripline. Figure 13(a) shows the Rabi
frequency distribution at an external magnetic field By =
18.37mT, a microwave frequency fmy = 2356.7 MHz, and
an input microwave power P, = 30.8 dBm. Though the
Rabi frequency is sufficiently large (~ 60 MHz) around
the edge of the stripline, it also exhibits significant inho-
mogeneity. We employ SCROFULOUS composite pulses to
compensate for the amplitude error [29,40,41]. SCROFU-
LOUS composite pulses, shown in Fig. 13(b), can reduce
pulse amplitude errors by replacing the /2 pulse and &
pulse with three composite pulses with specific phases and
rotation angles.

APPENDIX G: DETAILS OF WIDEBAND
SPIN-WAVE SENSING

Figures 13(c) and 13(d) show the results of numerical
simulations to evaluate how much pulse amplitude errors
can be compensated by utilizing composite pulses. In the
numerical simulations, we calculate the time evolution in
the protocol shown in Fig. 1(d) in the main text. We set

@ 4o (b
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FIG. 13. Details of the implementation of wideband spin-wave

sensing based on the ac Zeeman effect. (a) Rabi frequency dis-
tribution fr,pi(x) at a magnetic field By = 18.37 mT, microwave
frequency fnw = 2356.7 MHz, and input microwave power Pj, =
30.8 dBm. (b) SCROFULOUS composite pulses. (¢) (d) Numeri-
cal simulation results of the protocol to detect the ac Zeeman
effect under various pulse amplitude error rates €. Detuning of
the signal microwave is set to A = 200 MHz and the amplitude
is frabi = 20 MHz with regard to the Rabi frequency. (c) is the
result without composite pulses, and (d) corresponds to the result
with composite pulses.

an external magnetic field By = 18.37 mT, a detuning of
the off-resonant signal microwave A = 200 MHz, and an
amplitude frpi = 20 MHz with regard to the Rabi fre-
quency. Additionally, the resonant microwave amplitude
for pulse operations fyuse is set to 35 MHz, and this value
is used to determine the pulse lengths of the 7 /2 pulse and
the 7 pulse. In this situation, the N-J spin can be regarded
as a two-level system with m; = 0 and m; = —1 states,
and the rotating-wave approximation is valid. Therefore,
the time evolution of the spin is calculated using the exact
expression for a two-level spin system under circularly
polarized microwave application (details are described in
the Supplementary Material [29]). We introduce an error
rate € given by fp;lse = foulse (1 + €) to investigate the effect
of pulse amplitude errors.

Figure 13(c) displays the simulation results of using
conventional pulses under various pulse amplitude error
rates, and Fig. 13(d) illustrates the results of using the
SCROFULOUS composite pulses. With conventional pulses,
the signal oscillations disappear when the absolute error
rate reaches approximately 0.3. However, when using
SCROFULOUS composite pulses, signal oscillations due to
the ac Zeeman effect can still be observed even with an
error rate of around + 0.5.

Based on these simulation results, in our measurement,
the resonant microwave amplitude for pulse operations is
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set to 35 MHz, and we focus on the region where the error
rate |e| is smaller than 0.5. The region that meets these
conditions ranges from x = 1.95 pm to x = 14.3 wm [see
Fig. 13(a)].

APPENDIX H: NUMERICAL SIMULATION OF
STRIPLINE MICROWAVE FIELD

The amplitude of the spin waves excited by a stripline
is proportional to the Fourier amplitude of the microwave
field of the stripline at the wavenumber of the spin waves
[58]. In this section, we simulate the microwave dis-
tribution from the stripline to evaluate the wavenumber
dependence of the spin-wave amplitude obtained in the
wideband spin-wave sensing. For the simulation, we use
the three-dimensional electromagnetic simulation software
CST MICROWAVE STUDIO®. For computational efficiency,
we assume that the stripline consists only of Cu200nm,
and the thickness of the YIG is set to 1 wm. Additionally,
the length of the stripline is shortened to 400 wm (actual
length is 2 mm).

We simulate the distribution of microwave amplitude in
the x-direction 4, with the microwave frequency fiy =
2165.8 MHz. Figure 14(a) shows the simulation results
of the microwave amplitude in real space and Fig. 14(b)
presents the amplitude distribution in wavenumber space
by performing a Fourier transformation of the distribution
hy in Fig. 14(a). From the result of the wavenumber depen-
dence of the amplitude, it can be expected that the spin-
wave amplitude decreases as the wavenumber increases
and oscillates periodically.

APPENDIX I: EVALUATION OF SPIN-WAVE
AMPLITUDE IN THE WIDEBAND SPIN-WAVE
SENSING

This section compares the experimentally obtained spin-
wave amplitudes in the wideband spin-wave sensing and
the amplitudes expected from the numerical simulation
results.

(3)1.0 (b) 400
= = 300
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= g 200
<00 <
< = 100

-0.5 | 0

-50 0 50 0 2 4 6
x (um) fx (rad/pm)

FIG. 14. Numerical simulation results of microwave distribu-
tion from a stripline. (a) Distribution of the microwave ampli-
tude in the x-direction /4, in real space. (b) Distribution of the
microwave amplitude in the x-direction /; in wavenumber space.
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FIG. 15. Wavenumber dependence of the spin-wave ampli-
tude. (red) Experimentally obtained spin-wave amplitude mul-
tiplied by the permeability of vacuum pg. (blue) Expected
amplitude from the numerical simulation.

Figure 15 shows the wavenumber dependence of
the spin-wave amplitude. The red points represent the
wavenumber dependence of the spin-wave amplitude at
the center position of the field of view (x = 8.1 wm), esti-
mated from the fitting results for the data in Fig. 14(d) in
the main text. The blue dotted line represents the Fourier
amplitude of the stripline’s microwave field in Fig. 15(b),
scaled by a constant factor. While the experiment and sim-
ulation results show a similar trend in that they decrease as
the wavenumber increases, the oscillations seen in the sim-
ulations are not visible in the experimental results. Since
the intervals of wavenumbers obtained in the experiment
are close to those of the oscillations in the simulations, we
conduct a measurement over finer frequency ranges for a
more detailed comparison.

Figure 16(a) shows the microwave amplitude distribu-
tions obtained by sweeping the spin-wave frequency from
fsw = 1950 MHz to f5,, = 2040 MHz at intervals of 5 MHz.
An offset of 0.3 mT is added to each data. In the figure,
there seems to be no particular frequency where the oscil-
lation amplitude of the microwave becomes significantly
larger or smaller compared to other frequencies. Figure
16(b) shows the wavenumber dependence of the spin-wave
amplitude at the center of the field of view (red) and
the expectation from the numerical simulation scaled by
a constant factor (blue), similar to Fig. 15. Here, too, no
clear oscillations are observed. One possible reason for the
lack of oscillations in the spin-wave amplitude is that the
decay length of the spin waves in the YIG sample used
in the experiment is relatively short. The decay length of
the spin waves in the wideband spin-wave sensing is typ-
ically estimated to be around 20 pm. As indicated by Eq.
(B24), the decay of the spin waves is due to the linewidth
of wavenumbers caused by damping. A decay length of
20 wm corresponds to a linewidth Ak = 0.05rad/pm in
wavenumber terms. The stripline used in this study has a
relatively wide width of 20 wm, resulting in small intervals
of oscillations. Therefore, the spread of wavenumbers may
average out the oscillations seen in the simulations, leading
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1 1960MHz 2010 MHz Schrodinger equation can be expressed as
4l 1970 MHz {2020 MHz
1980 MHz & 2030 MHz
3l 1990MHz 3 2040 MHz 20 30 gt
= e - Y (@) =e 7 |¢(), J3)
Z 2 = 202
S h \ /A FERN 8 .
T ii/ 1017 Ay eaun \ S where € represents the quasienergy and |¢ (¢)) has the same
& of s U VT vE V0 E periodicity as the Hamiltonian:
~ 5 i vy v =
-1
i 0 0 9t +) = 16) (14)
2L 2.0 25 3.0
3t kx (rad/pm) n
By defining the Floquet Hamiltonian H(?) as
2 4 6 8 10 12 14
x (um) 5
H() = H(t) — ih—, J5)
FIG. 16. Wavenumber dependence of the spin-wave amplitude ot

in a fine frequency range. (a) Microwave amplitude distributions
across frequencies from f5,, = 1950 MHz to 2040 MHz at inter-
vals of 5MHz. (b) Wavenumber dependence of the spin-wave
amplitude. (red) Experimentally obtained spin-wave amplitude
multiplied by the permeability of vacuum . (blue) Expected
amplitude from the numerical simulation.

only to observable attenuation. For further investigation,
experiments using a narrower stripline could be help-
ful. Factors such as local inhomogeneities in the stripline
could also contribute to the disappearance of sharp peaks
predicted by simulations.

APPENDIX J: CALCULATION OF RIGOROUS
EXPRESSION FOR THE RESONANCE
FREQUENCY SHIFT DUE TO THE AC ZEEMAN
EFFECT

The resonance frequency shift caused by the ac Zee-
man effect corresponds to a shift caused by off-resonant
microwave irradiation in a rotating frame. In this section,
we derive the expression for the shift in a situation
where the detuning A is sufficiently large compared to the
microwave amplitude f;,,;. For the N-J centers, previous
studies [9] and [28] derived an expression by calculat-
ing an effective Hamiltonian using the Schrieffer-Wolff
transformation. Here, we derive it based on the Floquet
perturbation theory [47,48].

1. Floquet perturbation theory

The time evolution of a quantum state [{(f)) is
described by the Schrédinger equation,

n d
(H(r) - ”‘a‘;) () =0, an

where H (¢) is the Hamiltonian of the system, which is

assumed to have periodicity with period t:

Ht+1)=H®. (J2)

the time-dependent Schrédinger equation can be expressed
in the same form as the time-independent Schrodinger
equation:
H@) @) = E P (1)) (J6)
By applying a perturbation theory to this Floquet Hamilto-
nian, we calculate the resonance frequency shift due to an
external oscillating field.
To apply a perturbation theory, we separate the Hamil-
tonian into the following unperturbed and perturbed terms:
H(®) = Hy + V), (J7)
where Hj is the time-independent unperturbed Hamilto-
nian, and V(¢) is the perturbation term with period 7. We
assume that the eigenstates of the unperturbed Hamiltonian
are labeled by a quantum number #:
Hoyln) = E, n). (I8)
In this case, the eigenenergies and eigenstates of the
unperturbed Floquet Hamiltonian

Ho(t) = Ho(r) — iha% (J9)
can be expressed as
Ho(0)In,q)) = Engln,q)), (J10)
where
En.y =E, + qo, ain

n,q)) = " |n),

and w = 27 /7. The states |n, q)), where ¢ € Z represents
the number of photons, form an extended Hilbert space.
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The inner product between two states |u(¢))) and |v())) in
this space is given by

2

1
{((u@®v@)) = ;/ (u@®|v(0))dt. (J12)

NG

We calculate the shift of the unperturbed eigenstate |n, g))
and its eigenenergy £, , due to the perturbation term.

We expand the eigenstates of the Hamiltonian |£()))
with the unperturbed states as

E@)) =D cmplm.p)). (J13)
m.p
The coefficients and energies can be expanded as
— 0 )]
Cimp = CoyOmnOpg + Cppy + oty
Lo e e (J14)

E=E,,+EV+E® . ...

Since Eq. (J10) has the same form as the time-independent
Schrodinger equation, by using calculations similar to
those in the time-independent perturbation theory, we
can derive the perturbed energy up to second order and
coefficients to first order as

EY = ((n,q|VIn,q)),

E® _ Z,((n,qlVle,p»((Em,prln,q», (J15)
m.p ng — =mp
and
Sy = 1
o mp ) oy, O

En,q - Em,p

Here, Zm’p " means summing over all (m,p) except for
(n,9).

Next, we calculate the specific expression for the energy
shift when the periodic perturbation term V(f) can be
decomposed as

V() =V + Ve + V_e ™. J17)

By substituting into Eq. (J15), the energy shift up to second
order can be calculated as

ED = (mVln),

2
Q) _ | (nlViim) |
£ B Z ( En _Em *

m

(n| V- Im) (m|V_|n)
E,—E,+w

n (n|V_|m) <MIV+|n)>'

J18
E,—E,—ow (I18)

What is interesting here is that the energy shift does not
depend on the number of photons g. Therefore, the energy

shift for the state |n, g)) can be regarded as a steady energy
shift of the time-independent eigenstate |n).

2. Calculation of ac Zeeman shift of N-J center under
microwave irradiation

We consider the following Hamiltonian of an N-V spin
with an external magnetic field and microwave field:

= DS? + y/B.S. + y/(B_e " + B.“NS,. (I19)

SR

Henceforth, we will omit the Planck constant A for con-
venience. By transitioning to the rotating frame using the
unitary transformation

U = exp(ioS.1), (J20)

the effective Hamiltonian in the rotating frame H’ can be
expressed as

H =UHU —iUU"
D+yB.+ o Q, 0
= ( Qo 0 QL , (321
0 Q. D—yB.—w

where @ = y./ V2(B_ + B,e¥®"). With the angular fre-
quency 2w, this Hamiltonian can be related to the terms in
Egs. (J7) and (J17) as follows:

R D+yB.4+w 0 0
Hy = 0 0 0 ,
0 0 D—yB.—w
veB—
o 7
— Yeb— Yeb—
I/S - ﬁ /(; ﬁ >
veB—
0 i 0
YeB+
0 i /(;
V = YeD+ ,
+ 0 O 7
0 0 0
0 0 0
'B
vo=|% 0 0}, (122)
veB+
0 5 0

The eigenstates of the unperturbed Hamiltonian are the
states obtained by a rotational transformation of the eigen-
states of §Z, labeled by |mg) (wWhere mg =0, £1). We
denote the eigenangular frequencies of the unperturbed
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Hamiltonian as w,,¢. The eigenenergy up to second-order
terms for each state can be calculated using Eq. (J18) as

_ (WB- (B2 (B (wBy)?

Ey =
T T 2(w_—w) 2w tw) 20-tw) 2wr—w)
/B_ 2 /B 2
E =D—yB.—w+ (veB-) (veB+) ,
2(_ —w)  2(w- + w)
/37 2 /B 2
E.=D+yB.+o+ 25 eBy)”
2wy +0) 2wy — o)
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In this study, we use the CP-2 sequence to detect the energy
shift between Ej; and E_ during off-resonant microwave
irradiation. We denote the corresponding angular fre-
quency by w,z and it can be calculated by Eq. (J23)
as

oy (v/B_)* (v/B_)* (v/B1)* (v/B+)?
® s o —w 2w +w) o_+o 20p—o)
J24)

which is consistent with Refs. [9] and [28]. Regarding
terms after the second item in Eq. (J24), those containing
w, derive from the effect of the mg = +1 state, and terms
containing B, from the breakdown of the rotating-wave
approximation (RWA). In particular, the effects of these
terms become pronounced when the detuning becomes
comparable to the resonance frequencies (around zero-field
splitting when the magnetic field is not large). In the anal-
ysis of the experiments in the main text, the detuning is
up to approximately 500 MHz, and since the contribution
from the terms after the second term in Eq. (J24) is small,
we consider only the first term.

3. Approximate expression for the resonance
frequency shift by the ac Zeeman effect for a very
large detuning

Figure 17 shows the dependence of the resonance fre-
quency shift by the ac Zeeman effect focz (= wacz/27)

6
10 : — All terms
| [——Only B_ with RWA

facz (kHz)

1 10 100
fmw (GHZ)

FIG. 17. Numerical simulation results of the microwave fre-
quency dependence of the frequency shift due to the ac Zeeman
effect (B_ = 0.53mT, By = 0.51 mT). (red) The results of con-
sidering only the first term in Eq. (J24). (blue) Results taking into
account all terms in Eq. (J24).

on the microwave frequency fp,w. Here, the external mag-
netic field B, is set to B, = 20mT, and the microwave
amplitudes are set to B_ = 0.53mT and B, = 0.51 mT,
respectively. The red line is the result of considering only
the first term in Eq. (J24), and the blue line represents
considering all terms. fi correspond to the resonance fre-
quencies between the mg = 0 and mg = %1 states of the
N-V spin, respectively. For small detunings (A = |fjw —
f—| < 500 MHz), the approximation considering only the
first term is valid. However, as the microwave fre-
quency increases further, careful analysis becomes nec-
essary because singularities occur when the microwave
frequency approaches the frequency between m, = 0 and
my = +1 at first, and all terms need to be considered for
even larger detunings.

In particular, when the detuning is sufficiently large
compared to the energy scales between the levels of the
N-V center (w > w+), Eq. (J24) can be approximated as

2
¥
Wacz = — 2w

(B — B%). (125)
In surface spin-wave interferometry measurements, the
reference microwave can be assumed to be linearly polar-
ized, while the microwave from the spin waves is circularly
polarized. When the reference microwave amplitude Bies
is sufficiently larger than the microwave amplitude from
the spin waves By, the microwave amplitudes of each
polarization can be expressed as

B_ = Bref + Bsw>

(J26)
By = Bt
By substituting Eq. (J26) into Eq. (J25), we can obtain the
approximate expression for the ac Zeeman shift as

2
Wacz = — = BrefBsy . (J27)
w
Therefore, it is possible to derive the microwave ampli-
tude from the spin waves by calibrating the reference
microwave amplitude Bi.s in advance.
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