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Abstract

We demonstrate a robust frequency-modulated (FM) radio receiver using electron-spin-dependent
photoluminescence of nitrogen-vacancy (NV) centers in diamond. The carrier frequency of the FM signal is in
the 2.8 GHz range, determined by the zero-field splitting in the NV electronic ground state. The radio can be
tuned over 300 MHz by applying an external DC magnetic field. We show the transmission of high-fidelity
audio signals over a bandwidth of 91 kHz using the diamond radio. We demonstrate operating temperature of

the radio as high as 350 Celsius degrees.

l. INTRODUCTION

From their first demonstration over a hundred years ago [1], radio waves have found numerous applications
with the most important one being wireless communication [2, 3]. In their simplest form, radio transmitter
imprints the signal to be transmitted onto the amplitude, frequency, or phase of the carrier signal, while the
receiver demodulates the radio waves to retrieve the information. Many modern applications require small
and robust receivers that could operate in high temperature (> 100 °C), high pressure and/or chemically harsh
environment. Recently, novel schemes capable of sensing radio-frequency electromagnetic waves have
emerged, including those based on 2D materials [4, 5], optomechanics [6-8], and nitrogen-vacancy (NV)
centers in diamond [9-15]. Among these devices, diamond detectors are particularly interesting owing to
diamond unique properties. Diamond devices could operate in extremely challenging conditions including
high pressure up to 60 GPa (Ref. [16]), high temperature over 600 K (Ref. [17]) and corrosive environment.

In this article, we demonstrate a diamond NV based radio receiver that is capable of transducing
frequency-modulated (FM) microwave radio signals to amplitude-modulated (AM) optical fluorescence signal.
Our device takes advantage of the fact that the photoluminescence [18-20] of an NV center depends on its
electron spin state, which is sensitive to microwave radiation. Transmission of high fidelity audio is
experimentally demonstrated and the bandwidth of the diamond radio receiver is measured to be 91 kHz.

Furthermore, we show that the operating temperature of diamond radio can be as high as 350 °C, much



higher than that of a traditional IC-based radio receiver (typical 85 °C for commercial products).

1. EXPERIMENTAL SETUP AND PRINCIPLE

The schematic of the NV radio receiver is depicted in Fig. 1(a). It is based on a bulk diamond sample
(Element Six, HPTP diamond plate, with {100} faces) with a high density of NV centers (~1.2 ppm with
nitrogen concentration about 200-300 ppm, determined by absorption techniques in ref. [21]). The diamond
sample is then irradiated with 4.5 MeV electrons for 2 hours, annealed at 800 °C for 16 hours and then at
1200 °C for 2 hours. The diamond chip is continuously excited by a green (532 nm) laser; the excitation light
spot is about 20 mW illuminating a 200 um in diameter region at the surface of the diamond sample. An
electromagnet is used to provide a DC magnetic field along axes of one NV class that defines the carrier
frequency that the diamond receiver responses to. The microwave signal is delivered to the diamond chip by
a microstrip waveguide contacting the surface of the diamond. The microstrip is microfabricated on a cover
glass with 20 um in width. The NV fluorescence, the output of the radio receiver, is collected by an objective
(Olympus SLMPlan 50X / NA 0.35) and detected by a photodetector (New Focus 1801-FS) with filters
(Semrock StopLine notch filter 532-nm, E-grade, and Semrock EdgeBasic long-wavelength-pass filter,
632.8-nm). Compared with widely used pulsed laser experimental configuration [9-13], the continuous optical
pumping [14, 15] enables continuous detection of input microwave signal and enjoys the benefits of the high
density of NVs in bulk diamond. The high NV density gives a greater signal intensity and thus a better
signal-to-noise ratio, even though the coherent time of dense NVs could be shorter than the scattered NVs in
bulk diamond.

The FM discrimination in our device is achieved by the electron-spin-state dependent fluorescence of NV
centers. The negatively-charged NV center is a lattice defect in diamond, which consists of a substitutional

nitrogen atom and an adjacent vacancy. The ground state of NV center is a spin triplet state, and the
m_ =21 sublevels can be distinguished by their darker photoluminescence than the m_=0 sublevel due
to the spin-selective intersystem crossing (ISC) [17, 20]. For clarity and simplicity, we only investigate the

interaction between m_ = -1 and m, = 0 sublevels. The sublevels in ground states are separated by,



Jo=D(T)~-yB, (1)
, Where D(T) is the crystal field splitting depending on the temperature T, which is about 2.87 GHz at room
temperature, the gyromagnetic ratio 2m of NV centers is 28 MHz/mT, B, is the DC magnetic field projected
on the NV axis. As shown in Fig. 1(b), when the microwave frequency fuw is swept over the resonance
frequency fp of the NV ground sublevels, a dip in fluorescence intensity is observed. The principle of
demodulating the FM microwave signal is as follows: when the carrier frequency is positioned on the slope of
the dip, the frequency of the microwave signal is mapped onto the intensity modulation of the NV
fluorescence. The optical (fluorescence) response of diamond chip exposed to an FM (square wave)

microwave signal is depicted in Fig. 1(c).

I11. EXPERIMENTAL RESULTS AND DISCUSSION

We demonstrate receiving FM radio signals carried by a 2.85 GHz carrier using the diamond NV centers. A
known modulating signal (provided by a waveform generator, Agilent 33120A) representing the information is
sent to a microwave function generator (HP ESG-3000A) to generate an FM microwave signal at the carrier
frequency of 2.85 GHz with -3 dBm power. The microwave signal is then sent to the NV centers via a
microstrip. The red fluorescence of NV centers is filtered, detected, and monitored by an oscilloscope with
the modulating signal, as shown in Fig. 2. A DC magnetic field is applied by the electromagnet to shift the
optically detected magnetic resonance (ODMR) dip to the position so that the carrier frequency is blue
detuned from the NV microwave resonance. In this way, the received signal is in phase with the original
modulating signal. From Figs. 2(a) and (b), we can conclude that the received signals are in good agreement
with the modulating signals. As a demonstration of a real-life application, we transmit an audio signal and a
demonstration of an audio transmission is provided as Video S1 [22]. As shown in Fig. 2(c), the received audio
waveform is in good agreement with the original audio waveform.

We characterize the frequency responses of the NV radio for various microwave signal powers (Fig. 3(a)).
The modulating frequency of the carrier microwave signal is swept from 10 Hz to 3 MHz. Due to the limitation
of detecting frequencies of the equipment, the 10 Hz to 100 kHz response are measured by a lock-in amplifier

(Stanford SR830), and are represented by solid lines in Fig. 3(a); while the 30 kHz to 30 MHz frequencies are
3



measured by a network analyzer (HP 8753E), and are represented by dashed lines in Fig. 3(a). The modulating
signal is a sine wave with peak-to-peak amplitude V,, = 1 V, and leads to the maximum deviation of 1 MHz
from the frequency of the carrier microwave. As shown in Fig. 3(a), the -3dB bandwidth of optical response is
measured as 91.8 kHz with microwave signal of 0 dBm (i.e., 1 mW), which is the maximum power that our
microstrip can carry before being damaged. The carrier microwave frequency sits at the maximum slope of
resonance dip, ensuring optimum amplitude of demodulated signal, as shown in Fig. 1(b). This bandwidth is
adequate for high-fidelity audio transmission, as shown in Fig. 2(c). The bandwidth of the NV radio receiver is
sensitive to the power of input microwave signal. As plotted in Fig. 3(a) Inset, the bandwidth is lowered from
91.8 kHz to 22.5 kHz, when microwave signal power is attenuated from 0 to -10 dBm. The bandwidth also
depends on other parameters including the pumping (green) laser power and detuning of microwave carrier.
An extensive discussion [23] of optical frequency response and bandwidth is presented by numerical
simulations of NV centers dynamics [20, 24-28]. A simple rule of thumb is that greater pumping laser powers
and microwave signal powers result in greater bandwidths, as shown in Figs. S4 and S5. The bandwidth might
be extended by detuning of carrier microwave from ODMR, as discussed in Fig. S3. However, the amplitude of
the fluorescence signal suffers when the microwave frequency is detuned beyond one linewidth of the NV
ground state sublevels. The bandwidth of NV centers could be extended by changing the life time of states by
strain [29].

We show the total harmonic distortion (THD) is 2.67% of the total signal at the microwave power of
-5dBm and frequency deviation of 2.42MHz, which is the half of the linewidth (as FWHM) of the NV
microwave resonance in the ground state. In the case, the modulating signal is a 1 kHz sine wave, and the
optical intensity (as the output of the photodetector) of higher order harmonic frequencies are measured by
the lock-in amplifier, as shown in Fig. 3(b). The optical intensity of each generated harmonics is less than 1%
of the fundamental signal, and the total harmonic distortion THD; (defined by root squared sum of all

harmonic distortion amplitude divided by the amplitude of fundamental signal, i.e.,

THD; = \/Zkzz V. I'V,, where V is the amplitude at kth harmonic frequency) is measured to be 2.67%.

The distortion originates from the nonlinear dependence of microwave frequency and the fluorescence

intensity, which is a Lorentzian dip, and thus the distortion depends on the amplitude of the input signal.



Importantly, this THD¢ level is acceptable for the transmission of audio signals as it can hardly be detected by
a human ear [30].

Finally, we experimentally investigate our NV radio receiver operating in environmental temperature from
25 °C (i.e., 298K) to 400 °C (673 K), where the diamond sample and the microwave microstrip shown in Fig.
1(a) are under controlled temperatures. It has been reported previously that the NV centers can operate in a
wide temperature range from the 6 K (ref. [31]) to 600 K (ref. [17]). Here, as illustrated by Eq. (1), the
temperature affects the zero field crystal field splitting of the NV centers. To demodulate a radio receiver with
stable resonant microwave frequency under different temperatures, the magnetic field By is used to adjust to

compensate the temperature effects in a feedback loop. The NV crystal field splitting depends on the

temperature T as dD(T)/dT=—74 kHz/K , though the exact value of the constant slightly varies

between different samples with different NV densities [32]. In our case, the DC magnetic field needs to be
lowered to cancel out the shift caused by higher temperature (in the case of using m_=—1 ground state

sublevel). In the experiment, tuning of the DC magnetic field By is achieved by changing the voltage applied to
the electromagnet. In this experiment, the carrier frequency of microwave signal is fixed at 2.80 GHz, the
modulating signal is a 1 kHz sine wave, and the maximum frequency deviation is set to 2 MHz. As shown in Fig.
4(a), we measure the output signal under different applied electromagnet voltages and temperatures. The
sign of the output signal indicates the phase relative to the modulating signal. As expected, the optimum
external magnetic field By changes as the temperature changes, as shown in Fig. 4(c). In addition, the signal
maximum reduces as the temperature increases, as shown in Fig. 4(b). We conclude that the NV radio
receiver operates up to at least 350 °C (628 K), though the amplitude of received signal suffers at high
temperatures: at 350 °C the amplitude of the signal is only one tenth of that at room temperature. This can
be explained by the dynamics of NV centers: at high temperatures, the thermally activated non-radiative
processes diminish the spin selectivity of the excited state intersystem crossing (ISC) and the spin-dependent

fluorescence vanishes out. [17]

IV. CONCLUSION



In conclusion, we demonstrate a radio receiver based on NV centers in diamonds capable of demodulating
FM microwave signal and mapping it onto the amplitude-modulated fluorescent signal. The radio is tuned via
a DC magnetic field, provided by an electromagnet, which selects the carrier frequency. Enjoying the
robustness of diamond NV centers, we demonstrated the operation at temperatures as high as 350 °C. The
required microwave power and the bandwidth of the NV centers as a transducer could be improved by
designing resonant microwave circuits for specific applications or frequencies, and the excitation and
collection of NV fluorescence could be enhanced by photonic structures as well. Looking ahead, we note that
other atomic defects in solids can be used to realize radio receivers (or wavelength converters) in the
frequency bands of interest to modern communications and quantum information processing. For example,
silicon-vacancy centers in diamond have potential for microwave-to-optical converters in terahertz band [33],

and the resonant microwave frequency can be tuned by strain.
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Figures and Captions
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Fig. 1. (a) Experimental schematic of nitrogen-vacancy (NV) radio receiver. The NV centers in diamond
demodulate frequency-modulated (FM) microwave signals and map it onto the fluorescence. The NV centers
are pumped by a green (532 nm) laser. The DC magnetic field By is applied to tune the detecting carrier
frequency of the microwave signal. (b) The principle of NV FM microwave demodulation. Black trace show
experimentally measured optically detected magnetic resonance (ODMR) near 2.87 GHz of NV centers. The
fluorescence intensity depends on the detuning of the input microwave frequency from the ODMR resonance.
The carrier frequency (f.) is positioned on the slope, and changes in microwave frequency are mapped onto
the changes in fluorescence intensity. (c) Illustration of the input FM microwave signal to be demodulated

(blue) and resulting output amplitude-modulated fluorescence signal (red).
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Fig. 3 (a) Optical response of an NV radio receiver on the frequency of modulating signals. The solid line is
measured by the lock-in amplifier, and the dashed line is measured by the network analyzer. Lines of different
color correspond to different carrier microwave powers indicated in the inset. Inset: dependency of -3 dB
optical bandwidth on the powers of input microwave signals. (b) The harmonic distortion of the output
fluorescence intensity in the case of a 1 kHz sine wave as a modulating signal with a maximum frequency
deviation of A=2.42 MHz. The power of microwave signal is -5 dBm.
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Fig. 4 (a) Optical response on the DC magnetic field By under different environmental temperatures. The
magnetic field By is controlled by the voltage applied on the electromagnet. The sign of the optical response
indicates the polarity between the NV fluorescence signal and the modulating signal. (b) The maximum
responses on the environmental temperature, the response amplitudes of optimum negative/positive
detuning (Opt. Neg./Pos. Detuning) are corresponding to the minimum/maximum points in (a). (c) The
optimum electromagnetic voltages required to compensate the temperature shifts.
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