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Abstract: Nitrogen vacancy defect centers are promising platform for quantum sensing. They have
attracted attention over the last 15 years. Their performance has been demonstrated in laboratory
scale using expensive and bulky laser and microwave sources. We report using off the shelve voltage
controlled oscillators as a reliable replacement of microwave sources. They are cheap, small and
consume low power. In combination with RF mixers, we tune them to drive double quantum (DQ)
resonances and compensate effect of thermal drifts on NV-based magnetometer’s performance by
more than one order of magnitude.
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1. Introduction

Defect centers in solid-state materials have opened a new era in quantum sensing
and computing. In particular, Nitrogen-vacancy (NV) defect centers in diamond have at-
tracted lot of attentions over the last 15 years . Their physical and chemical properties
made them suitable platform for sensing. They can sense not only one but multiple pa-
rameters like magnetic field B, electric field E, pressure P, Stress M and temperature T . As
a magnetic sensor they can be used as both scalar and vector magnetometers. They can
operate in harsh conditions like extreme temperature, high pressure and high radiation
like in space applications. They can operate at a wide range of magnetic fields. Their non-
toxicity allows one to use them in biological applications . Due to their atomic-scale defect,
they have provided us with high spatial resolution, which is the highest spatial resolution
among magnetic sensors. They can be used as MW spectral analyzer . In addition to all
these features, initialization NV based sensors with visible green light that can be pro-
vided with cheap green laser diodes.

The performance of NV centers as a reliable quantum sensor has been demonstrated
in laboratory scale using expensive and bulky MW and laser sources . But it limits the
applications of these magnetometers to laboratory scale ones. There are ongoing efforts to
make them portable and miniaturize them so that one can exploit their features in in-
dustry, medicine, technology, military and civil applications. MW source is a key part of
NV sensors that need be integrated into the sensor module. This integration should hap-
pen with minimum effect on the overall performance of the sensor. So far, to generate
accurate and stable MW fields for NV based magnetometers, one typically uses the state
of art MW generators. Voltage controlled oscillators (VCO), that operate in MW frequency
range, are good candidates to replace bulky MW generators. VCOs are cheap, small, port-
able, consume low power, easy to use and available in different operating frequency
ranges. Their performance as MW source for deriving NV transitions has been demon-
strated . Here we would like to demonstrate VCOs capability to exclude the effect of the
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temperature drift in NV magnetic sensors. This will have potential application for NV
magnetometers in space where large temperature variations happen.

2. Materials and Methods

NV defect centers in diamond can exist in three different charge states, NVo, NV+ and
NV.. Among them, NV- shows promising platform for sensing. It has total electron spin of
1 so it has a triplet ground state with electron spin quantum numbers of ms=+1 and 0. At
room temperature and zero magnetic field, ms = +1 is separated from ms = 0 by a zero-
field-splitting (ZFS) parameter D = 2.87 GHz . All three states are occupied with same
probability. To optically pump ground states, one can use green laser light with wave-
length of 520-532 nm. Green light excites triplet ground states to triplet excited states
where they decay back to the ground states through emitting red photoluminescence light
(PL). For excited state with ms = +1 there is another way to get back to all ground states.
This is called spin-state-dependent inter-system crossing (ISC) which is a non-radiative
decay path. Consequently, the probability of having an electron spin in ground state with
ms = 0 state is more likely than ms = +1. One can use MW field (in continuous or pulsed
mode) to drive transitions between ground states. Changes in the electron spin population
at excited states can be monitored through detecting the emitted visible red PL at a wave-
length of 637 nm. And by sweeping the frequency of the MW field, one can reveal what is
called optically detected magnetic resonance (ODMR) profiles. These profiles are typically
follow a Lorentzian function of MW frequency. The center frequency f. of ODMR profiles
can vary by the magnetic field. By monitoring the center frequency one can determine the
applied magnetic field through

B = 2nt(f; — fzrs)/Ve, 1

where y, = 28 GHz/T is the gyromagnetic ratio of the electron spin. ZFS parameter D
varies with temperature with a rate of dD/dT = -74 kHz/K. It affects ODMR profiles cor-
responding to ms=0—-1 and ms = 0—+1 transitions in the same way. To exclude the effect
of temperature on magnetic reading, one can find the center frequency of both transitions
and calculate the difference in their frequencies to exclude the effect of temperature vari-
ations. This requires periodic jumping in MW frequency from one profile to another. This
causes blind time slots in data associated with each profile. A solution to this issue is ad-
dressing both transitions simultaneously using RF frequency mixers. We explain it more
where we describe double-quantum configuration.

2.1. Experimental Setup

Our experimental setup has two parts, optical and electronical. In optical part we
mainly initialize the electron spin state with green laser light and collect red PL. The elec-
tronical part mainly includes, VCO to drive electron spin state transitions, photodetector
to detect PL and lock-in amplifier to analyze modulated PL signal.

Our NV- based magnetometer is installed on an optical table. We used a 80 mW laser
diode as the laser source to initialize the sensor. The LD operates in constant current mode
and it was controlled by a laser diode driver kit. Its temperature also was under control
using a thermo-electril-control (TEC) unit. An objective is used to focus the laser light on
the NV- diamond sample. The sample has a size of 3 mm x 3 mm. The same objective is
used to collec red PL emitted from the sample. The collected red PL passes through a
dichroic mirror to suppress green light before reaching to the 1st channel of a balanced-
detection photodiode. The 2nd channel of the detector is used to monitor the green light
laser fluctuations. The outputs of both channels are subtracted and amplified. The dia-
mond sample is installed on a 5 cm x 5 cm PCB. We have sputtered co-planar MW antenna
on the surface of the sample to apply MW field. The antenna is wire bounded to the PCB.
Advantage of using sputtered antenna is its low power consumption compared to other
types of MW antenna like MW loop or MW resonator . The PCB containing the sample



Eng. Proc. 2023, 52, x FOR PEER REVIEW 3 of 6

is placed inside a three pairs of Helmholtz coils. The coils are used to apply magnetic field
in X, y and z directions. The current of the coils are controlled by a programmed current
source so that we can tune the magnitude and direction of the applied magnetic field.
Figure 1 illustrates our magnetometry setup.
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Figure 1. Schematic of setup used to sense magnetic field using NV- sensor. Balanced detection
scheme is used to minimize the effect of the laser intensity fluctuations. MW source is designed to
perform double-quantum configuration with frequency modulated signal. Temperature drift in sen-
sor is compensated through a feedback control loop where tuning voltage of VCO is actively up-
dated. An 18-bit DAC imbedded in the lock-in amplifier is used to apply tuning voltage of the VCO.

The scheme of the electronic part of the setup is shown in Figure 1. A VCO model
CVCO-55CC 2770-2920 is used to apply a MW carrier frequency ferr about ZFS parameter
D =2.78 MHz. It has a nominal tuning sensitivity of 48 (MHz/V). A RE/MW source model
of SRS SG384 is used to generate a frequency modulated RF signal. We call it side fre-
quency fsiee where it is a sinusoidal function of time,

fsidze = frr t faev€0 STt finoq), ()

where faev is called deviation frequency and fmod is modulation frequency. We typically use
fmod = 10 kHz and faev = 800 kHz. fmod is used as the reference frequency frr of the lock-in
amplifier. The VCO supply and tuning voltages were provided with a 18-bit digital-ana-
log-converter (DAC) imbeded into a Zurich Instrument lock-in amplifier model LMFI. The
input of the amplifier comes from the output of the balanced photodiode. We typically
adjust the phase of the lock-in reference to maximize the in-phase signal and leave mostly
the electonic noise into the quadrature component of lock-in output. The outputs of the
VCO and SRS were fed into a mixer model ZX05-73L. The mixer’s output exhibits two
primary frequencies at fearr + fsice with opposite modulation phases. Subsequently, this out-
put is amplified using a microwave amplifier with a nominal gain of 45 dB before being
directed to the sputtered antenna.

2.2. Double-Quantum Configuration

To keep track of thermal drift in the sensor, we operate in double quantum (DQ)
configuration where MW field is used to drive both ms=0 to ms=+1 transitions simulta-
neously. A simple method proposed by is depicted in Figure 1. It is based on using two
MW sources and a mixer. MW sources generate ferr and fside where fside depends on the
Zeeman splitting between ground states with ms=+1 and ms = -1. In our case this splitting
is about 6.1 MHz. By choosing right value of fsiee, One can drive resonance transitions
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associated with ms=0 to ms=+1 transitions. Figure 2 shows the dispersive pattern response
of the lock-in when we sweep farr. Those patterns on the left/right correspond with situa-
tion in which we drive ground states with ms = 0 to +1 transitions separately. These tran-
sitions are labeled as single resonance (SR) transitions. The pattern at the center corre-
sponds with the DQ configuration. For magnetometry application, one needs to stay on
the linear part of the dispersive pattern. And preferentially at zero crossing point of it. In
presence of thermal fluctuations, zero crossing point will move eighter to the right or left.
This results in fake magnetic reading and must be corrected. In our case, we actively up-
date fearr so that we can stay at or close to the zero crossing where typically maximum slope
occurs. In this way we can ensure thermal drift is minimized and has no effect on the
magnetic sensings. We used a proportional-integral-derivative (PID) algorithm written in
Python to calculate the update value of fearr. In our PID algorithm, the set point is the zero
crossing and the control parameter is fearr.
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Figure 2. (Bottom) In-phase component of the lock-in amplifier output in response to a MW fre-
quency modulated red PL. (Top) first order differentiate of bottom panel. Horizontal axis represents
farr frequency applied by VCO. Vertical dot-lines represent where we get maximum sensitivity. fearr
is swept to reveal dispersive patterns associate with single (at the left and right) and double (at the
center) quantum resonances.

3. Results and Discussion

We noticed an increment of about 2/3 in slope of dispersive patter under DQ config-
uration as it is shown in Figure 2. This is more than the expected increment of 4/3 which
is predicted theoretically. We believe this issue is a result of suboptimal sensitivity in the
SR configuration. If this is indeed the case, DQ demonstrates how we can enhance the
sensitivity of the non-optimized SR configuration.

We evaluated the capability of our sensor in correcting the effect of the thermal drift
on its readout. Figure 3 demonstrates the performance of our feedback control under slow
and fast ambient temperature drift. In latter one, we turned on a heater to blow hot air
flow to our setup. The heater was about 1 m away from the setup to have less magnetic
disturbance on sensor’s reading. Figure 3 shows the Allan Standard Deviation (ASD) of
the in-phase component of the lock-in amplifier output in response to a frequency modu-
lated Red PL input signal. It contains data associated with measurements with and with-
out feedback control. Both measurements were carried out under the same experimental
conditions but at different times. However, we observed the same results when repeating
the measurements. One can note an order of magnitude improvement in ASD at integra-
tion time of 100 when the feedback control is active. At integration times less than about
16 sec, detection scheme without feedback provides better sensitivity. But as time goes on
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sensor’s output drifts, and sensor operating in feedback scheme performs better. This is
due to the relatively large tuning sensitivity of the VCO that does not let us to update fcarr
with steps finer than about 3 kHz. As ZFS parameter D varies by temperature with a rate
of dD/dT = -74 kHz/K. This results in a minimum control temperature step of 40 mK. To
achieve a better temperature control, one can use a VCO with smaller tuning sensitivity
or a voltage source with finer tuning voltage.
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Figure 3. Allan standard deviation of the in-phase component of the lock-in amplifier output in
response to the frequency modulated PL signal. Data were collected when background temperature
drifts (left) slowly (right) fast. Each plot shows measurements with and without feedback control.
Dashed line is meant as reference guide for drift effects with slope +1.

4. Conclusions

We demonstrated how a VCO can be used to implement DQ sensing configuration
in NV-magnetic sensor. It provides the carrier frequency around ZFS parameter. Its value
can be updated actively over the course of the measurement using a PID algorithm. This
excludes the effect of thermal drift in sensors readout. We observed one order of magni-
tude improvement in the sensor’s sensitivity at integration times longer than 100 s. What
we have demonstrated here can extend the dynamic range of NV- sensors operating in
frequency modulated scheme and in thermally drifting environment. Even in thermally
stable environment, high intensity laser light can change the temperature of the sensor.

Then an active feedback control scheme, can suppress sensor’s temperature variation
effect.
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