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We present results of near-field radio-frequency (RF) imaging at micrometer resolu-11

tion using an ensemble of nitrogen-vacancy (NV) centers in diamond. The spatial12

resolution of RF imaging is set by the resolution of an optical microscope, which is13

markedly higher than the existing RF imaging methods. High sensitivity RF field14

detection is demonstrated through spin locking. SCROFULOUS composite pulse se-15

quence is used for manipulation of the spins in the NV centers for reduced sensitivity16

to possible microwave pulse amplitude error in the field of view. We present proce-17

dures for acquiring an RF field image under spatially inhomogeneous microwave field18

distribution, and demonstrate a near-field RF imaging of an RF field emitted from19

a photolithographically defined metal wire. The obtained RF field image indicates20

that the RF field intensity has maxima in the vicinity of the edges of the wire, in ac-21

cord with a calculated result by a finite-di↵erence time-domain method. Our method22

is expected to be applied in a broad variety of application areas, such as material23

characterizations, characterization of RF devices, and medical fields.24
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I. INTRODUCTION25

Electromagnetic field plays an increasingly important role for nondestructive imaging26

at MHz to sub THz frequency range. Near-field as well as far-field electromagnetic field27

imaging techniques are widely used in nondestructive imaging applications such as clini-28

cal applications, testing of infrastructure, and material characterization1,2. Whereas the29

near-field microwave imaging has already been widely used, the imaging at the µm scale30

resolution has been demonstrated only recently. By the introduction of a quantum sensing31

technique utilizing nitrogen-vacancy (NV) centers in diamond, microwave imaging has been32

demonstrated in micrometer resolution by mapping Rabi oscillation frequency driven by the33

microwave field3. The Rabi oscillation was detected by the photoluminescence (PL) from34

the negatively charged NV (NV�) centers that reflects the spin states of the electrons in35

the NV centers. The emission probability of the optically excited state of the |0i state is36

larger than that of the |1i state because the |1i state has a decay channel via a metastable37

dark state.4 Then, the spin state is detected by the optical contrast between the |0i and |1i38

states. Due to the high density of the NVs, the spatial resolution of the electromagnetic39

field imaging is only set by the resolution of the optical system for collecting the PL. The40

frequency of the microwave to be detected was selected by tuning the resonance frequency41

of NV centers by the external magnetic field. The frequency range was practically limited42

to be around 1 GHz at the lower bound due to the magnitude of the magnetic field available43

by a permanent magnet3, but may be extended above 100 GHz by using a superconducting44

magnet5.45

Extension of the lower frequency bound of the electromagnetic field to be imaged may46

find broad application fields such as in material characterizations, characterization of RF47

devices, and medical fields. Most of the existing technology for electromagnetic field imag-48

ing utilizes sensor arrays with electric wiring. As a result, their spatial resolution and49

the number of sensing elements are limited by the sensor size and the number of wires.6–850

The electromagnetic field imaging using NV centers in diamond is free from this limitation51

because acquisition of an image is performed all optically by collecting the PL from NV52

centers. Furthermore, quantum sensing techniques enable high precision and sensitivity of53

electromagnetic field detection.54

Here the lower bound of the frequency range of near-field electromagnetic imaging is ex-55
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tended to MHz range by adopting the spin-locking technique. The spin-locking technique56

was originally developed for NMR9,10, and was later applied to atomic vapours11,12, a super-57

conducting qubit13, and a single NV center 14,15. In the spin-locking technique applied to NV58

centers, after initializing the spin state to the |0i state by a laser pulse, superposition of |0i59

and |1i states is prepared by a ⇡/2 microwave pulse to rotate the spin state about the x axis60

in the rotating frame. Then a y-driving microwave field ⌦dcos(!0t)�y, where ⌦d and !0 are61

a Rabi frequency and a microwave frequency of the y-driving microwave field, respectively,62

is applied in the direction parallel to the spin in the rotating frame. This creates an energy63

gap ⌦d between the dressed states |+i = 1p
2

�
|0i+ i |1i

�
and |�i = 1p

2

�
|0i � i |1i

�
. This64

energy gap ⌦d protects the electron spin from the broad external noise o↵-resonant to ⌦d.65

Alternatively, the dressed states enable highly sensitive detection of RF signal on resonant66

to ⌦d. This ensures high accuracy and high sensitivity of the electromagnetic field imaging67

based on the spin-locking as compared to the method based on the Rabi oscillation3.68

The amplitude of the microwave field may not be homogeneous in the field-of-view of69

wide-field microscopy. This may lead to pulse length or amplitude errors in the microwave70

pulses and may degrade the fidelity of the spin manipulation. Composite pulse sequences71

have been developed to performs desired rotation with reduced sensitivity to systematic72

errors in the pulse such as frequency and amplitude16–19. Degradation of the near-field73

RF image by possible microwave pulse amplitude error is expected to be much reduced by74

adopting a composite pulse sequence to the spin-locking technique.75

In this paper, we describe near-field RF imaging using a spin-locking technique at microm-76

eter spatial resolution using an ensemble of NV centers in diamond. Methods for near-field77

RF imaging based on wide-field microscopy and for simulation of RF field are described in78

Sec. II. The rotating-frame relaxation time T1⇢ is examined in Sec. III A and the noise79

spectrum is presented in Sec. III B. Sensitivity to possible microwave amplitude error is80

examined in Sec. III C and the RF image is shown in Sec. III D. Finally conclusions are81

given in Sec. IV.82

II. METHODS83

Figures 1(a)-1(c) show pulse sequences for spin-locking measurement. After initialization84

to the |0i state by a laser pulse from a temperature-stabilized pulsed laser diode operating85
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at 520 nm (Figs. 1(a), 1(d)), a ⇡/2 microwave pulse is applied in a standard measurement86

scheme for a rotation about the x-axis in the rotating frame (Fig. 1(e)). The dressed states87

are prepared by applying the y-driving field with Rabi frequency ⌦ with a duration ⌧ (Fig.88

1(e)). By adopting a phase cycling scheme, the second ⇡/2 microwave pulse is applied with89

a positive (pattern A) (Fig. 1(f)) or a negative (pattern B) (Fig. 1(g)) sign to eliminate90

the common-mode noise and to enhance the detected signal magnitude. This sequence is91

repeated by n cycles, during which period PL intensity images for pattern A (IA) and B (IB)92

are acquired by a scientific CMOS camera. Then the images of (IA � IB)/IB are calculated93

for each ⌧ . The obtained images reflect the population di↵erence between the final spin94

states |0i and |1i (Figs. 1(f)-1(g)).95

The rotation angle of the spin deviates from the nominal value of ⇡/2 if the amplitude of96

the microwave pulse varies from the calibrated value. Under this amplitude error, the spin97

after the first ⇡/2 pulse (Fig. 1(e)) does not direct to the equator of the Bloch sphere and98

deviates from the direction of the y-driving microwave pulse. The error in the manipulation99

of the spin is further accumulated by the second ⇡/2 pulse. As a result, the spin-locking100

signal becomes smaller than the ideal case using exact ⇡/2 pulses due to the error in the101

pulse amplitude.102

The sensitivity to systematic errors in the pulse amplitude in the field-of-view of an RF103

image is reduced by using a composite pulse sequence. By applying multiple pulses with104

possibly di↵erent lengths and phases, the variable parameters of the pulses increase. The105

e↵ect of the pulse errors from a target rotation angle is reduced by properly choosing the106

pulse parameters at the cost of the longer total pulse length. The increase in the total107

irradiation time of microwave pulses, however, may deteriorate the fidelity in a system with108

a finite spin dephasing time T ⇤
2 . Hence, we choose SCROFULOUS composite pulse sequence109

(Figs. 1(b), 1(c)) that has an advantage in short total pulse length17,18 and is suitable for a110

system with short T ⇤
2 , for manipulation of the spins in the NV centers. The SCROFULOUS111

pulse sequence is composed of three pulses112

✓1�1-✓2�2-✓3�3 (1)

where ✓i and �i are the nominal rotation angle and the phase angle, respectively. The113

time symmetric case of ✓1 = ✓3 and �1 = �3 is used, which ensures that the rotation is a114

rotation about an axis in the xy plane. For a nominal ⇡/2 rotation about the x-axis, we115
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have ✓1 = 115.2�, �1 = 62.0�, ✓2 = 180�, and �2 = 280.6� (Fig. 1(c)). Shaped pulses20 were116

used for reduction of the bandwidths of the baseband and for accurate control of the widths117

of the microwave pulses.118

Microwave pulses were generated by up-converting the baseband I and Q pulses from an119

arbitrary wave generator (33622A, Keysight) by a double-balanced mixer (IQ-1545, Marki)120

and a local oscillator (SMC100A, Rhodes-Schwarz). After amplifying with an amplifier121

(ZHL-16W-43+, Mini-Circuits), a spatially homogeneous microwave field in the field of view122

of the microscope image was applied by a microwave planar ring antenna21 placed above123

a diamond chip (Fig. 1(h)). By ion-implantation3,22 of 15N+
2 , NV centers were created at124

about 10 nm below the surface of a (100) CVD type IIa ultra-pure diamond chip with a size125

of 2.0 × 2.0 × 0.5 mm3, followed by annealing at 800�C and acid treatment. Inhomogeneous126

dephasing time T

⇤
2 and Hahn-Echo pure dephasing time T2 were estimated to be 0.8 and 4127

µs, respectively. Photoluminescence from NV centers was imaged by a home-made wide-128

field microscope equipped with a scientific CMOS camera (Zyla5.5, Andor) and an objective129

lens 100⇥ with an NA 0.73 and a working distance of 4.7 mm at room temperature after130

passing through an optical long-pass filter with the cut-o↵ wavelength of 650 nm (Fig. 1(h)).131

The pulse laser diode, arbitrary wave generator (33622A, Keysight), microwave switch, and132

the scientific CMOS camera were controlled by a pulse sequencer (Pulse Blaster ESR Pro,133

Spincore). A photolithography-defined metal wire was placed below the diamond chip. A134

continuous RF field was applied to a Au/Ti wire with the width of 10 µm on a Si chip135

by an RF generator (33120A, Keysight), The Au/Ti wire was not impedance matched to136

50 ⌦. The direction of the Au/Ti wire was set to be parallel to the [110] direction. A137

static magnetic field along the [111] direction was applied by a pair of Nd2Fe14B permanent138

magnets.139

The ac magnetic field produced by the Ti/Au wire at 15 MHz was simulated by a finite-140

di↵erence time-domain (FDTD) analysis for comparison with the obtained result. The time-141

dependent Maxwell’s equations were solved numerically in the time domain by applying an142

absorbing boundary condition of a perfectly matched layer23 in the total size of the calculated143

space of 32⇥ 60⇥ 13 mm3. Variable mesh size was used with the minimum size of the mesh144

of 0.312 µm. The total number of the meshes was 268⇥60⇥100 and the time step was 0.52145

fs. RF field was fed to the model microstrip structure. The relative permittivities of Si and146

diamond used in the calculation were 11.20 and 5.68, respectively.147
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FIG. 1.

Schematics of pulse sequences for spin locking measurement with (a) two ⇡/2 pulses and (b) two

composite pulses. (c) Schematics of a SCROFULOUS composite pulse composed of three pulses.

(d) Evolution of the spin state in the Bloch sphere. The spin state is initialized to the |0i state by

the first laser pulse. (e) The first ⇡/2 pulse rotates the spin by 90� to the (�y)-direction. A

y-driving microwave field is applied parallel to the spin in the rotation frame. (f) The second ⇡/2

pulse rotates the spin by 90� to the (�z)-direction in the pulse sequence pattern A, or (g) the

second �⇡/2 pulse rotates the spin by �90� to the z-direction in the pulse sequence pattern B.

Finally, the spin state is readout from the PL by applying the second laser pulse. (h) Schematics

of the experimental setup.

III. RESULTS AND DISCUSSIONS148

A. T1⇢ relaxation profile149

Figure 2(a) shows a T1⇢ relaxation profile of spin-locking signals using two ⇡/2 pulses as150

shown in Fig. 1(a), fitted with a curve assuming a double exponential profile A1exp(�t/⌧1)+151

A2exp(�t/⌧2) with ⌧1 = 60+60
�20 µs, and ⌧2 = 640+500

–200 µs. The initial decay may be due to152

our measurement method of detecting signals from NV ensembles and depends on extrinsic153

e↵ects as observed in an NMR measurement24 such as the inhomogeneities in microwave field154
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or by spin scatterings due to di-vacancies or P1 centers. The long component T1⇢ = 640 µs155

is due to the intrinsic e↵ect, and is significantly longer than both T

⇤
2 and T2 of our diamond156

chip. This ensures a high sensitivity of the spin-locking measurement.157

T1⇢ relaxation profiles were measured by using microwave pulses with the actual Rabi158

frequency ⌦0 varied from the target Rabi frequency ⌦ as given by ⌦0 = (1+g)⌦, where g is the159

fractional error in the microwave pulse amplitude. Figure 2b shows that the amplitude error160

in the microwave pulses does not noticeably change the relaxation profiles with ⌧2 = 730+2400
–300161

µs, 2400+1
�1500 µs, and 3900+1

�3000 µs for g = �0.25, �0.375, and �0.5, respectively.162

B. Noise spectrum163

By varying the amplitude of the driving microwave field, noise spectral function SB(⌦) is164

obtained. The rotating-frame relaxation rate T1⇢ is given by T

�1
1⇢ = �2

e
6 SB(⌦1) +

1
2T

�1
1 , 13,15

165

where �e is the electron gyromagnetic ratio and T1 is the spin-lattice relaxation rate, which is166

0.86 ms in our sample measured by phase cycling. Figure 3 shows a noise spectrum acquired167

by the driving field with the Rabi frequency ⌦d from 0.27 to 80.4 MHz with a fixed duration168

of the driving field of ⌧ = 50 µs by the pulse sequence as shown in Fig. 1(a). The spectra169

in Fig. 3 were obtained by integrating the PL intensity in the area of 1.3 µm ⇥ 13.2 µm as170

indicated in the white square in Fig. 5(a). When the RF field of �40 dBm was fed to the171

metal wire structure placed below the diamond chip, a sharp peak at 15 MHz in Fig. 3(b)172

was detected, which indicates a high frequency- selectivity of the spin-locking measurement.173

The width of the signal at 15 MHz is mainly given by the inhomogeneous width originated174

from the variation/fluctuations in the e↵ective Rabi frequency due to variation/fluctuations175

in the microwave power.176

C. Sensitivity to microwave pulse amplitude error177

In the measurements utilizing wide-field microscopy, the spatial variation in the mi-178

crowave power in the field of view gives rise to a microwave pulse amplitude error for spin179

manipulation. In this section, the sensitivity of the detected spin-locking signal on microwave180

pulse amplitude error is examined. Spin-locking signals are measured by using microwave181

pulses with the actual Rabi frequency ⌦0 = (1 + g)⌦ varied from the target Rabi frequency182
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FIG. 2.

(a) T1⇢ relaxation profiles of spin-locking signals in the linear scale using two ⇡/2 pulses as shown

in Fig. 1(a). (b) Relaxation profiles of spin-locking signals the fractional error in the driving

microwave pulse amplitude of (i) 0, (ii) �0.25, (iii) �0.375, (iv) �0.50 in the log scale. The Rabi

frequency of the y-driving microwave field was set to ⌦d = 26.8 MHz. |IA � IB|/IB was plotted

for clarity.

⌦. Here, the ratio of the microwave intensities of the in-phase and the quadrature-phase183

components was assumed to be unchanged, i.e., no error was introduced to the phase an-184

gle �i for SCROFULOUS composite pulse sequence. The Rabi frequency of the y-driving185

microwave field ⌦d was fixed.186

Figure 4(a) show the obtained spin locking signals at g = 0 measured by the sequences187

using ⇡/2 pulses and the SCROFULOUS composite pulses. Spin-locking signal intensity is188

defined by subtracting the average of the background at points A and B from the peak value189
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FIG. 3.

Noise spectrum (a) without and (b) with RF field application as a function of the Rabi frequency

of the driving field ⌦. The duration of the driving field was fixed to ⌧ = 50 µs. RF field of �40

dBm at 15 MHz was applied to the metal wire structure in (b).

at C as given by ISL = IPL(C)� [IPL(A)+ IPL(B)]/2, where IPL(A), IPL(B), and IPL(C) are190

the normalized PL intensity change (IA � IB)/IB at the points A, B, and C, respectively.191

Points A and B were chosen to be the points at which the driving microwave amplitudes192

were 86% and 114% of that at point C.193

Figure 4(b) indicates that the SCROFULOUS composite pulses show excellent perfor-194

mance at |g|  0.25 and outperforms simple ⇡/2 pulses at �0.625  g  0.5. At g = �0.25,195

the signal intensity dropped by 19% in the simple ⇡/2 pulse case, whereas in the SCROFU-196

LOUS composite pulse case the signal intensity dropped by 2.5%, clearly showing superiority197

in reducing the sensitivity to pulse amplitude error of SCROFULOUS composite pulses to198

simple ⇡/2 pulses. Whereas Fig. 4(c) indicates that SCROFULOUS composite pulse may199

be applied in the case of �0.625  g  0.5, the performance of the SCROFULOUS com-200

posite pulses at g < �0.625 and g > 0.5 was found to be inferior to the performance of the201
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FIG. 4.

Spin locking signals (a) at the fractional error in the driving microwave field g = 0 for the

sequences using (i) ⇡/2 pulses and (ii) the SCROFULOUS composite pulses. (b) Spin locking

signal as a function of g for the sequences using (i) ⇡/2 pulses and (ii) the SCROFULOUS

composite pulses. The duration of the driving field was fixed to ⌧ = 20 µs. RF field of �24 dBm

at 15 MHz was applied. The duration of a ⇡/2 pulse was 9 ns. The error bars were estimated at

the representative points of g = 0 and �0.5.

simple ⇡/2 pulse case. Unlike the theoretical result that showed SCROFULOUS composite202

pulse outperforms simple ⇡/2 pulse in all the range of g,18 the relaxation of the spins due to203

the noise in microwave pulses25 restricts the application range of SCROFULOUS composite204

pulse with a longer total pulse length. The performance of the SCROFULOUS composite205

pulses is better at g < 0 than at g > 0 as shown in Fig. 4(c).206

D. Radio-frequency imaging207

The transition probability under a coherent RF field irradiation at the frequency of ! is208

given by14209

p = p0
⌦2

1

⌦2
e↵

sin2(⌦e↵⌧/2), (2)

where p0 is the maximum possible transition probability, ⌦1 is the Rabi frequency of the210

RF field, and ⌦e↵ =
p

⌦2
1 + (! � ⌦d)2. The separation of the dressed states is given by211

the Rabi frequency of the driving microwave field ⌦d = �B

MW
1 , where � and B

MW
1 are the212

gyromagnetic factor, and the amplitude of the driving microwave field, respectively. For a213
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weak RF field, the transition probability is approximated by214

p = p0
⌦2

1⌧
2

4
, (3)

where the Rabi frequency of the RF field ⌦1 is directly associated with the amplitude of the215

RF field B

RF by ⌦1 = �B

RF.14 Then the spin locking signal proportional to the transition216

probability p is proportional to the magnitude of the RF field |BRF|2, which is proportional217

to the power density of the RF field.218

In RF field imaging, the microwave field intensity distribution may a↵ect the accuracy219

of the result. This is particularly important in measuring RF field distribution around220

electrically conductive material, where microwave field is locally enhanced by the near-221

field.3 Two cases are considered here; in the first case, where the measurement target RF222

frequency is unknown, it is required to measure the microwave field intensity distribution223

at the frequency for driving NV spins before RF field imaging. This may be performed,224

for example, by an FFT imaging of Rabi oscillation of the microwave field3. Then RF field225

image is obtained by calibrating the microwave field intensity variation in the field of view.226

In the second case, where the target RF frequency is fixed and known, an independent227

measurement of the microwave field distribution may be omitted, instead one may measure228

the spin-locking signal by applying microwave driving field in the intensity range su�cient229

to cover the whole range of the microwave field intensity variation in the field of view. This230

may be applied to the case where an RF field of known frequency is irradiated to a target231

object, and a re-emitted or scattered RF field image is measured. In the following, we232

demonstrate RF field imaging of the second case where the target RF frequency is known.233

Target Rf field was generated by feeding RF signal of �30 dBm at 15 MHz to a Au/Ti234

wire with a width of 10 µm as shown in Fig. 5(a). A typical spin-locking spectrum is235

shown in Fig. 5 (b), where the PL was integrated within the area indicated in Fig. 5(a).236

RF field projected to the plane perpendicular to the [111] direction of the NV center axis237

was measured. RF field projected to the planes perpendicular to the other possible three238

directions of the NV center axis may also be measured by selecting the microwave resonance239

frequency for the spins in the NV centers.240

The amplitude of the driving microwave field was scanned from approximately 10 to 21241

MHz and 41 images were acquired. The maxima of ISL were searched from the acquired242

images at each pixel and a normalized microwave amplitude image is obtained as shown in243
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Fig. 5(c). An RF image is obtained by plotting the spin-locking signal at each pixel as shown244

in Fig. 5(d). In Figs. 5(c) and 5(d), the images were plotted in the region 10.8 < x < 30.3245

µm since the image was dominated by noise outside this region. One may obtain the image246

in the region not shown by adjusting the microwave power of the pulses and the driving247

field.248

The microwave field intensity variation was within 14% in the region of 10.8 < x < 30.3249

µm in Fig. 5(c) as estimated from the microwave driving field intensity at the peak position250

of the spin-locking signal. The variation in the microwave driving field intensity was thus251

within the range where SCROFULOUS composite pulse shows high fidelity. According252

to Fig. 4, the detected RF field intensity is estimated to be underestimated by 1.2% at253

most. This may be compared with 6.6% for the case of using simple ⇡/2 pulses. In the254

region x < 10.8 µm or x > 30.3 µm, the spin-locking signal was small, and hence, the255

peak position of the spin-locking signal was obscured by the noise. The obtained RF field256

intensity may be calibrated by using the estimated microwave pulse amplitude error.257

The spin locking signal as a function of the lateral position as shown in Fig. 6(a) indicate258

that the RF field projected to the plane perpendicular to the [111] direction has peaks259

in the vicinity of the edges of the wire. The in-plane magnetic field perpendicular to the260

direction of the wire is symmetric with respect to the center of the wire and the magnetic261

field perpendicular to the plane is antisymmetric with respect to the center of the wire. As262

a result, the magnitude of the detected RF field project to the plane perpendicular to the263

[111] direction is symmetric with respect to the center of the wire as shown in the calculated264

result by a finite-di↵erence time-domain (FDTD) method (Fig. 6(b)).265

Our method may also be applied in the case of wider microwave field variation in the266

image area of interest; one may measure spin-locking images by changing the microwave267

field intensity for spin manipulation, and combine RF field intensity images by selecting the268

region where |g| is small.269

IV. CONCLUSIONS270

We have demonstrated a method to obtain an RF intensity image by utilizing a spin-271

locking method based on wide-field microscopy of an ensemble of NV centers in diamond. By272

adopting the SCROFULOUS composite pulse sequence for manipulation of the spins in the273
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FIG. 5.

(a) Optical microscope image of a 10 µm wide Ti/Au wire structure. (b) Spin locking spectrum

obtained by integrating the PL in the area shown in the white square in (a). The duration of the

driving field was fixed to ⌧ = 20 µs. RF field of �30 dBm was applied. (c) An obtained

microwave (MW) amplitude image normalized by 0.547 times the peak MW amplitude of the ⇡/2

pulse, corresponding to ⌦ = 15 MHz at the center of the Ti/Au wire structure. (d) An obtained

RF field image. 528 ⇥ 512 pixels of the scientific CMOS camera were binned to 33 ⇥ 32 pixels in

(c) and (d).

NV centers, the sensitivity to possible pulse amplitude error is reduced. The spatial resolu-274

tion of the RF image obtained by our method is markedly higher than the existing methods.275

The spatial resolution is ultimately limited by the distance of the implanted NV center layer276

from the surface of the diamond chip of about 10 nm, and is practically limited by the resolu-277

tion of an optical microscope to be used and may be enhanced by applying super-resolution278

imaging such as stochastic optical reconstruction microscopy26 and stimulated emission de-279

pletion microscopy27. In our method, the number of pixels of the image is not limited by the280

number of electric wiring for sensors as used in many existing methods. Furthermore, the281
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FIG. 6.

Figure 6 (a) Spin locking signal depending as a function of the lateral position. (b) ac magnetic

field distribution calculated by an FDTD simulation. The ac magnetic field was normalized to

the peak value.

complexity inherent to the mutual inductance of the electric wiring to sensor elements can be282

avoided since we use NV centers as sensing elements. By applying the spin-locking method,283

the sensitivity to RF electromagnetic field has been enhanced significantly. Our method may284

be applied in a broad variety of application areas, for example, material characterizations285

of such as polar molecules, polymers, and proteins, characterization of components for RF286

devices such as substrates and RF shields, and medical applications such as early diagnosis287

of disease and magnetocardiography.288
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