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We design a flexible microwave transmission line based on a splitting-combining structure and integrate it with a
fiber-diamond probe to form a unified quantum probe, providing a resonant driving microwave magnetic field. This device
utilizes a polyimide (PI) flexible substrate, which is conformable. A through-hole is designed at the center of the ring to
accommodate fiber insertion, enabling the sensing unit to approach the sample under test. Experimental results demonstrate
that the device achieves a 394 MHz bandwidth, with a microwave efficiency of 4.64 G/+/W, balancing broadband with a
strong near-field microwave magnetic field. Finally, we characterize the spatial distributions of the static magnetic-field
magnitude and the angle between the static magnetic field and the selected NV axis on the surface of the kagome magnet
TmMngSng, demonstrating the application potential of the proposed probe for magnetic-material characterization.

Keywords: nitrogen-vacancy (NV) center, conformal device, quantum precision measurement, magnetic ma-

terial microscopy
PACS: 42.50.Ex, 07.55.Ge, 03.65.Yz
DOI: 10.1088/1674-1056/ae6f97

1. Introduction

Nitrogen-vacancy (NV) center in diamond is a common
intrinsic lattice defect.!!3! This defect demonstrates stable op-
tical properties and long coherence times at room tempera-
ture, allowing for all-optical spin state initialization and read-
out.!*31 As a result, it has become a leading platform for solid-
state quantum sensing in the field of quantum precision mea-
surement.

Microwave devices are crucial for achieving precise con-
trol of spin states, and their structure and performance strongly
affect the microwave-driving capability. Currently, two main
types of devices are commonly used: one is resonant struc-
tures, such as split-ring resonators (6] and resonant devices;!”!
the other is transmission structures, such as microstrip lines!®!
and coplanar waveguides.'”! The advantage of resonant struc-
tures lies in their ability to concentrate energy effectively dur-
ing resonance, generating strong near-field microwave mag-
netic fields at specific frequencies. However, due to their
narrow bandwidth, they struggle to adapt to broadband re-
quirements. Transmission lines, on the other hand, offer
broader bandwidth but fail to generate an efficient near-field
microwave magnetic field. For example, Bayat et al.['% pro-

Corresponding author. E-mail: duguanxiang @njupt.edu.cn
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posed double split-ring resonators that generate a microwave
magnetic field of 5.6 Gauss, but with a bandwidth of only
40 MHz. Babashah er al.!'!l proposed a coplanar waveguide
(CPW) coil with a bandwidth of 900 MHz, but it generates
only a 1.6 Gauss microwave magnetic field. Xia et al.!'?! in-
troduced a flexible ring resonator with a microwave magnetic
field of 3.5 Gauss and a bandwidth of 140 MHz. Therefore,
designing a compact device that balances bandwidth and mi-
crowave magnetic field becomes particularly important.

In this paper, we designed a flexible transmission line
incorporating a through-hole within a ring-shaped microstrip
structure. By integrating a tapered fiber—diamond probe, an
integrated quantum probe was formed. The transmission line
adopts a splitting—combining configuration and can be con-
formally mounted on a supporting substrate. Its operating fre-
quency is tuned to approximately 2.87 GHz while maintaining
a balance between microwave magnetic-field efficiency and
bandwidth. The microwave magnetic field distribution was
scanned at a distance of approximately 20 pum above this mi-
crowave device, and the axial attenuation characteristics were
further analyzed. In addition, scanning measurements were
performed on the micro-magnetic material, demonstrating the

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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potential of the proposed probe for static magnetic-field char-
acterization.

2. Basic theory and experimental setup

NV center is a kind of point defect in diamond with C3,
symmetry, in which a carbon atom is replaced by a nitrogen
atom, and an adjacent lattice site becomes a vacancy, as shown
in Fig. 1(a).!3-15] Tts Hamiltonian!'®! can be expressed as

Hy=DS2+E(S;—5;)+nwvB-S. (1)

Here, D = 2.87 GHz represents the axial zero-field splitting
(ZFS) parameter, E is the non-axial zero-field splitting pa-
rameter, mainly caused by the local stress in the diamond.
Wv = —2.802495 MHz/Gs is the gyromagnetic ratio of elec-
tron spin. S is the spin-1 angular momentum operator, with
components Sy, Sy, and S.

Figure 1(b) shows the energy levels of the NV center.
The negatively charged NV center (NV ™) consists of six elec-
trons, two of which are unpaired, giving rise to the spin-

triplet ground state >A, and excited state E. Spin—spin in-
teraction results in the zero-field splitting between the mg = 0
and mg = +1. Without an external static magnetic field, the
mg = £1 spin states are degenerate, with a ZFS of 2.87 GHz
between them and mg = 0.1'7!8] Pumped by a 532 nm green
laser, the system in the ground state absorbs energy and tran-
sitions to the excited state, then returns to the ground state
through either radiative or non-radiative transitions.

Optically detected magnetic resonance (ODMR) com-
bines optical and microwave resonance techniques, enabling
the readout of the NV center’s electron spin states through an-

[19.201 With an axial static mag-

alyzing fluorescence intensity.
netic field, the degenerate state mg = £1 splits to ms = +1 and
ms = — 1, following the Zeeman effect.[>!] Energy level transi-
tions between mg = 0 and mg = %1 can be driven by a resonant
microwave magnetic field.

Figure 1(c) illustrates the experimental system, consist-
ing of an optical module, a microwave driving module, a pulse

control module, and a data analyzing module.
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Fig. 1. (a) Structure of NV center; (b) energy levels diagram of NV center; (c) schematic of the experimental setup. The optical module is
used for optical pumping and fluorescence readout of the NV center. The emitted red fluorescence is transmitted backward through the fiber,
passes through the dichroic mirror and objective lens, and is detected by an avalanche photodiode (APD), which converts the optical signal
into an electrical signal. The microwave driving module generates microwave magnetic fields resonating with the energy level transitions.
The pulse control module enables alternating action between the laser and microwave, and introduces a subcarrier mechanism to improve the
signal-to-noise ratio. The data analyzing module uses a motorized translation stage to scan the device under test, measuring the microwave

magnetic field point by point under near-field conditions.??!

3. Simulation design

Common rigid PCB materials (such as FR-4) lack con-
formability and have a certain thickness, failing to closely ad-
here to the surface of magnetic materials, posing challenges
for microwave magnetic field imaging. In this work, we de-
signed a splitting-combining flexible microwave device using
a polyimide (PI) substrate, with a relative dielectric constant
of 3.4, loss tangent tand = 0.005, and a substrate thickness
hy of 0.1 mm. The design process of this device is shown in
Fig. 2(a).

We started from the initial flat design, where the sub-
strate is covered with conductive patches on the upper layer,
and the lower copper layer serves as the device’s reference
ground. The thickness of copper 4, is 0.018 mm. Through two
50 Q impedance-characterized microstrip lines, the electro-
magnetic energy is concentrated in the inner ring area through

the splitting-combining structure. To facilitate the extension of
the tapered fiber, a through-hole is added. The edge of the hole
is 0.1 mm away from the inner ring to prevent the drill from
breaking the trace during processing. To ensure the transmis-
sion performance after conformal mapping, we chose to place
the impedance matching part in the same plane. The radius of
the sectoral short-circuited lines is then adjusted to fine-tune
the operating frequency of the device to around 2.87 GHz. Af-
ter rounding the corners, the energy loss during signal trans-
mission is minimized. The key dimensions of the optimized
device are shown in Table 1, and the related parameters are
illustrated in Figs. 2(a) and 2(b). Figure 2(c) shows the de-
sign of a 3D-printed bracket with appropriate slots to hold the
flexible device. The bottom of the bracket is equipped with
holes for fixing the SMA connector. This design secures the

device onto the bracket, forming an integrated probe, allow-

094215-2



Chin. Phys. B 35, 094215 (2026)

ing the fiber to be placed closer to the material under test, fa-
cilitating the subsequent scanning of magnetic materials. As
shown in Figs. 2(d) and 2(e), simulated comparisons between
the flat and conformal configurations show that bending intro-
duces only limited variations in the S;; and S»; responses of
the flexible device within the investigated frequency range of
2.6-3.1 GHz.

We found that as the radius of the middle ring decreases,
the generated microwave magnetic field increases. By adjust-
ing the inner radius r3 of the ring, the operating frequency of
the device can be tuned. Figure 2(f) shows the varied operat-

ing frequency of the device as r3 changes. We further analyzed
the dependence of the device bandwidth on other key struc-
tural parameters. The results show that, within the investigated
range, the middle-ring size mainly affects the operating fre-
quency, whereas its influence on the —10 dB bandwidth does
not exhibit an obvious linear trend. By contrast, the radius
of the sectoral short-circuited lines and the ring width have a
more direct impact on the impedance-matching and coupling
conditions, and therefore affect the effective bandwidth more

significantly. The corresponding parametric results are shown
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in Figs. 2(g) and 2(h).
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Fig. 2. (a) Planar structure of the device and conformal mapping diagram; (b) schematic of design parameters for the planar section after conformal mapping;
(c) schematic of the integrated probe; (d) simulated Sy; for the flat and conformal configurations; (e) simulated S; for the flat and conformal configurations;
(f) variation of the device operating frequency with r3, showing an approximately linear dependence with a slope of about —0.3 GHz/mm; (g) dependence
of the —10 dB bandwidth on the stub-line radius, showing an approximately linear dependence with a slope of about —187 MHz/mm; (h) dependence of
the —10 dB bandwidth on the ring width, showing an approximately linear dependence with a slope of about —94 MHz/mm. (i) Comparison between the
linear magnitude of |S; | for the overall structure and that reconstructed from the approximate cascade model.

Table 1. Main parameters of the conformal device.

Parameter Description Value (mm)
L the length from the stub line to the inner circular ring 3
12 the length of the planar part of the device 14
wi the width of the microstrip feeder 0.27
wy the width of the middle part of the substrate 7

Teut the radius of the fillet at the corners of the ring shape 0.4
r the radius of the fillet at the bend 1.5
r the radius of the perforation within the ring 0.25
r3 the inner radius of the ring 0.35
r4 the radius of the stub line 2.63
d the difference between inner and outer radius of the ring 0.2

094215-3
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As a two-port device, the flexible transmission line can be
characterized by scattering parameters to describe its reflec-
tion and transmission properties, where S;; denotes the input
reflection coefficient and S»; denotes the forward transmission
coefficient.[>3] To provide an intuitive description of how dif-
ferent structural sections contribute to the overall transmission
behavior, we introduced an approximate cascade model based
on the linear magnitude of S»;, so as to evaluate the consis-
tency between the reconstructed cascade model and the overall
structure, as shown in Fig. 2(i). This approximation was used
only under the assumptions that multiple reflections at the in-
terfaces are negligible and that impedance matching between
adjacent sections is reasonably good.

Let [SY,(f)], [S5,(f)|. and |S3!(f)| denote the linear mag-
nitudes of the transmission coefficient for the vertical section,
the planar section, and the overall structure, respectively, at
frequency f. Since the combined structure can be approxi-
mately regarded as consisting of two vertical sections and one
planar section connected in series, the reconstructed transmis-

comp

sion magnitude |S5;" " (f)| can be written as

S5 ()| = 1831 (PP 185, (f)] - )

To quantify the difference between the approximate cascade
model and the overall structure, the relative error at frequency
f is defined as

IS () - sy ()|
SET(A)]

Then in the 2.60-3.10 GHz, the calculated RMSRE is 0.04
between the approximate cascade model and the overall struc-

e(f)

3)

ture. The result indicates that conformal mapping introduces
only a minor impact on the device transmission performance.

4. Experimental test of the conformal device

Figure 3(a) shows the processed flexible device, featur-
ing microwave power input on one side and a 50 Q end load
on the other. The device’s S;; was measured using a net-

As shown in Fig. 3(b), from 2.6 GHz to
3.1 GHz, the simulation data align well with the measured
data, with an actual bandwidth of 394 MHz when the input re-
turn loss is —10 dB. The operating frequency is approximately
2.87 GHz, with an Sy; less than —30 dB. The measured value

is —29.1 dB, indicating low return loss. This demonstrates the

work analyzer.

device’s excellent impedance matching capability.

In addition, to provide a more complete experimental
characterization of the device under conformal operation, we
further measured and compared both S1; and S; for the flat
and conformal configurations. As shown in Figs. 3(c) and 3(d),
only limited variations are observed in both the reflection and

transmission responses under the investigated bending condi-
tion, indicating that conformal deformation does not signifi-
cantly degrade the impedance matching or forward transmis-
sion capability of the device. Furthermore, we suppose that
the discrepancy between simulation and measurement mainly
originates from the difference between the practical RF con-
nectors used in the experiment and the ideal wave-port excita-
tion adopted in the simulation.

@ (b)

— Simulated
—— Measured

(2.903,-29.100)!

2.646 h 040
260 270 280 290  3.00 3.0
Frequency (GHz)

-2.00

-3.00
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-25.00f —— Flat -4.00f —— Flat

—— Conformal —— Conformal

2.6 2.7 2.8 2.9 3.0 31 2.6 2.7 28 29 3.0 3.1
Frequency (GHz) Frequency (GHz)

Fig. 3. (a) The processed flexible device. (b) Simulation and measurement
data of Sy;. The blue line represents simulation data, while the red line in-
dicates network analyzer measurement data. (c) Measured Sy for the flat
and conformal configurations. (d) Measured S; for the flat and conformal
configurations.

Under an applied static magnetic field, different projec-
tions of the field onto the four NV axes lead to eight resonance
peaks in the ODMR spectrum, corresponding to the four NV
orientations.?*261 In the data analysis, each resonance peak
was fitted individually using a single-Lorentzian function.*”]
As shown in Fig. 4(a), the ODMR spectrum under a static
magnetic field was obtained.

After the ODMR measurement, a typical Rabi oscillation
experiment was performed at a position approximately 20 pm
above this microwave device to determine the effective reso-
nant microwave magnetic-field amplitude for the selected NV
transition at 2.65 GHz, as shown in Fig. 4(b). This effective
driving field, denoted as By, can be calculated from the Rabi
oscillation frequency according to

Bow = f/Wv- “

For the selected transition, the ground-state three-level
system of the NV center (ms = —1,0,+1) is projected onto
the effective two-level subspace (ms = 0,+1) or (ms =0, —1).
Therefore, the field By, extracted from the Rabi oscillation
corresponds to the effective resonant driving field for the se-
lected NV transition, rather than the total local microwave
magnetic-field amplitude. For a locally linearly polarized
microwave field, the effective circular driving component is

smaller than the total field amplitude by a factor of 1/ V2.

094215-4
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Therefore, the actual local microwave magnetic-field ampli-
tude satisfies B = v2Bmw

Since the frequency of the fitted curve in Fig. 4(b) is
2.93 MHz, the corresponding actual microwave magnetic field
amplitude is 1.48 Gauss (B). We use the microwave efficiency
A to quantify the device’s ability to convert excitation power
into a microwave magnetic field, as expressed in formula!?®!

B
A= T (5)

Here, P represents the actual microwave power delivered to
the device input after correcting for the insertion loss of the
microwave delivery path, including the cable and connectors.

With an experimentally measured excitation power of
20.08 dBm, the microwave efficiency at this point is calculated
to be 4.64 G/ v/W. For ensemble NV centers, a sufficiently
high microwave efficiency is generally required to achieve ef-
fective microwave driving. The microwave efficiency obtained
in this work is adequate for the subsequent experimental mea-
surements.

A complete Rabi oscillation curve consumes time. When
the microwave pulse duration is extremely short, the Rabi os-

[291 Therefore,

cillation curve approximates a linear function.
as shown in Fig. 4(b), the corresponding fluorescence inten-
sity can be measured and the microwave magnetic field distri-
bution of the device can be rapidly scanned.

To determine the optimal position for the optical fiber, a
meticulous scan of the planar area with a radius of 250 pm was
conducted approximately 20 pm above the microwave trans-
mission line. We used the first selected resonance peak in
Fig. 4(a) for analysis. This scan was performed under pre-
cise control of the LABVIEW software, employing a step size

_ 51 Raw data points
g .
g 4 Fit curve
B
E 3
&
= 2
=
2
= 1
3 \
= 0 N ¢ w 7
2600 2700 2800 2900 3000 3100
Frequency (MHz)
1.0

of 10 um. Figure 4(c) shows the simulated surface normalized
distribution of the microwave magnetic field, while Fig. 4(d)
shows the experimentally measured normalized distribution
near 2.87 GHz. For quantitative comparison, the similarity
between the two distributions was evaluated using the Pear-
son correlation coefficient. The calculated correlation coeffi-
cient is 0.86, indicating good consistency in the overall spa-
tial distribution trends. Although discrepancies in magnitude
remain, the correlation analysis shows that the experimental
results capture the main spatial features of the simulated dis-
tribution.

Furthermore, we investigated axial attenuation using a
displacement stage. With the diamond probe positioned ap-
proximately 100 pm from the borehole edge, we performed
longitudinal scans at 10 pm intervals, starting approximately
20 wm above the microwave transmission line, as shown in
Fig. 4(e). The measured and simulated data points were nor-
malized respectively. To quantitatively evaluate the agreement
between the measured data points and the simulated curve,
RMSE between the normalized measured data and the nor-
malized simulated values at the same sampling positions was
calculated. The resulting RMSE is 0.05, indicating a generally
consistent trend between the simulated and measured axial at-
tenuation profiles.

Moreover, the magnetic field at 100 um from the edge
of the scanning plane exceeded 1 Gauss, sufficient to excite
the NV center. Therefore, we coupled the optical fiber to the
NV center, which is encapsulated within a device and support

structure, as shown in Fig. 2(c).
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Fig. 4. (a) ODMR spectrum of the nitrogen-vacancy center under an applied static magnetic field; (b) measured Rabi oscillation data and fitted
curve; (c) simulated surface microwave magnetic field normalized distribution; (d) measured surface microwave magnetic field normalized
distribution; (e) variation with axial distance at a position 100 um away from the aperture edge.
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In order to more effectively verify its application value in
the characterization of magnetic materials, we used the inte-
grated probe shown in Fig. 2(c) to conduct a two-dimensional
characterization on the surface of kagome magnet TmMngSng,
which is a representative micro-magnetic material.[**! Based
on reasonable inference, the selected scanning area was ap-
proximately located at 50 um above the surface of the micro-
magnetic material, as shown in Fig. 5(a). The optical image
of the sample is shown in Fig. 5(b), using a Mitutoyo long-
working-distance objective with far-field correction. The ap-
plied bias magnetic field was approximately 200 Gauss, the
scanning area size was 500 pm x 500 um, and the scanning
step size was 9.375 pum.

Under the applied bias magnetic field, the resonance fre-
quencies of the selected ODMR doublet shift with the local
static magnetic field. At each scanning point, we first fitted
the ODMR spectrum and selected one pair of resonance peaks
belonging to the same NV axis, whose center frequencies were
denoted as f, and f; (fy > f1). These two fitted center frequen-
cies were then used to reconstruct the local static magnetic-
field magnitude B and the angle 6 between the local magnetic
field and the selected NV axis.

Specifically, the magnetic field magnitude B is given
pyl31

1
B:ﬁ\/fl?*fuﬁ+ﬁ2—02—3ls2. (6)

And the angle 6 is obtained from/*!]

_ R R 3R D

2
0
o8 272 (D—E) t30-F)
2DE? E 2D3
e - +—— G
3B (D_E) D—E  21B2(D—E)

In this work, the parameters D and E were determined
from the zero-field ODMR spectrum and treated as fixed dur-
ing the scan. The external magnetic field was aligned approxi-
mately along the vertical direction. The selected pair of peaks
corresponds to the outermost resonance pair, which indicates
that the projection of the magnetic field onto the corresponding
NV axis is the largest. Therefore, this NV axis is the closest to
the direction of the applied magnetic field.

The resulting spatial distribution of the static magnetic-
field magnitude is shown in Fig. 5(c), reflecting the spatial
variation of the magnetic-field distribution on the sample sur-
face. Correspondingly, the spatial distribution of 6 is shown
in Fig. 5(d). The relatively larger 6 values in the lower-right
region indicate that the local static magnetic field there has
a stronger transverse component with respect to the selected
NV axis. These results demonstrate that the fiber—diamond
integrated probe can be used for static magnetic-field charac-
terization of micro-magnetic materials.

G .
- 150
i -
4.584 . K4 135
Z, i © |
0.25 0.50™1.954 0 0.25 0.50%12.0

z (mm)

0
z (mm)

Fig. 5. (a) Experimental site diagram; (b) optical image of the micro-
magnetic material. The red outline indicates the actual size and contour
of the magnetic material, and the blue dashed box marks the actual scanning
area. Each small grid division corresponds to 0.1 mm. (c) Spatial distri-
bution of the static magnetic-field amplitude B within a 500 pm x 500 pm
scanning area on the sample surface. (d) Spatial distribution of the angle 6
between the static magnetic field and the selected NV axis.

5. Conclusion and perspectives

This paper designs and implements a flexible microwave
transmission structure suitable for diamond NV center quan-
tum sensing. This structure balances efficient microwave mag-
netic field and broadband, with a bandwidth of 394 MHz and
a microwave efficiency of 4.64 G/ /W. Furthermore, this mi-
crowave structure is integrated with a fiber-diamond probe.

A scanning plane with a radius of 250 um was established
approximately 20 um above the transmission line, and the mi-
crowave magnetic field distribution was measured. Simulta-
neously, the microwave magnetic field remained above 1 G at
approximately 100 pm from the aperture edge, verifying the
attenuation law of the microwave magnetic field in the axial
direction, thus determining the appropriate placement of the
fiber. Two-dimensional scanning characterization of the local
static magnetic field on the surface of the magnetic sample was
also performed.

Future research could further optimize flexible structures
to improve the local microwave magnetic field strength and
spatial uniformity, and combine them with smaller diamond
sensing units and high-precision scanning systems to enhance

magnetic-field imaging capability.
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