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Application Domains: Materials, Health, Energy and Environment

Visualization of magnetic 
domains and moire

magnetism in twisted 2D 
magnets

T. Song et al., Science 374, 1140 
(2021)

🧠 Health

Overhead photo of M. 
infundibulum positioned on 
an NV diamond sensor for 

single-neuron action

J. F. Barry et al., PNAS 113, 14133 
(2016)

🔋 Energy

Battery characterization via 
eddy-current imaging

X. Zhang et al., Appl. Sci. 11, 3069 
(2021)
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FIG. 3: (a) Battery schematic. The ceramic solid battery consists of external aluminium electrodes, Li-based ceramic oxide
inner electrodes (noted as 2), Li-based ceramic oxide electrolyte (noted as 3), and copper charge collector (indicated as 1).
Image from Ref [17]. (b) A photograph of the battery with dimension 4⇥3⇥1mm3. Distinctly visible is the defect on the
external electrode. (c)-(f) Maps of the R of LIA for modulation frequencies of 1 kHz, 5 kHz, 10 kHz and 40 kHz. (g)-(j) Maps
of the q of LIA for modulation frequencies of 1 kHz, 5 kHz, 10 kHz and 40 kHz, respectively.

FIG. 4: Imaging pictures of solid batteries with the impurity. (a) and (b), (c) and (d) are amplitudes and phases of
LIA for the battery with an impurity at frequencies of 5 kHz and 20 kHz respectively. (e) and (g), (f) and (h) are am-
plitudes and phases of LIA for the battery with a crevice in the middle at frequencies of 5 kHz and 20 kHz respectively.

complex susceptibility with the real component cr and imag-
inary component ci,

cm = cr + ici (2)

where cr is the slope of DC magnetization curve M(H) of the
battery, and ci indicates dissipative processes in the battery.
The secondary field produced by the battery also depends on
the skin depth in the conducting material:

d =

s
2

swµ
, (3)

where w = 2p f denotes the angular frequency, s is con-
ductivity of the material and µ is mutual permeability of the
material. In order to estimate the AC magnetic field generated
by the battery, we adopt the calibration formula in ref [8],

df = arctan(
R0 cos(f0)�Rm cos(fm)

Rm sin(fm)
),

dR =
q

R2
m

sin(fm)
2 +(R0 cos(f0)�Rm cos(fm))2,

(4)

where df is phase shifts generated by the battery, dR is
amplitude contrast generated by the battery, R0 and f0 are the
background-corresponding amplitude and phase of the LIA,
Rm and fm are the measured lock-in amplitude and the phase.
The calibrated results are shown in Fig 6. We calibrated the
magnetic field and phase shifts generated by the battery in
Fig 3 at modulation frequency of 5 kHz. The external elec-
trode without the defect induces the maximum magnetic field
of 0.04 mT and phase shift of 0.03 rad.

V. SPATIAL RESOLUTION

One of the advantages of diamond-based sensors is the spa-
tial resolution. For determining the spatial resolution of this
battery-measurement system, we use data from one of the
aluminium-made electrodes of the solid battery. As shown in
Fig. 7, the average cross section of 0.3 mm-width electrode
is expressed by a square function, noted as the green plot,
a Gaussian-function, noted with red is employed as a kernel
to convolve the square function to fit the measured data, de-

🌍 Environment

Quantum diamond 
microscope image of
a geological sample

D. R. Glenn et al., Geochem. 
Geophys. Geosyst. 18, 3254 (2017)
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Comparison of Material Platforms for Quantum Sensing

Ø Diamond NV center - Sensitivity: 1 pT/Hz1/2, The most developed system
Ø SiC - Sensitivity: better than 100 nT/Hz1/2, Wafer-scale, industrially relevant
Ø hBN - New, Sensistivity: 100 µT/Hz1/2, Promising for 2D quantum sensing, proximity

Vsi

Nitrogen-vacancy in diamond Silicon vacancy in SiC Boron vacancy in hBN
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Scanning Quantum Magnetometry with NV Defects in Diamond 

20.11.25

§ Scan range 80 µm x 80 µm x 10 µm 
§ Magnetic spatial resolution <100 nm
§ Single NV center with sensitivity 3 µT/Hz1/2

§ Magnetic field range up to 5 mT
§ Time-domain measurements including Rabi, 

Hahn-Echo

Imaging of 
antiferromagnetic 
domains
Cooperation:                 
P. Makushko,                
D. Makarov (FWID) 

P. Rickhaus et al., Nano Lett. 
24, 13172 (2024)
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20.11.25

Cooperation:    
E. Weig (TU Münich) and A. Erbe (FWIO) 

P. Bredol, et al, GA, A. Erbe, E. Weig, Phys. Rev. Applied  22, 034036 (2024)

PHILIPP BREDOL et al. PHYS. REV. APPLIED 22, 034036 (2024)

(a) (b)

piezoelectric shaker

FIG. 1. (a) Scanning electron micrograph of an array of string resonators with lengths between 20 and 110µm. The insets show
false-color tilted-view close-ups of individual strings. Strings and clamping pads are highlighted in orange; the “shadow” underneath
results from underetching. (b) Consecutive-measurement procedure alternating between He-ion implantation (top) and nanomechanical
characterization (bottom). Characterization is performed by means of piezoelectric actuation and optical interferometric detection via
a fast photodetector (PD) with a vector network analyzer (VNA). For further details, see Appendix C. The upper-right inset shows
simulated depth profiles of the normalized density of silicon vacancies and carbon vacancies created by the implantation.

routines for freely suspended nanostructures. In addi-
tion, 3C-SiC grown on Si(111) features a strong tensile
prestress owing to a 20% lattice mismatch [22]. Pre-
stress may increase the mechanical quality factor by orders
of magnitude due to dissipation dilution [23–25], which
was first reported in amorphous-SiN nanomechanical res-
onators [26] and later extended to crystalline (In,Ga)P
[27], Si [28], AlN [29], SiC [12–14], and amorphous SiC
[30]. Thus, prestressed 3C-SiC nanomechanical string res-
onators serve as an ideal platform for detecting small
changes in mechanical properties with high precision,
while our findings can be qualitatively applied to other
polytypes of SiC.

To systematically evaluate trends in the mechanical
performance, we chose an iterative approach that allows
us to increase the defect concentration in the resonators
under investigation. We start by fabricating nanomechani-
cal string resonators and carefully characterize their vibra-
tional properties. A comprehensive eigenmode analysis
is performed to extract all nanomechanical figures of
merit—namely, the tensile stress σ , Young’s modulus E,
and damping rate " of the individual nanoresonators.
Subsequently, we apply broad-beam He-ion implantation
(Fig. 1) to create defects in the nanostring resonators and
repeat the mechanical characterization. This procedure is
repeated, starting from a low ion fluence with continuously
increasing fluence until clear damage of the nanostring res-
onators is observed. Helium is chosen due to its narrow
interaction volume of a few (100 nm)3 and minimal spread

of defect formation [31,32]. This results in the generation
of ensembles of silicon vacancies and carbon vacancies
(VC), as well as further, less-important defects.

Previous research on the effect of implantation-induced
defects on the mechanical properties was done in the
context of nuclear-reactor materials and covers the huge
fluences that nuclear-reactor walls have to withstand [33–
36]. However, little is known about the low fluences that
are applied to create defects for quantum technologies. Our
work fills this gap by reporting the effect of helium-ion
implantation in the low-damage regime on the properties
of high-Q nanomechanical resonators.

II. METHODS

A. Fabrication of prestressed nanomechanical string
resonators

Nanomechanical resonators are fabricated from a
110-nm 3C-SiC(111) thin film that has been epitaxially
grown on a Si(111) wafer by NovaSIC. We use electron-
beam lithography and a combination of dry-etching tech-
niques to realize arrays of freely suspended nanostrings,
i.e., one-dimensional doubly clamped mechanical res-
onators, of different lengths as shown in Fig. 1. The
geometric parameters of the fabricated strings are listed in
Table I.

Importantly, the resonators fabricated feature a strong
tensile prestress inherited from the thin-film wafer. This

034036-2

3C-SiC nanostrings:  High mechanical Q-factor (>10,000)
hBN: Quantum sensing with boron vacancies (VB) near the surface 

Linewidth > 50 MHz3C-SiC 
on Silicon  

PHILIPP BREDOL et al. PHYS. REV. APPLIED 22, 034036 (2024)
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FIG. 2. (a) Measured resonance curves (dots) and fits (solid lines) of the fundamental mode of a string with l = 100 µm (further
parameters are given in Table I) on sample A after being subjected to multiple ion-irradiation iterations with increasing fluence. The
damping rates ! obtained from the linewidths are 408, 290, 166, 132, and 163 Hz, respectively (left to right). All peaks are normalized
to enclose the same area

∫
A df . (b) Corresponding ringdown measurements of the same string for three different fluences (color

code). The damping rates ! obtained by fitting an exponential decay curve (dashed lines) are 378, 297, and 199 Hz (bottom to top),
agreeing with the damping rates determined from the response-curve fits. See Appendix D for the fit functions and conventions used.
(c) Resonance frequencies (crosses) of the same string as a function of mode number for three different fluences (color code) and fits to
Eq. (1) (lines). The dashed line follows the linear f (n) = nf0 scaling law. The lower-right inset shows the derivative of the resonance
frequency with respect to the mode number for the pristine data and fit. The dashed line and the lower-right inset highlight the small
nonlinear component of the measured curves accounting for the bending contribution, which encodes the material’s Young’s modulus.
The upper-left inset shows the resonance frequencies from (a) as a function of accumulated fluence.

This leads to E being more sensitive to the uncertainties of
measured frequencies, geometry, and material parameters
than the fit parameter σ . Thus, the results for the Young’s
modulus E tend to show larger relative uncertainties than
the results for the stress σ .

III. RESULTS AND DISCUSSION

Two samples were fabricated and are referred to as
“sample A” and “sample B.” All visible mechanical
modes of 14 different strings were characterized on sam-
ple A for the pristine state and at four different ion flu-
ences. To evaluate the sample-to-sample variation of the
observed trends, we additionally characterized 15 strings
on sample B at two different fluences. The shift of the
fundamental-mode frequency and the resonance broaden-
ing is clearly observed with increasing He implantation
fluence # [Fig. 2(a)].

A. Ion-induced stress relaxation
Figure 3 shows the stress obtained from the

Euler-Bernoulli beam fits [Eq. (1)] for all fluences

FIG. 3. Tensile prestress extracted from each string’s fre-
quency response (see Fig. 2) as a function of string length for
sample A. The color indicates the accumulated fluence, the error
bars show the combined uncertainty of the included geometry
parameters, material parameters, and fit uncertainty. Data are
slightly x-shifted for clarity.

034036-4

Theoretical questions 
§ Strain-spin interaction of 

atomic defects in 2D materials
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Quantum Sensing with Defects in SiC
Silicon Vacancy in SiC:
Ø SiC, with its wafer compatibility, allows quantum sensing 

under ambient conditions, making it a promising material for 
advanced applications

Energy levels in Vsi

Vsi

W. F. Koehl et al., MRS Bulletin 40, 146 (2015) 
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Optical detection scheme
Spin resonances in SiC

ODMR with AM               ODMR with FM 

A. Suhana et a., arXiv:2509.14888 (2025)
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Imaging magnetic fields generated by electrical signals
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A. Suhana et a., arXiv:2509.14888 (2025)
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Imaging magnetic pulses using two-frequency modulation

A. Suhana et a., arXiv:2509.14888 (2025)
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Microwave-free detection scheme

Level-anticrossing signal  (GSLAC – 2) 

Spin resonances in SiC

A. Suhana et a., arXiv:2509.14888 (2025)
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Microwave-free quantum imaging 

2 MHz

Level-anticrossing signal  (GSLAC – 2) 

Level-anticrossing signal imaging (GSLAC – 2) 

A. Suhana et a., arXiv:2509.14888 (2025)
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Ø Scanning Quantum Magnetometer 
High spatial resolution (< 100 nm) but slow
Moderate sensitivity (3 µT/Hz1/2)

Ø Quantum Microscope 
Optical spatial resolution (>1 µm) and fast
High sensitivity (< 50 nT/Hz1/2/pixel)
Time resolved signals (> 1 ms)

Ø Hybrid Quantum Sensors 
Close proximity (< 100 nm)
Low sensitivity (100 µT /Hz1/2)

PHILIPP BREDOL et al. PHYS. REV. APPLIED 22, 034036 (2024)
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FIG. 1. (a) Scanning electron micrograph of an array of string resonators with lengths between 20 and 110µm. The insets show
false-color tilted-view close-ups of individual strings. Strings and clamping pads are highlighted in orange; the “shadow” underneath
results from underetching. (b) Consecutive-measurement procedure alternating between He-ion implantation (top) and nanomechanical
characterization (bottom). Characterization is performed by means of piezoelectric actuation and optical interferometric detection via
a fast photodetector (PD) with a vector network analyzer (VNA). For further details, see Appendix C. The upper-right inset shows
simulated depth profiles of the normalized density of silicon vacancies and carbon vacancies created by the implantation.

routines for freely suspended nanostructures. In addi-
tion, 3C-SiC grown on Si(111) features a strong tensile
prestress owing to a 20% lattice mismatch [22]. Pre-
stress may increase the mechanical quality factor by orders
of magnitude due to dissipation dilution [23–25], which
was first reported in amorphous-SiN nanomechanical res-
onators [26] and later extended to crystalline (In,Ga)P
[27], Si [28], AlN [29], SiC [12–14], and amorphous SiC
[30]. Thus, prestressed 3C-SiC nanomechanical string res-
onators serve as an ideal platform for detecting small
changes in mechanical properties with high precision,
while our findings can be qualitatively applied to other
polytypes of SiC.

To systematically evaluate trends in the mechanical
performance, we chose an iterative approach that allows
us to increase the defect concentration in the resonators
under investigation. We start by fabricating nanomechani-
cal string resonators and carefully characterize their vibra-
tional properties. A comprehensive eigenmode analysis
is performed to extract all nanomechanical figures of
merit—namely, the tensile stress σ , Young’s modulus E,
and damping rate " of the individual nanoresonators.
Subsequently, we apply broad-beam He-ion implantation
(Fig. 1) to create defects in the nanostring resonators and
repeat the mechanical characterization. This procedure is
repeated, starting from a low ion fluence with continuously
increasing fluence until clear damage of the nanostring res-
onators is observed. Helium is chosen due to its narrow
interaction volume of a few (100 nm)3 and minimal spread

of defect formation [31,32]. This results in the generation
of ensembles of silicon vacancies and carbon vacancies
(VC), as well as further, less-important defects.

Previous research on the effect of implantation-induced
defects on the mechanical properties was done in the
context of nuclear-reactor materials and covers the huge
fluences that nuclear-reactor walls have to withstand [33–
36]. However, little is known about the low fluences that
are applied to create defects for quantum technologies. Our
work fills this gap by reporting the effect of helium-ion
implantation in the low-damage regime on the properties
of high-Q nanomechanical resonators.

II. METHODS

A. Fabrication of prestressed nanomechanical string
resonators

Nanomechanical resonators are fabricated from a
110-nm 3C-SiC(111) thin film that has been epitaxially
grown on a Si(111) wafer by NovaSIC. We use electron-
beam lithography and a combination of dry-etching tech-
niques to realize arrays of freely suspended nanostrings,
i.e., one-dimensional doubly clamped mechanical res-
onators, of different lengths as shown in Fig. 1. The
geometric parameters of the fabricated strings are listed in
Table I.

Importantly, the resonators fabricated feature a strong
tensile prestress inherited from the thin-film wafer. This
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