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Simultaneous temperature and magnetic field
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Nitrogen-vacancy color centers can perform highly sensitive and spatially resolved quantum measurements of physical
quantities such as magnetic field, temperature, and pressure. Meanwhile, sensing so many variables at the same time
often introduces additional noise, causing a reduced accuracy. Here, a dual-microwave time-division multiplexing protocol
is used in conjunction with a lock-in amplifier in order to decouple temperature from the magnetic field and vice versa. In
this protocol, dual-frequency driving and frequency modulation are used to measure the magnetic and temperature field
simultaneously in real time. The sensitivity of our system is about 3.4 nT/+/Hz and 1.3 mK /+/Hz, respectively. Our detection
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1. Introduction

Nitrogen-vacancy (NV) color centers are emerging solid-state
quantum sensors that can measure several physical quantities
using different detection protocols due to the influence of physi-
cal quantities variations such as magnetic field™™?, electric
field™, temperature!~”), and stress'®. With the advantages of
high spatial and temporal resolution, high sensitivity, stable sig-
nal, and quantum performance at room temperature, NV color
centers can provide an effective means of characterization in a
variety of fields, including biomedicine!®, dark matter™®,
electrochemical signals!''), etc. The sensitivity can be further
enhanced by utilizing phase-sensitive detection, which reduces
ambient F-noise, allowing for more stable detection of signals
and higher sensitivitym’zo].

The extraordinary sensitivity of NV and multiple physical
quantity sensing raise the experimental environment require-
ments and limit the application scenarios, making quantum
sensing less practical. Magnetic and temperature noises are
present in most sensor environments. Utilizing double-quan-
tum (DQ) coherence technology or multitone microwaves
(MWs) can reduce noise interference efﬁcientlym]. These pro-
tocols, however, can only measure a single physical quantity and
does not take full advantage of the multi-physics sensing char-
acteristics of NV. To achieve stable and highly sensitive
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protocol not only enables multifunctional quantum sensing, but also extends more practical applications.

Keywords: quantum sensing; temperature measurement; magnetic field measurement.

measurements of the magnetic field and temperature, some
research groups have used time-division and frequency-division
multiplexing methods'?>**), Nevertheless, the existing simulta-
neous measurements require further processing of the signal to
obtain the target data.

In this Letter, we demodulate the electrical signal of the pho-
toelectric detector, so the temperature and magnetic field infor-
mation are directly separated. Lock-in amplifiers (LIAs) deal
only with temperature or magnetic field signals, so there is no
need to use phase information for further processing, which
makes the measurement method more robust.

2. Methods

At room temperature, NV centers demonstrate a long spin life-
time and an electronic ground state of spin 1 triplet state, and
they can function as a multimodal sensor due to their spin
energy levels that are sensitive to magnetic, electric, strain,
and temperature variations. The ground state of NV is a spin
triplet, whose degeneracy is lifted by spin-spin interactions into
a singlet state of spin projection |0) and a doublet state | £ 1) in
the absence of a magnetic field. Resonant MWs are applied near
2.87 GHz to achieve coherent spin control. Through optical
excitation, spin initialization to |0), and nonradiative decay
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through intersystem crossover, the spectrum of spin-state-  signal connected to the LIAs contains information about the
dependent fluorescence, referred to as optically detected mag-  magnetic field or about the temperature.
netic resonance (ODMR) spectroscopy, can be obtained. The Diamond with dimensions of 200 pm X 200 pm X 100 pm has

frequencies of the resonance signals, denoted by |+ 1) and  been grown in chemical vapor deposition with [111]
| — 1), are shifted as a consequence of the Zeeman effect when  crystal-oriented crystals. Figure 1(c) shows that the diamond
an external magnetic field is applied, as schematically shown in ~ is combined with a composite parabolic lens (CPC) with UV
Fig. 1(a). Using ODMR spectroscopy, we can determine the  solid-state adhesive. The 532 laser (MGL-N-532A) illuminates
energy levels and, therefore, the magnitude of the physical quan- ~ from inside the 200 pm fiber, while the fluorescence signal
tities. If the energy level shift associated with a change of physical ~ was collected from the other side of the diamond. Copper wire
quantity is smaller than the ODMR linewidth, the signal change  is used as an antenna. The fluorescence light is collected into
of the fixed single-point detection fluorescence can provide a  the monitor negative port of the balanced photodetector
quick indication of the value. For our experiments, we selected ~ (PDB210A) after passing through the bandpass filter (FF01-
five points of f,, to f, for the measurement of temperature and ~ 709/167-25).

magnetic field. By sweeping the MW frequency, the ODMR For the photodetector, the positive port on the monitor is con-
spectrum of resonant transitions of |0) — | — 1) and |0) - | + 1)  nected to a 200 pm optical fiber. In time-division demodulation,
is plotted in Fig. 1(b), where the horizontal coordinate is the the two outputs of the detector signal (monitor+, monitor-) of the
applied MW frequency, and the vertical coordinate is the  photodetector are, respectively, connected to two MW switches
demodulated voltage signal R. Linewidth is approximately =~ (ZASWA-2-50DRA+, SW). The timing signal demodulation
8 MHz. Positions 1-4 correspond to the maximum slope of  from the MW switch is controlled by a pulse generator (PBESR-
ODMR. Based on the detection protocol and the time-division =~ PRO-500-PCle), and the outputs of the MW switch are linked to
demodulation method, the R obtained from demodulating the different LIAs.
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Fig. 1. (a) NV center energy level diagram, with zero-field splitting D between ground-state electronic spin levels [0) and |£1). In the presence of a magnetic field,
energy levels |+1) experience a Zeeman shift, which forms the basis of NV magnetometry. The NV thermometer is based on the [0) energy level shifting with
temperature. (b) ODMR spectrum of the diamond sensor under a DC bias magnetic field of 46 Gauss, provided by a permanent magnet beneath the head. f; is far
off resonant frequency. f; to f, are the maximum slopes of the ODMR spectral line, respectively. (¢) Configuration of a time-division multiplexing diamond sensor.
A CPC on the bottom of the NV diamond sample, combined with an optical filter and convex lens, guides fluorescence from NV centers to the photodiode. The
additional 532 laser is used for reference signals. The pulse generator modulates SW1and SW2 by means of TTL signals. The output signal of SW1and SW2 only
contains temperature and magnetic field information, and it is sent to LIAT and LIA2 for processing. (d) Diagram of a time-domain multiplexed frequency modu-
lation time sequence. Sy—S;, shows that the signal seen by LIAT has temperature information. S;—S,, shows that the signal measured by LIA2 gives information
about the magnetic field.
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To achieve time-division multiplexing and reduce MW
resources, we combine dual-frequency driving with frequency
modulation, which allows simultaneous measurement of tem-
perature and magnetic field with half the number of MW
sources. Two MWs are used simultaneously at the place of maxi-
mum slope (denoted as f, + f;), and frequency modulation
applies two MWs at different times (denoted as f, — f3).
Since the signal to be measured must be oscillating at a certain
frequency, the dual-frequency drive must be coupled to a virtual
frequency f, (f, is non-resonant), and hence both approaches
have the same period.

It has been shown that temperature and magnetic fields can
be measured simultaneously by using both time division and
frequency division'*>?*!. The previous experiments required
precise phase modulation, which made the experiment more
complex, and both approaches obtained the temperature and
magnetic field signals indirectly by obtaining orthogonal X
and Y signals and then processing the data. By combining
dual-frequency driving and time-division demodulation, we
can minimize the number of MW sources, which is consistent
with frequency-division multiplexing. With this method, the
demodulated signals are connected to two LIAs, and the temper-
ature or magnetic field information is directly derived from the
demodulated R of the amplifiers:

Tmeas X Sll - SIZ’ (1)
BT o« 851 — Sy, (2)

where T™ and B™ are the measured magnetic field and tem-
perature, respectively. Sj; to S,, are the four data acquisitions
presented in Fig. 1(d). So, this is a direct simultaneous measure-
ment for conventional LIAs.

3. Experimental Results and Discussion

Because continuous ODMR spectra are subject to laser and MW
power, which results in broadening effects and thus reduced sen-
sitivity, in our experiment, ODMR was measured as a function
of temperature and magnetic field. The signal modulation fre-
quency was set to about 2.21 kHz, and the time constant was
about 15 ms. A quasi-continuous approach is used to reduce
the heating effect of the laser. Figure 2 shows the ratio of the peak
value and the peak width of the measured ODMR signal. As the
point with the largest ratio indicates the greatest sensitivity**/,
this point is used in the next step of the measurement.
Hereafter, we test the robustness of the temperature measure-
ment and magnetic field measurement. In the configuration of
temperature sensing, since the laser itself produces a heating
effect on the diamond, the performance of different probing pro-
tocols can be investigated by measuring such a heating process.
First, the conventional fixed single-point detection method was
used by setting the frequency to a specific value in order to
observe the response of the fluorescence voltage to temperature
and magnetic field. As shown in Fig. 3(a), the experiment was
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Fig. 2. Contour plot of the ratio of ODMR peak and width as a function of light
power and MW power.

measured for 5 s and repeated 10 times, and, at the position
of around 0.5 s, the interference of the magnetic field became
apparent.

A combination of detection techniques using double fre-
quency, denoted as f, — f5 and f; + f; shown in Fig. 3(b), is
used to suppress temperature or magnetic field fluctuations.
An MW signal of f; + f; means that MWs are applied simulta-
neously, whereas a signal of f; — f; means MWs are applied one
at a time. In this case, magnetic fields or temperature fluctua-
tions can be derived by this method. Note that the bias magnetic
field is applied at 0.5 s and shuttered at 4 s, while the temperature
of diamond keeps rising due to laser heating effects. Since the
temperature causes the spectral lines moving in common mode,
the method of f, + f; obtains the temperature with the mag-
netic field suppressed. On the other hand, magnetic fields result
in the spectral lines shifting in the differential mode. Therefore,
by suppressing the temperature, f, — f; measures the effect of
the magnetic field while suppressing the effect of the tempera-
ture. In the same way, f; + f, measures the magnetic field,
whilst f, — f, measures the temperature [Fig. 3(c)].

After demonstrating the effectiveness of the magnetic field
and temperature measurements, we perform an experiment of
time-division demodulation on the detector. The MW switch
is turned on and off by the transistor-transistor logic (TTL) sig-
nal from the pulse generator, and the RF output of the MW
switch is connected to each of the two LIAs by applying the same
time period selection. In LIA1, the signal only contains informa-
tion about the temperature, while, in LIA2, the signal only con-
tains information about the magnetic field. After demodulation,
the R values are shown in Fig. 3(d). The simultaneous measure-
ments show that the mutual coupling between temperature and
magnetic field can be eliminated.

As R is used for sensing and independent of the modulation
phase, there is no need to consider phase synchronization. For
our sensing protocol, the phases of X and Y are discontinuous
in the single-shot experiment. In time-division multiplexing
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Fig. 3. Confirmation of simultaneous temperature and magnetic field measurements. (a) Demodulated amplitude value of R of the LIA. The measurement was
performed in an environment where a bias magnetic field was applied, the jitter in 0.5 s was caused by activating the electromagnet, and the temperature change
was caused by the laser heating after starting the measurement. (b), (c) Dual-frequency driving and frequency modulation are used to measure magnetic fields
and temperatures. fi—f; (f — f,) indicates that the MWs are applied separately in time. f; + f; (£ + ) indicates that MWs are applied simultaneously
in time. (d) Temperature and magnetic field measurements taken simultaneously; S; — Sy, are the results of LIAl measurements, which only give temperature.
Sy — Sy, are the results of LIA2 measurements, which only give magnetic field.
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Fig. 4. (a), (b) Xand Yare measured under the condition of time-divided mea-
surements. B-X and B-Y are modulated by LIAT. T-X and T-Y are demodulations
by LIA2. A magnetic field of 0.2 mT is applied at 0.5 s. (c) Sensitivity is measured
as naise power and frequency spectrum.

measurements, B-X and B-Y represent the X and Y signals of
magnetic field measurements, and T-X and T-Y represent tem-
perature measurements, as shown in Figs. 4(a) and 4(b). It can be
clearly seen that the phase of X and the phase of Y are disorderly.
Since the amplitude value of R is independent of the phase of X
and Y, the measurement error due to phase mismatch is ignored.
Therefore, our measurement method is more robust compared
to the tracking phase method">**), In the end, the noise spec-
trum obtained from the time-division signal was measured.
Hamming windows were used to obtain the magnetic field
and temperature noise spectra, as plotted in Fig. 4(c). The sen-
sitivity of our system is about 3.4nT/+/Hz and 1.3 mK/+/Hz,
respectively.

4. Conclusion

In summary, we present a detection protocol for temperature
and magnetic field measurement without phase synchroniza-
tion. When performing high-sensitivity magnetic field or tem-
perature measurements, the experimental environment is often
full of unwanted electromagnetic or temperature disturbances.
In the case of magnetic field measurements, even though the
quasi-continuous excitation method reduces the heating effect
of the laser, the excited laser is sufficient to produce temper-
ature interference. We have used electrical signal time-division
multiplexing demodulation to separate the optically mixed
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signals containing temperature and magnetic field information,
so that simultaneous temperature and magnetic field measure-
ments can be achieved. Since the temperature and magnetic field
information is obtained directly from the signal amplitude val-
ues, this sensing method is more robust, which enables more
practical applications of quantum measurements.
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