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Imaging ACmagnetization response of
soft magnetic thin films using diamond
quantum sensors
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The energy loss in inductor core is a significant limitation in high-frequency power electronics. For
evaluating and optimizing soft magnets, simultaneous imaging of both amplitude and phase of AC
stray fields beyond 10 kHz is crucial. Here, we develop an imaging technique for analyzing AC
magnetization response using diamond quantumsensors. For frequencies up to 200 kHz,wepropose
a measurement protocol, Qubit Frequency Track (Qurack), where microwave frequency modulation
tracks qubit frequency oscillations. For higher frequencies above MHz, quantum heterodyne (Qdyne)
imaging is employed. The soft magnetic CoFeB–SiO2 thin films, developed for high-frequency
inductors, exhibit near-zero phase delay up to 2.3 MHz, indicating negligible energy loss. Moreover,
the energy loss depends on the anisotropy: when the magnetization is driven along the easy axis,
phase delay increases with frequency, signifying higher energy dissipation. These results suggest
potential applications in analyzing soft magnets and improving the performance of power electronics.

Improving the energy conversion efficiency of power electronics is essential
for realizing a sustainable society1. Wide-bandgap power semiconductor
devices, such as GaN and SiC, are instrumental in reducing energy losses
and enabling the miniaturization of power electronics systems owing to
their large breakdown electric field and capacity for high-frequency
operation exceeding 10 kHz.However, at high frequencies, the large energy
loss in passive components, such as inductors and cores of magnetic
materials, restricts the reductionof thepower loss and theminiaturizationof
power electronics systems. Therefore, it is vital to develop soft magnetic
materials with high energy conversion efficiency in the high-frequency
range. For that, evaluating the energy loss, understanding the energy loss
mechanism, and providing feedback on the findings to material develop-
ment are critical. The energy loss originates from the hysteresis of the
magnet and is measured from the area enclosed by the magnetic flux
density–magnetic field (B–H) or magnetization-magnetic field (M–H)
characteristics. Therefore, the B–HandM–Hcharacteristics serve as crucial
metrics for evaluating soft magnetic materials. Especially, imaging B–H or
M–H characteristics allows us to link local nonuniformities and magnetic
domains to the hysteresis loss. Magneto-optical Kerr effect (MOKE) ima-
ging, which is sensitive to surface magnetization, is widely used for imaging
M–H characteristics2–4. MOKE is used to observe magnetic domain shapes,

such as domain-wall motion or the number of domain walls. Here, the
energy losses are measured using another method, such as measurement of
Busing apick-up coil. Todevelophigh-performance softmagnets, the direct
imaging of the energy loss over a wide frequency range from 100Hz to
beyond MHz is critical.

This study focused on the simultaneous imaging of the amplitude and
phase of an AC stray field, a promising approach for analyzing energy loss.
The amplitude and phase data of the stray field can be translated into to
M–H characteristics, where the enclosed area signifies the hysteresis loss.
The stray field reflects not only surface magnetization but also the magne-
tization inside the magnetic material. Moreover, AC imaging at the oper-
ating frequencies of power electronics devices is essential because the energy
loss in soft magnets is typically frequency dependent5–8.

In this study, we developed a diamond quantum imager using
nitrogen-vacancy (NV) centers9–15 to simultaneously image the amplitude
and phase of anACmagneticfield over awide frequency range from100Hz
to beyond MHz. We proposed a measurement protocol, qubit frequency
track (Qurack), to image the kHzACfield. In this protocol, the oscillation of
the qubit frequency is tracked by microwave (MW) frequency modulation.
A Qurack can fill the kilohertz frequency range, which has been blank for
widefield imaging using NV centers. A quantum heterodyne16–20 protocol
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with awide frequency rangewas applied for the simultaneous imagingof the
amplitude and phase of AC magnetic fields in the MHz frequency range.

Utilizing an AC magnetic field imaging system with Qurack and
Qdyne, we performed imaging of the AC magnetization response of soft
magnetic CoFeB–SiO2 thin films, which have been developed for high-
frequency inductors. The CoFeB–SiO2 thin films exhibit strong in-plane
uniaxial magnetic anisotropy and excellent AC magnetic properties as an
inductor up to GHz frequencies. The hysteresis loss is expected to be low
because of their small coercivity along the hard axis, and the eddy current
loss is small because of their low electrical conductivity21. When the thin
films were subjected to excitation along the hard axis, the AC stray field
imaging consistently displayed similar trends across the frequency range
from 100Hz to 2.3MHz. The amplitude of the AC stray field was con-
centrated at the edge, which indicated that thin films were magnetically
uniformwithin thefield of view (FOV). Thephase delaywas negligible up to
2.3MHz, which implied that the energy loss was negligible. When the thin
film was driven along the easy axis, the phase delay increased as the fre-
quency increased, indicating an increase in the loss. Thesefindings highlight
the effectiveness of diamond quantum sensors for the evaluation of mag-
netic materials and design of power electronics devices.

Results
Simultaneous imaging of amplitude and phase of AC magnetic
field up to the MHz frequency
Simple expansion of DC magnetic field imaging techniques, such as
continuous-wave optically detectedmagnetic resonance (CW-ODMR) and
Ramsey, is limited by the camera’s frame rate (see Supplementary Fig. 12 for
comparisonwith expansionofRamsey).Themaximumframe rate of typical
quantum optics cameras is a few hundred frames per second, with guar-
anteed high sensitivity and wide FOV. Thus, we used an alternate protocol

that can perform frequency down-conversion, which benefited from
quantum mechanics. We developed a AC magnetic field imaging system
that can simultaneously image the amplitude and phase over a wide fre-
quency range from100Hz to beyondMHzusing two protocols for different
frequency ranges (Fig. 1a). In this study, we devised a protocol “qubit fre-
quency track (Qurack)” for imaging over a frequency range of up to
200 kHz. For AC magnetic field imaging from several 100 kHz to beyond
MHz, the quantum heterodyne (Qdyne) method16 has been demonstrated
to be effective. The lower and uppermeasurable frequency is limited by the
spin coherence time T2 and Rabi oscillation, respectively.

Qurack is based on that the AC magnetic field detunes the MW Rabi
driving ofNV spins from resonance, but the frequencymodulationwith the
same amplitude and phase as the AC magnetic field retains the MW Rabi
driving resonant, resulting in low photoluminescence (PL). In the Qurack
experiment, the amplitude (so-called deviation) and phase of frequency
modulation are swept, while the green laser and MW are continuously
irradiated. The amplitude and phase of theACmagneticfield are derived by
exploring thematching condition (Fig. 1b): when theACmagneticfield and
frequencymodulation have the same amplitude and phase, the NV center’s
PL intensity is low because the dip in the ODMR, where the intensity of the
PL is low, is tracked.However, in the case of amismatch and loss of tracking,
PL intensity increased. Assuming that theODMR line shape is a Lorentzian
functionwith the offset of I0, the contrast ofC, and the linewidth of σ, the PL
count N during the exposure time T (integer multiple of the period of the
target AC field 2π=ω) is expressed as follows:

N ¼ T I0 �
I0Cσffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Fig. 1 | Simultaneous imaging of amplitude and phase of AC magnetic fields up
to MHz frequencies. a Illustration of the measurement principle and frequency
range coverage. Qurack protocol was employed up to 200 kHz, utilizing microwave
(MW) frequency modulation. The amplitude and phase of frequency modulation
were varied to explore the matching condition. In the MHz range, Qdyne protocol
was utilized, where the AC magnetic field was undersampled by MW pulses syn-
chronized to the AC field, allowing camera frame rates to capture the oscillations.
The undersampled waveform facilitated the determination of the original

waveform’s amplitude and phase. The operational frequency limits for Qdyne are
defined by the 1/T2 decay and the speed of Rabi oscillations. b Raw data from a 10-
kHzQurackmeasurement. The vertical and horizontal axes show the amplitude and
phase of theMW frequency modulation, respectively. The color map represents the
photoluminescence (PL) accumulated over 10 ms. A dip in PL indicates the
matching condition. c Raw data from a 2.3MHz Qdyne measurement. Here, the
2.3 MHz AC magnetic field is undersampled to a 2.1 Hz waveform.
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Here, ~BNV and ~ΔF indicate vectors in a phasor plot whose norm (angle)
corresponds to the amplitude (phase) of the AC magnetic field and the
frequency modulation. The matching condition (~BNV ¼ ~ΔF, both the
amplitude andphasematch) exhibits the lowestPL count,whereas others do
not (see Methods for more details).

Figure 1b shows an example ofmeasuring a 10 kHzACmagnetic field.
The vertical and horizontal axes represent the amplitude and phase of
frequencymodulation, respectively.The colormap represents the integrated
PL count for 10ms. The dip in the PL indicates thematching condition. To
extract the minima in the amplitude and phase axis, we fit the primary data
with amodel whose variables are amplitude, phase, linewidth, contrast, and
offset. The amplitude of the ACmagnetic field was calculated to be 709 µT,
and the phase was 316°.

Qdyne is based on the heterodyne undersampling of the AC field. The
ACmagnetic field ismeasured by a sequence train, includingMWpulses (a
dynamic decoupling sequence XY8 was used in this study) and laser read-
out. TheMWpulses are synchronizedwith the periodof the targetmagnetic
field. During MW pulses, a Larmor precession in response of the AC
magnetic field is accumulated. A laser pulse is used to read out the accu-
mulated signal. Each measurement sequence, sectioned by dashed lines in
Fig. 1a, measurs different initial phases; therefore, AC magnetic field is

undersampled. The amplitude and phase of the undersampled waveform
are the same as those of the original AC magnetic field. Figure 1c shows an
example ofmeasuring a 2.3-MHzACmagneticfield. In this case, a 2.3-MHz
AC magnetic field was down-converted to 2.1 Hz, which was sufficiently
slow and could be captured by the charge-coupled device (CCD) camera.
(See Supplementary Figs. 1–7 for the details of principle, configurations, and
sequence).

Demonstration of ACmagnetic field imaging over a wide
frequency range
Before imaging the soft magnet, we performed imaging of the AC Ampere
magnetic field from a coil as a proof-of-principle experiment for wide-
frequency-range magnetic field imaging (Fig. 2a). An AC current IAC was
applied to a coil withN = 50 turns. The frequencywas swept from100Hz to
200 kHz forQurack, and from237 kHz to 2.34MHz forQdyne.At the same
time, the amplitude and phase of the magnetic flux were monitored using a
reference coil with N ¼ 1 turn. The Ampere magnetic field was imaged by
the NV centers placed nearby the reference coil. The magnetic field was
expected tobeuniformwithin the laser spot because thediameter of the laser
spot (Φ130 µm) was considerably smaller than the size of the coil (several
centimeters). A CCD camera was used to image the red PL against a 532-
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Fig. 2 | Demonstration of AC magnetic field imaging over a wide
frequency range. aExperimental setup. The red PL against a 532-nmgreen laser was
imaged. Two types of MW pulses, either frequency-modulated or gated, were used
for kHz (Qurack) or MHz (Qdyne) measurements, respectively. NV centers image
an Ampere magnetic field induced by an AC current in a coil, with a reference coil

measuring the magnetic field’s amplitude and phase. b Amplitude and phase
mapping at 100 Hz measured by Qurack and at 2.34MHz measured by Qdyne. The
scale bars are 50 µm. cAmplitude and phase as functions of frequency. Red and blue
plots represent data from Qurack and Qdyne imaging, respectively, showing almost
constant amplitude and phase across the measured frequencies.
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nm-green laser irradiation. The spatial resolution ofmagneticfield imaging,
estimated from the NV layer thickness, was 2 µm for the results in
Figs. 2 and 3, and 5 µm for those in Fig. 4. The spatial resolution can be
reduced to ~400 nm, which is restricted by optical diffraction22. The laser
and MW, which are required to initialize, manipulate, and read the quan-
tum state, were applied uniformly within the FOV (See Supplementary
Figs. 1, 8 for the details of configurations of optics and MW antenna,
respectively). The laser powerwas 500mW. Two types ofMWs, frequency-

modulated or gated, were irradiated for Qurack (kHz) and Qdyne (MHz)
measurements, respectively. The Rabi frequency in Qurack (Qdyne) mea-
surement was 200 kHz (3.6MHz) (see Supplementary Fig. 8). It took
~5min for oneQurack image and ~10min for oneQdyne image. Here, one
image denotes “simultaneous mapping of amplitude and phase for one
frequency condition.”

The uniform amplitude and phase of the magnetic field were mapped.
Figure 2b shows the mapping of the phase and amplitude at 100Hz
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measuredbyQurack andat 2.34MHzmeasuredbyQdyne.The average and
standard deviation of the amplitude obtained by Qurack and Qdyne were
753 ± 18 µT and 1317 ± 85 nT, respectively. The phase represents the dif-
ference between the phase of themagnetic fieldmeasured by the NV center
and the phasemonitored by the reference coil. Qurack andQdyne obtained
average and standard deviations of the phase of 1.3 ± 1.1° and 0.5 ± 1.1°,
respectively. The difference in the amplitude between the Qurack and
Qdyne results is due to the variation in amplitude of IAC, considering the
maximum measurable amplitude of the magnetic field for each protocol.
The maximum quantifiable amplitude of Qurack was restricted by the

maximum amplitude of the frequency modulation of the signal generator.
We used Keysight N5172B with a maximum deviation of ±40MHz, cor-
responding to ~1429 µT in terms of the magnetic field. In Qdyne mea-
surement, the sensor’s reading-magnetic field amplitude characteristics
were determined by the amount of phase accumulation of the quantum
superposition in response to the magnetic field. The characteristic is a sine
function with a π=2 fold-back. The fold-back amplitude was inversely
proportional to the frequency and 2.2 µT at 1MHz, where an XY8 pulse
withN = 1 repetition was used. The amplitude of the ACmagnetic field was
decreased to avoid the π=2 fold-back.

Fig. 3 | Low hysteresis loss up to MHz frequencies. a Experimental setup. Mag-
netizations in soft magnetic CoFeB–SiO2 thin film were driven by magnetic field
HAC // y-axis produced by AC current running through the drive coil. The direction
of HAC was parallel to the hard axis. Simultaneous imaging of the amplitude and
phase of the AC stray field from thin film was performed using NV centers. The
detection axis of the magnetic field is parallel to the z-axis. Sense coil monitored IAC
to keep the amplitude constant and determine the timing of the zero phase. b Side
view of the experimental setup along the yz-plane. The AC drive field HAC drives
magnetization, the N and S poles appear alternately at the edge, and the AC stray
field was outpoured from the edge. cOptical image of the FOV in the xy-plane. The
scale bar was 50 µm. d, eAmplitude and phase of the stray field at 200 Hz, 1 kHz, and
10 kHz were imaged by Qurack, and 329 kHz, 693 kHz, and 2.34MHz were imaged

by Qdyne. Almost the same trend was observed from 200 Hz to 2.3 MHz: the
amplitude was concentrated at the edge, which implies the single domain structure,
and the phase delay was almost zero. Notice that the error in the phase is large where
the amplitude is small. The scale bars are 20 µm. f Amplitude and phase versus
frequency. Here, kHz (~MHz) range data are measured by Qurack (Qdyne). The
selected locations are indicated as crosshairs in (d, e). The amplitude is normalized to
compare the results for various frequency ranges, referring to the sense coil. The lack
of the plot is due to elimination of the data with ill-fitting (r2 score <0.15). The phase
was not delayed up to the MHz frequency range, which implied that the energy loss
was almost zero. gEnergy loss and phase delay. Energy loss corresponds to the closed
area of theM–H loop. Zero-phase delay indicates that theM–H loop is linear and the
energy loss is zero.

Energy
Loss

t

t

Fig. 4 | Increase of energy loss versus frequency. a Optical image of the FOV. The
scale bar is 50 µm. bAmplitude and phase when the external field is applied parallel
to the easy axis. The gray pixels indicate the overflows of the amplitude. The scale
bars are 20 µm. c Amplitude and phase versus frequency. The selected locations are
marked with crosshairs in (b). The lack of the plot is due to elimination of the data
with ill-fitting (r2 score <0.15) or amplitude overflow. The purple plot is the same as

the purple plot in Fig. 3f. The amplitude was larger compared with when H//hard
axis. The phase is delayed by −30° at 100 Hz, and the phase delay increases as the
frequency increases, which implied increased energy loss. d Energy loss and phase
delay. The increase in the phase delay denotes that the M–H characteristic becomes
broad, and the energy loss increases.
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The estimated amplitude andphasewere considered as functionsof the
frequency. Figure 2c shows the frequency dependence of the amplitude and
phase. The horizontal axis represents the frequency. The vertical axis
represents the average amplitude and phase within the laser spot. The error
bars represent 95% intervals within the laser spot. The amplitude was
normalized by magnetic flux Φmeasured by the sense coil to compare the
results of Qurack andQdyne: the amplitude IAC was varied considering the
maximum measurable amplitude of the magnetic field for each protocol.
Our results show that thenormalized amplitudewas constant, and thephase
was always 0° as expected for a lossless coil. This phenomenon confirms the
validity of our measurement protocols for both Qurack and Qdyne.

ACmagnetic response imaging
Weperformed simultaneous imaging of the amplitude and phase of the AC
stray magnetic field from a soft magnetic CoFeB–SiO2 thin films using the
widefieldACmagnetic field imaging system (Fig. 3a). TheCoFeB–SiO2 thin
film with a thickness of 150 nm was deposited on a thermally oxidized
silicon substrates by facing-target sputtering. The detailed deposition pro-
cess is explained in ref. 21. For imagingDCM–Hcharacteristics of the same
thin film, see ref. 23, whose results reveal that the CoFeB–SiO2 thin film
exhibits strong in-plane uniaxial magnetic anisotropy, and the M–H char-
acteristics imaged by the NV center are consistent with those observed by
MOKE imaging. A DC bias field of 4mT was applied along the z-direction
to resolve the degeneracy of the NV centers, whose effect on the
CoFeB–SiO2 thin film is negligible. An ACmagnetic fieldHAC was applied
to the thin film using an AC current IAC flowing through a drive coil with
N = 80 turns. The direction of HAC was parallel to the hard axis. Sense coil
monitors IAC to ensure constant amplitude and determines the time of the
zero phase. Imaging of the AC stray field was performed using [111]-
oriented NV centers, deposited on an Ib (111) diamond substrate through
chemical vapor deposition (CVD, see “Methods”)24–26. The detection axis of
the magnetic field was in the z-direction.

A stray field is generated from where the magnetization is dis-
continuous, such as the edges or magnetic domain walls. Figure 3b shows a
schematic of stray fieldmeasurements for a uniformmagnetic thin film. An
external AC magnetic fieldHAC parallel to the y-axis drives magnetization.
The N and S magnetic poles appear alternately at the edge. These magnetic
poles generate stray fields. The z-component of the stray field was detected
usingNVcenters. The FOVof theAC strayfield imaging included the edges
of the thin film (indicated by arrows in Fig. 3c–e) because the stray field is
strong around the edges. The lower (upper) part of the FOVwas on (off) the
magnetic film. The FOV size was Φ67 µm.

The kHz AC stray field was imaged using Qurack. The peak-to-peak
amplitude of the current IAC was ± 1 A. In terms of the magnetic field, this
corresponds to H ¼ ± 100 Am−1, one-hundredth of H required for
magnetization saturation. Figure 3d shows the amplitude and phase map-
pingsof the strayACfield at 200Hz, 1 kHz, and10 kHz (seeMethods for the
post-process). The amplitude was concentrated at the edge, and the
amplitude inside thefilm did not differ from that outside the film. This stray
field concentration indicates that the CoFeB–SiO2 thin film is magnetically
uniform within the FOV. The amplitude was slightly inhomogeneous
comparing those at various locations within the edge. For example, the
amplitude at the red crosshair in Fig. 3d was higher than that at the blue
crosshair. This inhomogeneity within the edge is attributed to irregularities
such as unevenness. Such concentration and slight inhomogeneity had been
observed in theDC frequency23. For phasemapping, significant distribution
was not observed, which was almost 0°. Please note that the phase error was
large when the amplitude was small.

The MHz AC stray field was imaged using Qdyne. The peak-to-peak
amplitude of current IAC was ± 28mA. As explained, the amplitude was
lowered to avoid the fold-back. Figure 3e shows the mappings of the
amplitude and phase of the AC stray field at frequencies of 329 kHz,
693 kHz, and 2.3MHz. Even in theMHz range, the trendwas similar to that
in the kHz range; the magnetic field was strong at the edges, and the phase
delay was almost 0°.

The frequency dependence of the amplitude and phase of the stray
magnetic field is discussed in Fig. 3f, showing the amplitude and
phase–frequencydependences at several locations on the edges.The selected
locations are shown as crosshairs in Fig. 3d, e. To compare the results
obtained byQurack andQdyne, the amplitude was normalized by referring
to the sense coil that monitored the IAC amplitude. The amplitude did not
exhibit significant changes and the phase was not delayed up to the
MHz range.

The observed zero-phase delay implies that the M–H characteristic is
linear, and the energy loss is almost zero. Figure 3g shows an illustration of
the relationship between phase delay and energy loss. The hysteresis loss
corresponds to the area enclosed by the B–H or M–H loop. Here, B andM
are related by eq. B ¼ μ0H þM, where the difference is only linear com-
ponent μ0H (μ0 is vacuum permeability). The area of the loop is the same
regardless of whether B–H or M–H is considered. In this study, the stray
field reflectsmagnetizationM because during the offset subtraction process,
linear component μ0H is subtracted. The zero-phase delay indicates phase
difference does not exist between H and M oscillations. Then, the M–H
characteristic is linear, and the energy loss is zero. These results indicate that
the CoFeB–SiO2 thin film is suitable for application in thin-film inductors
up to 2.3MHz.

In addition to the condition with constant amplitude and phase, we
observed a dependence on magnetic anisotropy, where the magnetization
response along the easy axis differed fromthat of thehardaxis (Fig. 4).At the
DC frequency, the magnetization process differed when the CoFeB–SiO2

thin filmwas driven along the easy axis23: theM–Hcharacteristics exhibited
hysteresis, and the slope of theM–Hcharacteristicswas larger.Domain-wall
motion was the dominant magnetic response mechanism.

Measurements and analyzes similar to the H // hard axis condition
were conducted for theCoFeB–SiO2 thinfilmdrivenalong the easy axis. The
amplitude of the peak-to-peak current IAC was ± 0.6 A. This current cor-
responded toH ¼ ± 60 Am−1 in terms of magnetic fieldH, approximately
one-fourth of the coercive field. The FOV included the edges of the thin
films (Fig. 4a). Figure 4b shows the amplitude andphase of theACstrayfield
at 100Hz, 1 kHz, 10 kHz, 20 kHz, and 50 kHz. Some pixels exhibited
amplitude overflow (gray pixels in Fig. 4b), where the PL did not exhibit any
apparent dip as a function of the amplitude of frequency modulation.
However, clear minima were observed in the phase axis, and the estimated
phase is reliable even when the amplitude overflowed. The observed
amplitude around the edgewas stronger than that along theH// hard axis by
approximately one order of magnitude (100 µT of order for the H // hard
axis and 1000 µT of order for theH // easy axis at 100Hz, for example). The
amplitude mapping revealed that the amplitude at the edges was stronger
than that in other parts. This amplitude concentration denotes that mag-
netic poles are concentrated around the edge,which is reasonable. Inside the
film, the amplitude tended to be larger than that outside the film, indicating
that magnetic domains generating magnetic fluxes were formed. Such
magnetic domain formation is observed in DC23, and the similar phe-
nomenon could occur in the AC range.

Furthermore, the phase delay mapping exhibited distinct character-
istics compared with the results for the H // hard axis (Fig. 4b). At 100 Hz,
the phase was delayed by ~−30°, whereas the phase delay was ~0° when
H // hard axis. Moreover, the phase delay increased up to −60° as the
frequency increased. The phase delay did not exhibit any apparent spatial
distribution.

Figure 4c shows the amplitude and phase–frequency dependencies at
the edge, nearby edge, and on themagnet. The amplitude exhibited the peak
around 10 kHz. A possible origin of this peak is domain-wall refinement,
which was reported for other material systems4. The decrease in the ampli-
tude at higher frequency range couldbe attributed to thedomain-wallmotion
not catching up with the high-frequency drive and the fixed magnetization.
Thephasewasdelayedby~−30°, evenat the lowest frequencyof100Hz.This
phase delay indicates that the M–H characteristics exhibit hysteresis, and an
energy loss occurrs. Furthermore, the phase delay increasedwith the increase
in the frequency, which implies that the energy loss increases.
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To facilitate the understanding that the observed increase in the phase
delay implies that theM–Hcharacteristics become broad, and the energy loss
increases, Fig. 4d illustrates the relationship between the phase delay,
broadening of M-H characteristics, and energy loss. The presence of a phase
delay between the oscillations of M and H indicates that the M–H char-
acteristics exhibit hysteresis (solid lines in Fig. 4d). In this case, the area
enclosed by the M–H loop is not zero, indicating energy loss. An increase in
the phase delay ofM implies that theM–H characteristics become broad, the
area enclosed by the M–H loop increases, and consequently, the energy loss
increases (dashed lines in Fig. 4d). The phase delay dependent on the fre-
quency could be attributed tomagnetic domain-wallmovement suppression.
Such phenomenon can occur because when theH // easy axis, the dominant
mechanismofmagnetizationchange isdomain-wallmotion, and themobility
ofmagnetic domainwalls is frequency dependent. Revealing the domain-wall
motion will be a future work, e.g., nanoscale imaging with an NV-based
scanning probe27 and frame-by-frame imaging of domain-wall motion.

Discussion
Qurack and Qdyne approaches used in this study could be improved using
engineering approaches. First, we discuss the improvements of Qurack,
where the amplitude overflowcanoccur (Fig. 4). Themaximummeasurable
amplitude of the magnetic field depends on the maximum deviation
(±40MHz for Keysight N5172B) of the signal generator. Introducing high-
performance signal generators will increase the maximum quantifiable
amplitude.

Next, we discuss improvements of Qdyne. The frequency targeted by
Qdyne is represented by f ¼ 1=ð4τ þ 2tπÞ, where tπ is the time of a π pulse
and 2τ is the time between π pulses. Expanding the frequency lower limit
should be realized by extending the spin coherence time T2 because we
should employ longer τ to measure the lower frequency signal, otherwise
during such a long interrogation, quantum coherence could be lost. In this
experiment, the limit was ~300 kHz. The lower limit could be expanded by
extending the coherence time through material engineering or magnetic
noise reduction, such as spin-bath driving. Expanding the frequency upper
limit should be realized by increasing the speedof spinmanipulation, that is,
the Rabi frequency. In our experiment, the limit was ~2.3MHz.When Rabi
oscillationbecomes faster and tπ becomes shorter, f could be increased.This
phenomenon could be achieved through strong MW irradiation by inno-
vations in MW antenna design. However, irradiating strongMW results in
heating. Therefore, heat dissipation design is essential.

Simultaneous imaging of the amplitude and phase of AC magnetic
fields across a broad frequency range offers numerous potential applica-
tions. So far, stroboscopic MOKE imaging has been pivotal in observing
magnetizations under AC excitation2,4,28. However, imaging with NV cen-
ters presents several advantages. First, stray field imaging using NV centers
is sensitive to magnetic textures within the material, providing a more
comprehensive view than MOKE imaging, which primarily detects surface
magnetic textures with a typical penetration depth of several tens of
nanometers29. This capability allows for the observation ofmagnetization in
deeper layers and inmagneticmaterials that are coated30. Second, the output
from NV centers includes both amplitude and phase, which are more
directly correlatedwithenergy loss, in contrast toMOKE’s primary function
of determining the shape of magnetic domains. Third, NV-based methods
can be extended to vector magnetic field imaging, offering a more detailed
representation than MOKE, which is sensitive only to the projection of
magnetization along a specific axis. These features of NV centers are par-
ticularly valuable for evaluating soft magnets in power electronics. Finally,
while MOKE measures magnetization, NV centers measure the magnetic
field, making NV-based techniques more applicable in scenarios where the
magnetic field is a more critical metric than magnetization, such as in
electromagnets and magnetic recording technologies.

Conclusion
In conclusion, we developed a diamond quantum imager using NV centers
that can simultaneously perform amplitude and phase imaging of a

magneticfield over awide frequency range, up toMHz,with theQurack and
Qdyne protocols. Soft magnetic CoFeB–SiO2 thin films exhibited an neg-
ligible phase delay up to 2.3MHz, which implied that the energy loss in the
CoFeB–SiO2 thin film was negligible. Moreover, we observed a dependence
on the anisotropy of the thin film.When the thin film was driven along the
easy axis, the phase was delayed as the frequency increased, which implied
that the loss increased. Appropriate engineering approaches can be used to
expand the frequency band of stray field imaging. The results imply dia-
mond quantum sensors can be used to analyze soft magnets and improve
the performance of power electronics.

Methods
Post-processing in AC magnetic response imaging
The magnetic field sensed by the NV center included both the stray mag-
netic field from the magnetic thin film and the offset field directly delivered
from the drive coil. The straymagnetic field from themagneticmaterial was
calculated by subtracting the offset field from the total magnetic field. The
offset field was assumed to be uniformwithin the FOV and was the average
value of the ACmagnetic field measured in the absence of a magnetic film.
When subtracting the offset field, the μ0H component was also subtracted
from totalmagnetic fieldB ¼ μ0H þM. Therefore, the results reflected the
magnetizationM of the softmagnetic thinfilm, notmagnetic flux densityB.
Moreover, the artifacts related to the laser intensity distribution were
corrected.

Relationship among PL intensity, AC magnetic field, and fre-
quency modulation in Qurack measurement
Let the resonant frequency of the NV center Fres tð Þ and theMW frequency
FMW tð Þ be

Fres tð Þ ¼ fres þ γBNV sin ωt þ ϕB
� �

FMW tð Þ ¼ fMW þ ΔF sin ωt þ ϕMW

� � ð2Þ

Here, f res and fMW are the DC components (around 3 GHz). γBNV and ΔF
are the amplitude (40MHz at most) γ is the gyromagnetic ratio. ΔF is a
deviation, in other words. ϕB and ϕMW is the phase (0– 360°). ω is the
oscillation frequency of the AC magnetic field (100Hz to 200 kHz).
Assuming f res ¼ fMW (no static detuning), the detuning between the
resonant frequency and the MW frequency is

δ tð Þ ¼ Fres tð Þ � FMW tð Þ ¼ jj~BNV � ΔF
�!jj sin ωt þ ϕ

� � ð3Þ

Here, ~BNV and ΔF
�!

indicate vectors in a phasor plot, that is, ~BNV ¼
ðγBNV cos ϕB; γBNV sin ϕBÞ and ΔF

�! ¼ ðΔF cos ϕMW;ΔF sin ϕMWÞ. Hereϕ
is a phase dependingon γBNV,ΔF,ϕB andϕMW.ThePL rate versus time IðtÞ
when theODMR line shape is a Lorentzian functionwith the offset of I0, the
contrast of C, and the linewidth of σ, is expressed as follows:

I tð Þ ¼ I0 �
I0Cσ

2

δ tð Þ2 þ σ2
ð4Þ

The PL count N during the exposure time T (integer multiple of the
period 2π=ω) is expressed as follows:

N ¼
Z T

0
I tð Þdt

¼
Z T

0
I0 �

I0Cσ
2

jj~BNV � ΔF
�!jj

2
sin2 ωt þ ϕ

� �þ σ2

0
@

1
Adt

ð5Þ
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Using the following formula:

Z 2π

0

1

a2sin2x þ b2
dx ¼ 2π

b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p ð6Þ

Equation (5) is calculated as follows:

N ¼ T I0 �
I0Cσffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jj~BNV � ΔF
�!jj

2
þ σ2

q
0
B@

1
CA ð7Þ

Thematching condition (~BNV ¼ ~ΔF $ γBNV ¼ ΔF and ϕB ¼ ϕMW)
exhibits the lowest PL count, whereas others do not (see Supplementary
Figs. 9–11 for the Qurack signal when the ODMR line shape is not a
Lorentzian function. Also, see Supplementary Fig. 12 for the comparison
between Qurack and Ramsey Lock-In31).

Formation of NV centers and specification
NV centers are formed by microwave plasma chemical vapor deposition
(MPCVD) on type Ib (111) diamond single crystal24–26. During theMPCVD,
N2 gaswas introduced as a source to formNVcenters. See sampleC in ref. 25
for details of deposition conditions.NVcenters are perfectly aligned along the
[111] direction, reducing the chance of peak degeneracy and simplifying
signal analysis. The thickness was 5 µm (2 µm) for the easy (hard) axis
measurement. NV density was 4 × 1017 (4 × 1016) cm−3. T2

* estimated by
ODMR linewidth was >47 (43) ns. T2 under XY8 (N = 1) was 3.6 (5.8) µs.

Data availability
The data that support the findings of this study are available from the
corresponding author on reasonable request.
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