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Fig. 1. Schematic diagram of the NV center level pumping
process; the red solid arrow indicates excitation of the
ground state by a 532 nm laser, the solid black arrow rep-
resents radiative transition from the excited state back to
the ground state (with a photon emission rate of 70 ps™?),
and the dashed black arrow denotes nonradiative trans-

itions.
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Fig. 2. Effect of magnetic field on the ground-state level splitting of the NV center. (a) The ground-state level splitting varies lin-
early with the magnetic field. A strong magnetic field induces Zeeman splitting, lowering the |— 1) level below the [0) level,
which are encoded as the excited state |e) and ground state |g) of a two-level atom, respectively. The inset shows the ground-
state level splitting at low magnetic fields (0-0.2 T). (b) Schematic of the diamond color center crystallographic orientation, where
the static magnetic field B is applied along the {111} crystallographic direction (7. (c) Simplified structure of the diamond color

center under Zeeman splitting, with energy levels beyond the ground state represented as blue rectangles.
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Fig. 3. Schematic diagram of the millimeter-wave stimu-
lated radiation system; a diamond NV center sample (cube)
is placed at d/2 inside a high-quality cylindrical resonant
cavity (radius R, height d), and is excited by 532 nm light
(indicated by green curved arrows); the millimeter-wave sig-
nal is extracted by a toroidal coupling antenna (indicated
by brown cylinder). Magnetic poles on both sides of the
cavity (gray cuboids) provide a uniform external magnetic
field Bnv along the NV axis (i.e., the {111} crystallo-
graphic direction), which is perpendicular to the cavity

axis and denoted as the Z direction.
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Fig. 4. Effect of pump rate variation on population inver-
sion. It can be seen that under low-speed pumping (w ~
wy, ), the inversion number involved in stimulated radi-
ation is S,/N = Kske/4g% ~ 0.13. In the figure, the re-
gion enclosed by the red and blue lines represents the para-
meter range where stimulated radiation amplification can
be achieved.Here, the other parameters are taken as: @ =
5x10%, we/2m = ws/27 = 53.13 GHz, g/2m = 0.445Hz,
Ty =~ 0.5 ps, N= 4 x 1013 .
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Fig. 5. (a) Atomic coherence at different pump rates when N =4 X 1013 ; the black line denotes the cavity threshold. It can be
seen that the quality factor of the cavity must be larger than its threshold to generate stimulated millimeter-wave radiation. (b) Be-
havior of the atomic inversion population S,/N as a function of pump rate and cavity quality factor. It can be seen that the inver-
sion population reaches its maximum S, = N/2 when the pump rate is wmax/2. Here, the cavity quality factor is taken as
Q=5x10%.
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Fig. 6. (a) Output power of stimulated radiation as a function of cavity quality factor and pump rate for a given atom number

N =4x1013; (b) output power of stimulated radiation as a function of atom number N and pump rate at a cavity quality factor
Q@ =5 x 10%. Other parameters are taken as: wc/2m = ws/2n = 53.13 GHz, g/2% = 0.445 Hz, T5 ~ 0.5 ps.
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as Q=5x10*, we/2n = ws/2n = 53.13 GHz, g/2n =
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Controllable millimeter-wave stimulated radiations from
nitrogen-vacancy-centers in diamond”
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Southwest Jiaotong University, Chengdu 610031, China)
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Abstract

The scarcity of high-quality millimeter-wave coherent light sources constitutes a critical bottleneck for the
development of 6G communications, deep-space exploration, and related fields. Conventional approaches, such
as low-frequency synthesis and high-frequency beating, suffer from low output power and poor coherence, while
cryogenic microwave coherent sources cannot operate at room temperature. Hence, there is an urgent demand
for efficient, stable, millimeter-wave stimulated-emission coherent sources that function under ambient
conditions. Leveraging the unique advantages of the nitrogen-vacancy (NV) center system—including long spin
coherence times at room temperature, optical initializability, and precise tunability of Zeeman levels—combined
with a high-quality-factor millimeter-wave resonator, we can construct a coupled system of light and artificial
atoms operable at room temperature. This paper proposes a scheme for room-temperature millimeter-wave
stimulated emission based on tuning the ground-state zero-field splitting of diamond NV centers via a strong
axial magnetic field, aiming to achieve a high-quality coherent millimeter-wave radiation source.

Through Zeeman-level engineering of NV centers under tesla-level magnetic fields, we propose that by
applying a strong axial magnetic field Byy > 1.18 T along the [111] crystallographic direction of the NV~ center,
the radiative transition frequency of the NV-center artificial atom can be shifted into the millimeter-wave band.
Subsequently, a millimeter-wave stimulated-emission system is constructed, comprising a 2 T superconducting
magnet, an ensemble of NV centers in diamond, a high-quality-factor cylindrical resonant cavity, and a 532 nm
pump laser. A diamond single crystal containing ~ 10'® NV centers is placed at the center of the cavity and
resonantly coupled to the cavity's TE¢is mode. Optical pumping with 532-nm laser light enables population
inversion of the NV centers. The stimulated-emission millimeter-wave photons can establish coherent oscillation
inside the cavity, thereby yielding a coherent millimeter-wave output. Based on numerical simulations with
typical parameters, the threshold conditions for achieving millimeter-wave stimulated emission are derived, and
the linewidth of the obtained coherent radiation is evaluated. The results indicate that, using a cavity with a
quality factor of @ =5 x 10* and a diamond sample with N =4 x 10'®* NV centers, the optimal pumping rate
can be attained with a remarkably low laser-pump threshold of wy ~270s™*. Under these conditions, the
collective coherence of the atomic ensemble is maximized, enabling the generation of coherent millimeter-wave
radiation with a power exceeding 107 W (microwatt level) and a linewidth as narrow as 10~*Hz. Higher
output power can be achieved by increasing the number of NV centers, improving the cavity quality factor, or
raising the pump rate.

Specifically, this work demonstrates that, by applying a 2 T axial magnetic field and employing a high-

* Project supported by the National Basic Research Program of China (Grant No. 2021YFA0718803) and the National
Natural Science Foundation of China (Grant No. 12575030).
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quality resonator with @ =5 x 10", stimulated emission of millimeter waves at a frequency of 53.13 GHz can be
realized at room temperature. Moreover, by adjusting the strength of the applied magnetic field, it is
theoretically feasible to achieve a fully tunable coherent millimeter-wave source covering the entire 30-300 GHz
band. This provides a viable pathway toward a high-performance room-temperature millimeter-wave light
source. The methodology adopted here—combining quantum Langevin equations with the mean-field
approximation to describe stimulated-emission amplification—can be extended to other microwave gain-media
systems for realizing various coherent radiation sources based on stimulated emission. In particular, the fact
that the coherence properties of NV centers are only weakly affected by strong magnetic fields makes the
proposed magnetic-field-tuning scheme for millimeter-wave stimulated emission from diamond color centers
experimentally verifiable, paving the way for the generation of highly coherent wave sources across the entire

microwave frequency range.
Keywords: millimeter wave, nitrogen-vacancy center, stimulated radiation
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