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ABSTRACT: Diamond samples of defects with negatively charged nitrogen-vacancy
(NV) centers are promising solid-state spin sensors suitable for quantum information
processing and highly sensitive measurements of magnetic, electric, and thermal fields at
the nanoscale. A diamond defect with an NV center is unique for its robust temperature- \ Microwave Heating
dependent zero-field splitting D, of the triplet ground state. This property enables the

optical readout of electron spin states through manipulation of the ground triplet state \
using microwave resonance with Dy from 100 K to approximately 600 K. Thus, Microwave"\\
prohibiting D,, from external thermal disturbances is crucial for an accurate \

measurement using NV-diamond sensors. Nevertheless, the external microwave field o ®
probably exerts a heating effect on the diamond sample of NV centers. To our g
knowledge, the microwave heating effect on the diamond samples of NV centers has yet

to be quantitatively and systematically addressed. Our observation demonstrates the v

existence of a prominent microwave heating effect on the diamond samples of NV

centers with the microwave irradiation in a continuous mode and some pulse sequence modes. The zero-field splitting D, is largely
red-shifted by the temperature rises of the diamond samples. The effect will inevitably cause NV-diamond sensors to misread the
true temperature of the target and disturb magnetic field detection by perturbing the spin precession of NV centers. Our observation
demonstrates that such a phenomenon is negligible for the quantum lock-in XY8-N method.

1. INTRODUCTION

The negatively charged nitrogen-vacancy (NV) center is a
unique defect in diamond that is distinguished by its optical
. . . 1-5 .
spin polarization and readout at room temperature. ~ This
specific property makes NV center promising as solid-state
spin sensors suitable for quantum physics studies and
information processing,®”"' nanoscale measurements of
magnetic and electric fields,”””'® and temperatures.'”">* A

parallel and perpendicular electric dipole parameters, respec-
tively; the total effective field IT = 6 + E constitutes the electric
field E and the effective strain field 5; S,, S, and S_ are the x, y,
and z components of the spin operator, respectively; g is the
Lande factor; pg is the Bohr magneton; and B is the external
magnetic field.

Diamond is a semiconductor of multiple energy bands. A
transmitting microwave interacts with the intrinsic fields in

spin projection split by a zero-field splitting D,, enables the
spin sublevels of a triplet ground state detectable by optically
detected magnetic resonance (ODMR) in the continuous wave
(CW) mode and the pulse wave sequence mode. In ODMR
techniques, microwave resonances with D,, enable manipu-
lation of the spin state distribution to yield a difference in the
optical emission intensity upon optical excitation. Thus,
electron spin states are accessible by such manipulation.
According to the literaturAe,25 the electronic spin Hamiltonian
of the ground state spin Hy, is

% G 1 2 'uB_’ — B 1 2 2
Hgs = ﬁ(DgS + d”HZ)SZ + ?S'g'B - ?dLnx(Sx - S}’)

1
+ Fdlny(sxsy +5,8,) W

where 7 stands for Planck’s constant; D, is the zero-field

splitting that is temperature-dependent; dy and d;denote the
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diamond, causing thermal energy dissipation in the sample.26
We name such a formation of heat arising from dissipation of
the microwave heating effect. Thus, microwave manipulation
probably raises a perturbation to Dy, Some researchers have
been concerned with the microwave heating effect for the
readout of the electron spin states of NV centers. Neumann et
al.”” and Wang et al.'*varied the microwave power to find the
specific irradiation that causes a nonobservable change in Dg,.
Toylia et al.'” argued that in the microwave pulse sequence
mode, a practical microwave irradiation timescale is approx-
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imately 3 orders lower than the spin coherence times in a
measurement. In that case, the heating effect is likely to be
omitted. Xie et al.”® intended to compensate for the
disturbance of heating arising from coplanar waveguides. Lillie
et al.”” pointed out the observation of microwave heating by a
thermistor installed on a superconductor Nb stage. To our
knowledge, the microwave heating effect on the diamond
samples of NV centers has yet to be quantitatively and
systematically addressed.

Here, we demonstrate our quantitative observations on the
microwave heating effect on diamond samples of NV centers.
The tested samples were installed near room temperature. We
studied the effect of typical continuous and pulsed sequence
microwave irradiation at various powers. An infrared thermal
imager and two thermocouples were applied for measuring
thermal images and local temperatures on the surfaces of the
diamond samples. We demonstrated the effect on the zero-field
splitting Dy, of NV-diamond sensors.

2. EXPERIMENTAL SETUP

The experimental setup is shown in Figure la. The diamond
samples of NV centers were made by chemical vapor
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Figure 1. Schematic diagram of the experimental setup.

deposition (CVD) synthesis processes with dimensions of
26 mm X 2.6 mm X 03 mm from Element Six. The
concentration of nitrogen in the sample was less than 1 ppm.
The diamond samples were glued to glass slides with
dimensions of 24 mm X 24 mm X 0.15 mm. The ensemble
was fixed on a gold-plated printed circuit board (PCB). A thin
straight wire antenna constituting a copper wire of 60 ym in
diameter was closely attached to the upper surfaces of the
diamond samples. We prepared two such ensembles, NV1 and
NV2. The difference between the two ensembles lies in that
NV1 was installed in an open environment without controlling
temperature, and NV2 was accommodated in a temperature-
controlled enclosure. The measurements with NV1 were
implemented simultaneously by the infrared thermal imager
and the thermocouples. The infrared thermal imager is a FLIR
T650sc. The detector is 640 pixels X 480 pixels. The
temperature sensitivity is better than 0.1 K at room
temperature. The focal length is 22 mm. The spatial resolution
is 0.41 mrad. The nominal accuracy is +1 K. The camera can
picture in discrete mode and continuous mode at a frequency
of 30 Hz. The thermocouples are type K. They were diagonally
attached to the upper surface of the diamond sample shown in
Figure 1b. Their shields are 0.076 mm in outer diameter. Their
reference junctions were properly set in an ice thermostat
during measurements. The temperatures inside the enclosure
accommodating NV2 were controlled within +0.1 K
surrounding the target temperature. To rule out the effect of

temperature control on observing the observed microwave
heating effect, we adopted the following control scheme where
the controller is turned off when the temperature reaches the
target temperature, but when the temperature is below the
target temperature, the controller is turned on. Because the
temperature-controlled enclosure hinders the optical path of
the infrared thermal imager, the temperature of NV2 can only
be measured with thermocouples.

We build a laser illuminating system to excite NV center and
collect fluorescence to scan and locate the spin state of NV
center better. We excite the NV center by 532 nm laser. After
the laser is collimated, the acousto optic modulator (AOM) is
used to modulate the optical path and control the switch of the
laser. After passing through the AOM, the laser reaches the
dichroic mirror and reflects on the front of the objective lens.
Then, the laser focuses on the NV sample placed on the three-
dimensional Physik Instrumente (PI) stage through the
objective lens. After being excited, the NV sample generates
fluorescence, returns along the original path, which passes
through the dichroic mirror to the filter, and finally enters the
multimode fiber through the fiber optic collimator. We collect
fluorescence using a single photon counting modulator
(SPCM) connected to data acquisition (DAQ). A vector
signal generator (Rohde & Schwarz SMIQ04B), tuning from
300 kHz to 4.4 GHz at a resolution of 0.1 Hz, was used for
microwave generation. The synthesized microwaves were
transmitted through a radio frequency (RF) switch (Mini-
Circuits ZASWA-2-SODRA+) and an amplifier (Mini-Circuits
ZHL-16W-43-S+) of a specified range from 1.8 to 4 GHz to a
straight wire antenna. We used a pulse generator (SpinCore
PulseBlaster PBESR-PRO-500) with a specified pulse reso-
lution and shortest pulse of 2 ns to generate pulse signals
controlling the microwave RF switch. Based on the above
devices, we simulated the microwave irradiation of a typical
CW, Rabi pulse sequence, spin echo sequence, and XY8-10
pulse sequence and studied the microwave heating effect on
the ground electron triplet spin state. All of the measurements
reported here were implemented at zero-field splitting
frequency near room temperature.

3. RESULT AND DISCUSSION

We first investigated the heating effects of the NV1 sample
under continuous microwave irradiation of —13, —20, and —30
dBm. The duration of each irradiation was 60 s to simulate the
general CW-ODMR process. The FLIR T650sc was operated
in continuous image mode. A significant microwave heating
effect was recorded in the infrared images. The temperature of
the sample is related to microwave irradiation. We selected
infrared images under —20 dBm microwave irradiation for the
demonstration in Figure 2a. The diamond sample was
observed in thermal equilibrium with the substrate and PCB
before the onset of irradiation. After irradiation begins, the
temperature rises rapidly in the diamond sample, while the
temperature increase of the substrate is limited, and the
temperature rise of PCB is hardly observed. The thermal image
shows a circular diffusion distribution and the hottest spots are
present in the center of the diamond sample. Extracting the
real surface temperature of the sample using a radiation
thermometer depends on accurately knowing the sample
surface emissivity at the corresponding wavelength. However,
accurate information on the actual emissivity of the diamond
sample is unknown. We applied the instrument’s default
emissivity when operating the FLIR. Thus, the FLIR T650sc

https://doi.org/10.1021/acsomega.2c04232
ACS Omega 2022, 7, 31538—-31543


https://pubs.acs.org/doi/10.1021/acsomega.2c04232?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04232?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04232?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04232?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

a Initial 10s

30s 60s

b 312
< 307 R
E s'.... .\
3 & !
= ! ¢ 16.16K
£ 302 g \
Q I % [12.50K
E ’ s
’2 ) N
297 e
292 I
0 50 100 150 200
Time (s)
=+=Open environment(NV1) Thermal insulati losed envir (NV2)

43.68
4 39.23

w
o

N
o

16.16
12.50

Max temperature increments (K)
-
o

1.37 0.78

-30 -20 -13
Microwave power (dBm)

# Thermocouples-NV1 « Thermocouples-NV2
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Figure 3. CW-ODMR spectrum and temperature variation diagram. (a) Zero-field ODMR spectra. (b) Temperature spectra for CW-ODMR.

readings are nominal, but these images correctly record the
relative thermal tone on the surface of the NV1 diamond
sample, reflecting the temperature distribution.

Due to the different positions of the two thermocouples, the
measured thermal effects caused by microwave radiation are
different. In all measurements, we took the average of the two
thermocouple readings as a quantitative measurement of the
sample surface temperature. In Figure 2b, we plot the time
dependence of the temperatures measured under —20 dBm
microwave irradiation for NV1 and NV2. Both relations are
quite similar. The microwave heating effect is evident in both
cases. The effect is stronger for NV2. The maximum rise rate is
348 K-s™' for NV2 and 1.73 K:s™' for NV1. The total
temperature increment of NV2 is 16.16 K, and that of NV1 is
12.5 K. The samples were rapidly heated during the first 10 s of

31540

microwave irradiation, with NV2 and NVI1 increasing at
temperatures of 13.48 and 9.14 K. The subsequent temper-
ature rise rate slowed significantly. Once the microwave
irradiation is turned off, the sample rapidly loses its
temperature in the first 10 s and then asymptotically
approaches thermal equilibrium. We plot the maximum
histograms of the temperature rise at all microwave irradiation
powers of NV1 and NV2 in Figure 2c. The histograms show
that the microwave heating effect is monotonically related to
the microwave irradiation power. The maximum increment
caused by —30 dBm irradiation was 1 order smaller than the
maximum increment caused by —20 dBm irradiation. The
maximum increment caused by —13 dBm can be as high as
312.38 and 316.83 K, respectively. Such an increment much
exceeds the ambient temperature of NV1 and NV2.
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Figure S. Temperature spectra by pulse microwave sequences under irradiation of —13 and —20 dBm. (a) Rabi sequence. (b) Spin echo. (c)

Quantum lock-in XY8-10.

We further studied the microwave heating effect on the zero-
field splitting Dy, of the NV-diamond sensors using CW-
ODMR for NV2. To decouple a possible laser heating effect
from our studied microwave heating effect, we kept the laser
switching on before the microwave manipulation of the triplet
ground state. By such a scheme, the effect of microwave
irradiation will be independently identified. We observed the
zero-fleld ODMR profiles of the electron spin ground state at
the microwave irradiation of —13, —20, and —30 dBm,
respectively. We carried out the observation at 298.15 K and
maintained the temperature fluctuations of the samples within
10 mK for at least 10 minutes. We used the thermocouples
shown in Figure 1 to measure the temporal temperatures on
the diamond sample exposed to microwave irradiation. The
microwave swept in the band from 2850 to 2890 MHz at a step
of 0.2 MHz. The measurements were repeated three times for
the microwave irradiation power of —13 dBm, and four times
for —20 and —30 dBm. We fitted the profiles using the Lorentz

31541

method (Figure 3a). The center frequencies of the profiles at
—30, —20, and —13 dBm were averaged to give the mean of
2869.65260, 2867.78420, and 2859.98029 MHz, respectively.
The profiles show that the center frequency consistently shows
redshift with increasing microwave irradiation power. Acosta,
et al.” had pointed out that such redshift accompanies with
the increase of the temperature detected by an NV-diamond
sensor. We conclude that increasing the microwave irradiation
power increases the temperature of the diamond sample
accommodating the NV centers. We plotted in Figure 3b the
dependence of the temperature of the diamond sample on the
microwave irradiation power. We find that there was a rapid
rise in temperature at the initial stage of turning on the
microwave. The temperature rise acquired by the thermo-
couples at the central frequency Dy, was 0.08, 6.09, and 36.91
K at —30, —20, and —13 dBm, respectively. The result is
compatible with that shown in Figure 2c. The experiment
based on CW-ODMR confirms that, under the continuous
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microwave irradiation at —13 and —20 dBm, notable
microwave heating effect occurs, even in the case of the
control of ambient temperatures.

We investigated the microwave heating effect on pulse
microwave sequences. Our study mainly focused on NV2 with
—13 and —20 dBm microwave irradiation. First, we
investigated the microwave heating effect under microwave
irradiation using a general Rabi oscillation. The Rabi pulse
sequence is shown in Figure 4a, a sequence consisting of a
series of pulses. The initial pulse was 2 ns wide, and the next
pulse was twice the width of the previous pulse. The last pulse
was 200 times the width of the initial pulse. The sequence was
repeated 10° times for a total duration of approximately 64 s.
In Figure Sa, we compared the correlation of temperature
versus time measured under —13 and —20 dBm microwave
irradiation. The correlations are similar to their counterparts
under CW irradiation, but the temperature rise is significantly
reduced. The maximum rise at —13 and —20 dBm is 2.49 and
0.64 K, respectively. The temperature rise under higher
irradiation is nearly 1 order larger than that under lower
irradiation. The effect will cause the resonance frequency Dy,
largely shift away from its original value.

Second, we studied the case of the general spin echo
sequence. As shown in Figure 4b, the sequence consists of two
/2 pulses and an intermediate 7 pulse spaced by the free
evolution time. The sequence was repeated 10° times for a
total time of approximately 86 s. We compared the
temperature time relations for —13 and —20 dBm microwave
irradiation in Figure Sb, highly similar to CW irradiation and
the Rabi pulse sequence, but the temperature rise was further
reduced. The maximum temperature rise is 1.76 K for —13
dBm and 0.46 K for —20 dBm. The maximum temperature rise
for —13 dBm is nearly 1 order larger than that for —20 dBm.
Thus, the NV-diamond sensor will notably misread the true
temperature of a target under microwave irradiation at —13
dBm.

Third, we investigated the case of a quantum lock-in XY8-N
sequence, where N was taken to be 10. As shown in Figure 4c,
the sequence consists of two /2 pulses and 10 intermediate 7
pulses spaced by the free evolution time. The sequence was
repeated 10° times for a total time of approximately 60 s. We
compared the temperature time relations for —13 and —20
dBm microwave irradiation in Figure Sc. The maximum
temperature rise is 0.07 K for —13 dBm and 0.03 K for —20
dBm. The temperature rise in both cases is negligible
compared to those for the Rabi oscillation and the spin echo
sequence.

4. CONCLUSIONS

In summary, our study demonstrates the existence of
prominent microwave heating effect on the diamond sample,
when reading the electronic ground triplet state of NV centers
using ODMR based on continuous microwave, Rabi
oscillation, or spin echo methods. The temperature rise
induced by this effect is related to the irradiation power of
the microwave and the process of generating the irradiation.
For instance, for continuous microwave irradiation, Rabi
oscillations, and spin echo methods, the temperature incre-
ment under —20 dBm irradiation varies between 16.16, 0.64,
and 0.46 K. In contrast, the quantum-locked XY8-N pulse
method produces a temperature rise of only 0.03 K.
Considering that zero-field splitting D,, is temperature-
dependent, the microwave heating effect necessarily leads to

a prominent redshift of D,,. The microwave heating effect will
inevitably perturb D, and the spin precession of the NV
centers, leaving an NV-diamond sensor misreading the true
temperature of target and perturbing magnetic field detection.
Given bio-bodies including a significant amount of water,
improper microwave irradiation may cause a large heating to
the targets, or even kill the living cells. In all observations, the
microwave heating effect is negligible for the quantum-locked
XY8-N method.
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