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Fig. 1. Structure and optical spectrum of diamond NV cen-
ter: (a) Schematic of NV center; (b) optical spectrum of
neutral center NV? and negatively charged center NV | the
zero-phonon line of NV (NV') emission is located at
575 nm (637 nm) (7],
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Fig. 2. Diagram of energy level structure of diamond NV
center: (a) Ground state, excited stated, metastable state
and transition path of NV center; (b) energy level position
of NV center in the band gap of diamond and the electron-
ic states at |ms = +1) , the occupation states and spin
sates of electrons are marked by red arrows, the purple ar-
rows represent the transition from ground state to excited

state.
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Fig. 3. Schematic of Ramsey and Hahn sequence: (a) Pulse sequences for Ramsey and Hahn magnetometry protocol; (b) Bloch

sphere depiction of Ramsey sequence, after initializing the spin into the |ms = +1) state, a /2 pulse rotates the state vector by
/2, creating a superposition of |ms = +1) and |ms = —1) , the Bloch vector then processes freely on the sphere for a time T, ac-
cumulating a phase ¢ proportional to the static magnetic field, a second 7/2 pulse maps this accumulated phase onto a population
difference between |ms = +1) and |ms = —1) , finally, a projective spin-state measurement reads out this population difference,
yielding the strength of the static magnetic field experienced by the spin; (c¢) Bloch sphere depiction of Hahn sequence: spin dephas-

ing due to static field inhomogeneities followed by application of a wpulse at time 7/2 and then spin rephasing at time 7.
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Fig. 4. Phase diagram of element carbon!*sl.
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Fig. 5. Fabrication processes of diamond NV arrays: (a), (b) Schematic diagram of forming an NV center array on the diamond sur-
face via ion implantation using a hard mask; (c) experimentally obtained scanning image of the NV array; (d) spectrum of the NV
arrayl®; (e) growth of a §-nitrogen-doped layer by CVD method; (f) NV array pillars obtained through micro-nano fabrication;
(g) experimentally fabricated scanning image of nanopillar array; (h) spectrum of the NV nanopillar array™54; (i) schematic dia-
gram of NV center fabrication via electron beam irradiation; (j), (k) schematic diagrams of different spot sizes and their correspond-
ing spectra®; (1) schematic diagram of NV center fabrication via laser irradiation; (m), (n) spectra of the NV array obtained by

laser method /6!,
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Table 1. Magnetic measurement sensitivity of different NV color center fabrication processes.

NVELHEETE  Rof/am  MTRE Ty/us  SBSmg RE0EE ) (pT-Hz=V/2) AR5 A BUE /(pT-Hz—1/2) SCHK
BFEA 32 > 200 1x10° 1x10* [65,66,17,67]
CVDAK 60 > 200 0.46 0.21 [53,54,82]

HL R R 10 > 600 32 0.9 [75,76,83]
WOLES 33 > 100 63 20 [56,84,12]
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Fig. 6. Schematic of NV- electronic structures under different external fields: (a) Zeeman split effect under a magnetic field; (b) ef-

fect of temperature on the zero-field splitting parameter D; at low temperatures, energy level structure of °E under low (c¢) and high
(d) strain/E; hyperfine coupling with the N (e) and N (f) nucleus/®
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Fig. 7. ODMR spectra of NV centers in a single-crystal dia-
mond (fast-neutron-irradiated and annealed at 800 °C) re-
corded in zero magnetic field, the spectrum clearly displays
characteristic signatures of temperature, magnetic field,

stress, and hyperfine coupling/®9l.

B8 2% il 37 TN ik D ) SRBIORE R 2 ) 23 R A X B
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Fig. 8. Field sensitivity and spatial resolution for different
magnetometers. The diagonal lines represent the standoff
required for a given sensitivity to detect magnetic moments

in units of the Bohr magnetonl®”.
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Fig. 9. Applications of NV centers in magnetic field sensing: (a) Spectrum showing the localization accuracy of '*C nuclear spins at
residues 183 and 185 in CXCR4 probed by NV centers®!; (b) measured CASR FNP spectrum of ethylformate with a precision of
1 Hz; (c) magnetic field sensitivity of the Hahn sequence detection reaching 210 fT/+/Hz
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Fig. 10. Applications of NV centers in electric field sensing: (a) Schematic diagram of using a single NV center to detect the electric

field at an AFM tipl®?; (b) detection of a single charge located ~25 nm away using an NV centerl®); (c) charge state control of an

NV center pair. Line-scan intensity profile and Gaussian fit of the NV center pair (separation: 174 nm)(Top); intensity surface plots

of the initial NV pair and after one center is converted to a neutral charge state(Bottom)2.
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Fig. 11. Applications of NV centers in temperature sensing: (a) Sensitivity and spatial resolution of several temperature sensors!'s);
(b) temperature dependence of the zero-field splitting parameter D for bulk diamond and nanodiamonds®”; (c) temperature map-

ping of a microchip using NVl
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Table 2. Temperature measurement sensitivity with NV color centers.
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Abstract

The nitrogen-vacancy (NV) center in diamond has quickly developed into one of the most versatile and
dynamic solid-state quantum platforms, encompassing condensed matter physics, emerging quantum
technologies, nanoscience, and life sciences. This prominence stems from its unique combination of properties:
Millisecond-scale spin coherence at room temperature, atomic-scale spatial resolution, non-invasive and non-
destructive operation, remarkable chemical stability, excellent biocompatibility, and the tunable coupling
strength to multiple physical fields. Its electron spin can be efficiently initialized by laser illumination and
precisely manipulated via microwave resonance, enabling high-sensitivity detection of magnetic and electric
fields, temperature, stress, and spin signals, with some experiments already achieving single-nuclear-spin or
single-electron-charge resolution. In this review, we start with a brief overview of the fundamental properties of
the NV center, clarifying the influences of spin-orbit coupling, hyperfine interactions, and other key effects on
its energy level structure. We then systematically outline the fabrication methods for creating NV centers with
high spatial control and spectral quality. Finally, we provide a detailed exposition of how NV centers are used
for nanoscale sensing and measurement across various physical domains, highlighting both established protocols
and recent experimental advances. Through this structured presentation, the review aims to provide a coherent

and up-to-date resource for researchers exploring the interdisciplinary potential of diamond NV centers.
Keywords: nitrogen-vacancy centers, quantum sensing, fabrication, application
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