Journal of

Applied Physics ARTICLE

scitation.org/journalljap

Temperature sensing with RF-dressed states of
nitrogen-vacancy centers in diamond

Cite as: J. Appl. Phys. 133, 024401 (2023); doi: 10.1063/5.0129706 @ I-ﬁ @
Submitted: 6 October 2022 - Accepted: 24 December 2022 -
Published Online: 12 January 2023

View Online Export Citation CrossMark

3,a)

Yuta Nakano,” {2 Hideyuki Watanabe,”

1,2,a)

Hibiki Tabuchi,'?
Norio Tokuda,**

Noboru Furuya,’
and Junko Ishi-Hayase

Yuichiro Matsuzaki,
Norikazu Mizuochi,®”®

AFFILIATIONS

'School of Fundamental Science and Technology, Keio University, Yokohama, Kanagawa 223-8522, Japan

2Center for Spintronics Research Network, Keio University, Yokohama, Kanagawa 223-8522, Japan

*National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Ibaraki 305-8568, Japan

“Graduate School of Natural Science and Technology, Kanazawa University, Kanazawa, Ishikawa 920-1192, Japan
°Nanomaterials Research Institute, Kanazawa University, Kanazawa, Ishikawa 920-1192, Japan

SInstitute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan

7Center for Spintronics Research Network, Kyoto University, Uji, Kyoto 611-00T1, Japan

8International Center for Quantum-field Measurement Systems for Studies of the Universe and Particles (QUP), KEK, Tsukuba,
Ibaraki 305-0801, Japan

2)Authors to whom correspondence should be addressed: matsuzakiyuichiro@aist.go.jp and hayase@appi.keio.acjo

ABSTRACT

Using the electronic spin of nitrogen-vacancy (NV) centers in diamond is a promising approach to realizing high-precision temperature
sensors; furthermore, pulsed optically detected magnetic resonance (pulsed-ODMR) is one way to measure the temperature using these NV
centers. However, pulsed-ODMR techniques such as D-Ramsey, thermal echo, or thermal Carr-Purcell-Meiboom-Gill sequences require
careful calibration and strict time synchronization to control the microwave (MW) pulses, which complicates their applicability.
Continuous-wave ODMR (CW-ODMR) is a more advantageous way to measure temperature with NV centers because it can be
implemented simply by continuous application of a green laser and MW radiation. However, CW-ODMR has lower sensitivity than
pulsed-ODMR. Therefore, it is important to improve the temperature sensitivity of CW-ODMR techniques. Herein, we thus propose and
demonstrate a method for measuring temperature using CW-ODMR with a quantum spin state dressed by a radio-frequency (RF) field
under a transverse magnetic field. The use of an RF field is expected to suppress the inhomogeneous broadening resulting from strain
and/or electric-field variations. The experimental results confirm that the linewidth is decreased in the proposed scheme when compared to
the conventional scheme. In addition, we measured the temperature sensitivity to be about 50.4 + 3.5 mK/+/Hz, and this is approximately
eight times better than that of the conventional scheme.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0129706

I. INTRODUCTION

With continuing advances in technology, there is an ongoing
need to investigate the matter at ever smaller scales. In particular,
thermal effects play important roles at very small and localized

and a vacancy.”® Since the electron spin resonance frequency of an
NV center is temperature dependent, it can be used as a tempera-
ture sensor.” NV centers have a long spin-coherence time of a few
milliseconds for high-sensitivity measurements'’""> and can be

scales. Therefore, measuring the local temperature with high sensi-
tivity and high spatial resolution is of paramount importance to
investigate the properties of cells' and nanodevices."

A nitrogen-vacancy (NV) center in diamond is a defect in
which two adjacent carbon atoms are replaced by a nitrogen atom

incorporated into nanodiamond probes as small as tens of nanome-
ters for high-spatial-resolution measurements.'”™'> Moreover, as
temperature sensors, NV centers have a wide dynamic range from
hundreds to thousands of kelvin.'®™'® Given these properties, using
NV centers represents a promising approach to realizing
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One way to measure temperature with NV centers is to use
pulsed-optically detected magnetic resonance (pulsed-ODMR) tech-
niques such as D-Ramsey, thermal echo, or thermal Carr-Purcell-
Meiboom-Gill sequences.”’”** Pulsed-ODMR measurements create a
superposition of quantum states in which a change in temperature
induces an additional phase in the superposition. The temperature
can, thus, be estimated by detecting this phase shift via optical mea-
surements. Although pulsed-ODMR generally provides high temper-
ature sensitivity, it requires careful calibration, including strict time
synchronization to control microwave (MW) pulses.

Continuous-wave ODMR (CW-ODMR) is another method
for measuring temperature using NV centers.'”>*** Temperature
changes induce shifts in the NV spin-resonance frequency, and
these can be measured from the CW-ODMR  spectrum.
Temperature sensing by CW-ODMR is advantageous because it is
simple to perform through the continuous application of a green
laser and an MW field without the need for complicated calibra-
tion. In addition, CW-ODMR is compatible with the use of a
charge-coupled device camera, which has a slow operation time but
allows the collection of temperature information over a wide area
from a single measurement.™® However, the temperature sensitivity
of CW-ODMR is typically lower than that of pulsed-ODMR.
Therefore, it is important to improve the temperature sensitivity of
CW-ODMR for practical applications.

In this paper, we propose and demonstrate a method for mea-
suring temperature using CW-ODMR with quantum spin states of
NV centers dressed by a radio-frequency (RF) field under a trans-
verse magnetic field.”>”” The RF field is expected to improve the
temperature sensitivity by suppressing the effects of strain and/or
electric-field variations. We performed CW-ODMR measurements
with RF fields under transverse magnetic fields, and we showed
experimentally that the linewidth decreases with increasing
RF-field amplitude. From our experimental results, we estimated
the theoretical sensitivity of the proposed scheme to be approxi-
mately 52.0 + 3.6 mK/+/Hz, which is eight times better than that
of the conventional scheme.">*** Furthermore, we experimentally
measured the sensitivity by changing the temperature and obtained
50.4 + 3.5mK/+/Hz, which is close to the estimated value.

high-spatial-resolution

Il. TEMPERATURE SENSING WITH RF-DRESSED
STATES

A. Theoretical calculations

This section describes the physical properties of NV centers.
The ground state of an NV center is a spin triplet, and its energy
eigenstates are |0) and | + 1).”" An NV center has four possible
crystallographic axes, and these align with a nitrogen atom and a
vacancy. When a magnetic field is applied parallel to the NV axis,
the degenerate level | + 1) splits into | + 1) and | — 1). Conversely,
when strain or transverse magnetic fields are applied, the degenerate
level splits into two states defined as |[D) = (| +1) — | —1))/v2
and |B) = (| + 1) + | — 1))/+/2.2>7"" The spin states can be initial-
ized to |0) by applying a green laser to the NV centers. Moreover,
the spin state can be determined from the difference in the number
of photons emitted from the NV centers. In addition, the spin state
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FIG. 1. (a) Energy diagram of our system. The NV centers are driven by radio-
frequency (RF) and microwave (MW) fields to generate the RF-dressed states.
Here, Bgr denotes the amplitude of the RF field, y, denotes the gyromagnetic
ratio, Swww denotes the resonant frequency fluctuations, and SE;, denotes the
strain (or electric-field) variations. (b) Experimental setup to measure
CW-ODMR spectrum with an RF field under a transverse magnetic field.

of an NV center can be controlled by applying a resonant MW
field.”"** Therefore, by sweeping the MW frequency while simulta-
neously applying a green laser and an MW field, we can change the
emitted photons and can thus find the resonance frequencies
between |0) and the other energy eigenstates (CW-ODMR). Under
the effect of strain or a transverse magnetic field, a transition
between |D) and |B) can be induced by applying a resonant RF
field.”>*” In this case, the states |D) and |B) are split into other
states dressed by the RF field, as shown in Fig. 1(a). These
RF-dressed states can be observed by measuring the CW-ODMR
spectrum in the presence of an RF field.

The Hamiltonian of an NV center with MW and RF fields is
described as”>”’

Hyy = DS} + E«(S} = 8)) + Ey(8:5) + $,5,) + 7.B.S«

+ Z (7e3$w3j cos(wmwt) +yeBgL§j cos(wRFt)), (1)

j=rpz

where § is the spin-1 operator of the electronic spin, D is the zero-
field splitting, E, (E,) is the strain or electric field along the x (y)
direction, 7, is the gyromagnetic ratio of the electron spin, By is the
transverse magnetic field, Byyw (Bgp) is the amplitude of the MW
(RF) field, and opw (wgr) is the MW (RF) field frequency. Under
the condition D > y,B, > E,, we can rewrite the Hamiltonian as

Hyy ~ D'S +E(S: - §))

+ Z (yeBngSj cos(omwt) + yeBgLSj cos(prt)) , (2
j=xy.z

where

1(y,B,)*
B-mg Ry
X

3(73):)2
D =D+4=x¢ s
tID+E,

(©)

Importantly, this analysis shows that the transverse magnetic
field increases the effective strain or electric field from E, to E..
Moving to a rotating frame defined by U = wgs|B)(B|
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—wmw|0)(0], we use the rotating-wave approximation, and the
effective Hamiltonian is then described as

HNV ~ (D’ —+ E; — OMW — Cl)RF)|B> <B|

1
+ 5 i7.Biw([0)(D] — D) (0])

1
+5 7B (B)(D] + ID){B)). @
If the drive is weak, the number of excitations of the NV centers
will be small. In this case, we can treat the system as a harmonic
oscillator,””*® so the Hamiltonian can be written as

Hyy = opbb! + ogdd’ + idg(d — dY + 7(6Td + bdh),  (5)

where (c;)b =D+ E, — opmw — Orp» w4 =D — E, — omw,
Ad =37.Biw» and ] = %yeBglz. The Heisenberg equation is then

written as

|

b= —iwyb — iJd — Tyb, (6)

S5}

t

| ®

Zi = —iwdél — ld — l]i) — l"dfi, (7)

Q

t

where T, ([y) are the decay rates of states [B) (|D)). In
CW-ODMR, the system reaches a steady state, and we can thus set
%b = %d = 0. We can, therefore, obtain an analytical solution to
fit the shape of the CW-ODMR spectrum as follows:

24 (T + o)

_ . 8
R — o) + (el (T 1ed) O

f=1

This type of function has been used to reproduce CW-ODMR
spectra in previous studies.””””’*** Moreover, sharp dips will
appear in this spectrum in the presence of a transverse magnetic
field or in the absence of any magnetic field,”>*”**"**** and this
function can be used to fit the shape of the spectrum.

We now explain why the RF-dressed states are robust against
strain or electric-field variations. From the above expressions, we
can calculate the MW resonance frequency as

1 2
Ouwo =5 [ZD/ T wrr \/(ZE; - wRF)2+(yeB§{ZFZ) } )

By setting wgp = 2E., we generate RF-dressed states.”>” If
there are strain or electric-field variations with inhomogeneous
width SE,, then the resonance frequency will fluctuate. We then
obtain

OMwW = OMwo + 0OMwW
1

2
2D + ope + (5E;)2+(723§§F>) } (10)
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where Swynw is the width of the fluctuations. When the RF-field
amplitude (y,BY)) is sufficiently larger than the inhomogeneous
width (8E), we can use a Taylor expansion to obtain

1(sE.)
5COMW ~— }El) .
4 YEBRF

63))

This shows that, by increasing Bif2, we can suppress the effects of
strain and electric-field variations; the linewidth in CW-ODMR
will be decreased, and this should in turn improve the temperature
sensitivity.

B. Temperature sensitivity

Here, we describe our scheme for estimating the temperature
by using CW-ODMR with RF-dressed states. By performing
CW-ODMR measurements under the application of an RF field
and a transverse magnetic field, the RF-dressed states become
observable. We propose using the resonance frequencies of these
states to measure temperature. As the temperature increases, the
resonance frequency will shift because of a change in the zero-field
splitting’” of —74.2kHz/K, which should be detectable using
CW-ODMR measurements. In our experiments, we found that the
RF-dressed states were robust against electric-field noise. We con-
firmed that as we increased the amplitude of the RF field, the line-
widths of the dips corresponding to the RF-dressed states
decreased. From the experimental results of the CW-ODMR mea-
surements, we can calculate the sensitivity of the temperature
sensor as

6C

O = Gcisw@Gv/eT)

(12)

where C is the standard deviation of the contrast, SC/dv is the
linear slope of the dip in the CW-ODMR spectrum, and 6v/8T is
the frequency shift of the NV center with respect to temperature.

Moreover, changing the temperature of the NV centers will
also lead to measurement of the system’s temperature sensitivity.
This is because the CW-ODMR spectrum will be shifted by
changes in temperature. We can, thus, obtain the temperature sen-
sitivity from a change in the contrast of the temperature at a fixed
MW frequency, and we can, therefore, choose a specific MW fre-
quency to maximize the sensitivity. In short, we can measure the
temperature sensitivity using

6C

o1 =(5c/sTy

(13)

where 6C/8T denotes the derivative of the contrast with respect to
temperature.

C. Experimental details

For the experiments, we used a home-built confocal laser
scanning microscopy and excited the electron spin resonance of
the NV centers using green laser (532 nm), MW, and RF fields
[Fig. 1(b)]. The photoluminescence from the NV centers passed
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through a pinhole and was detected by an avalanche photodiode.
The diamond sample was positioned above the antenna’® that was
used to emit the MW fields. We applied RF fields by placing a
copper wire on the diamond sample and applying an AC voltage.
The temperature was controlled to an accuracy of 0.1 K using a hot
plate under the MW antenna. Considering the high thermal con-
ductivity of diamond, the temperature of the NV centers was moni-
tored by assuming that it was equal to the temperature of a
thermocouple placed on the upper surface of the MW antenna. A
diamond sample with an NV layer was grown by nitrogen-doped
chemical vapor deposition on a (111)-oriented diamond substrate.
The NV axis in the diamond was preferentially aligned normal to
the substrate.””*” The density of the NV centers was estimated to
be 10' /cm’.

lll. RESULTS AND DISCUSSION

We performed CW-ODMR experiments with MW and RF
fields under the effect of a transverse magnetic field; the frequency
of the applied RF field was 10.5 MHz. The results of these experi-
ments are shown in Fig. 2(a). The contrast in the ODMR spectrum
depends on the relationship between the MW polarization and the
direction of the strain.”’ In our case, the contrast to drive the |D)
state becomes larger than that to drive the |B) state. Based on the
four dips observed in the CW-ODMR spectra, we confirmed that
RF-dressed states were generated; the combination of magnetic-
field noise and strain variations induces sharp dips in CW-ODMR
spectra.”>*">**%** Although we tried to fit the results using a mul-
tiple Lorentz function, because of these sharp dips, this did not
accurately reproduce the experimental results. Thus, we instead
used Eq. (7) to fit the results, and this led to good agreement.

By changing the laser power, MW power, and RF power, we
further investigated the dependence of the CW-ODMR spectrum
on these parameters. By fitting the experimental results using
Eq. (7), we calculated the sensitivity of the system as a temperature
sensor. In this calculation, we considered the linear slope of the dip
in the CW-ODMR spectrum and the standard deviation of the
count rate of emitted photons. Figure 2(b) shows how the sensitiv-
ity depends on the MW and RF amplitudes with the laser power
fixed around 0.10 mW. As the MW power was increased, the con-
trast improved, but the linewidth increased. This shows a trade-off
relationship between the contrast and the linewidth. Therefore,
there is an optimal MW power, and this was found to be —22 dBm
from Fig. 2(b). However, as illustrated in Fig. 2(c), when we fixed
the MW power to about —22 dBm, the laser power and RF ampli-
tude also affected the sensitivity. As we increased the laser power,
the contrast decreased while the standard deviation of the contrast
improved. Thus, the laser power should be adjusted to optimize the
sensitivity.

From these results, we determined the optimal conditions for
the laser power (0.10 mW), MW power (—22 dBm), and RF ampli-
tude (10 Vpp) and obtained a sensitivity of 52.0 + 3.6 mK/v/Hz.
For these results, we used the standard deviation of contrast
8C = (1.93 + 0.13) x 10~*/v/Hz considering the standard error,
the linear slope of the dip in CW-ODMR spectrum
8C/5v=5.00 x 10°8/Hz, and the zero-field splitting
6v/6T = —74.2kHz/K.

ARTICLE scitation.org/journalljap

For comparison, we performed CW-ODMR experiments with
a parallel magnetic field. This is a typical approach for measuring
temperature using the CW-ODMR method. Figure 2(d) shows the
results of these measurements. In addition, by changing the laser
and MW power, we investigated how the CW-ODMR spectrum
depends on these parameters with a parallel magnetic field. By
fitting the experimental results to a Lorentzian, we calculated the
sensitivity of the temperature sensor by taking into account the
standard deviation of the photon count rate. Figure 2(e) shows how
the sensitivity depends on the laser and MW power. From these
results, we found optimal values for the laser power (0.10 mW) and
MW power (—8dBm), and we obtained a sensitivity of approxi-
mately 404 + 57.8mK/+/Hz. For this calculation, we used
5C = (1.34 + 0.19) x 107*/v/Hz, 6C/Sv = 4.47 x 107° /Hz, and
6v/8T = —74.2kHz/K. This sensitivity is approximately one
eighth that of the proposed scheme.

We also measured the sensitivity under the same conditions
used for Figs. 2(a) and 2(d), respectively, when the temperature was
actually changed. First, we confirmed that the CW-ODMR spectrum
shifts in both cases when the temperature changes, as illustrated in
Figs. 3(a) and 3(c). Figure 3(b) shows the changes in contrast at an
MW frequency of 2.878 41 GHz when the temperature was increased
in 0.2 K steps with RF-dressed states created under a transverse mag-
netic field. We obtained a sensitivity of 50.4 + 3.5 mK/+/Hz using
5C=(1.93 +0.13) x 107*/v/Hz and 6C/6T = 3.83 x 1073 /K.
For comparison, Fig. 3(d) shows the changes in the contrast at an
MW frequency of 2.835 42 GHz when the temperature was increased
in 5K steps under a parallel magnetic field. Here, we obtained a sen-
sitivity  of 415 + 59.4mK/v/Hz using &C = (1.34 + 0.19)
x107%/v/Hz and §C/ST = 3.23 x 10~*/K. These measured sensi-
tivities are very close to the estimated values. The sensitivity of the
proposed scheme is, thus, eight times that of the conventional
scheme. These results show the advantage of using a temperature
sensor with RF-dressed states.

We now discuss the origin of the improved sensitivity that is
obtained using the proposed scheme. The linewidths under a trans-
verse magnetic field are estimated to be 2.15 and 1.80 MHz for
MW powers of —18 and —22 dBm in the absence of an RF field.
For comparison, the linewidths were estimated to be 6.46 and
6.29 MHz for MW powers of —20 and —24 dBm under a parallel
magnetic field. This indicates that transverse magnetic fields sup-
press the magnetic-field noise from P1 centers and that the line-
width decreases about threefold under a transverse magnetic
field.” The RF-dressed states also become robust to noise; as
explained above, the effects of variations of strain and/or electric
field can be suppressed by applying an RF field. As the amplitude
of the RF field is increased, the linewidths of the peaks decrease, as
shown in Fig. 4. Based on the analytical expression of the linewidth
in Eq. (10), we can fit the linewidth of the peaks against the RF
amplitude in Fig. 4. More specifically, we use

_1(sE)*
b =7 7.B%

+ éwMW:others (14)

for the fitting, where S@wnw:others i the linewidth derived from
noise other than strain (electric-field) variations, including
randomized magnetic fields, zero-field splitting variations,
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FIG. 2. (a) Experimental results of CW-ODMR measurements with MW and RF fields under a transverse magnetic field. The MW frequency was swept from 2.868 to
2.902 GHz, and an RF field was applied with a frequency of 10.5 MHz. The experimental results were fitted to a multiple Lorentzian function (magenta) and with the analyt-

ical solution Eq. (7)

(blue). The inset shows the orientation of the NV centers and the direction of the magnetic field. (b) Dependence of the temperature sensitivity on the

MW power and RF amplitude as calculated from CW-ODMR measurements; the laser power was fixed at around 0.10 mW. (c) Dependence of the temperature sensitivity

on the laser power and RF amplitude calculated from CW-ODMR measurements with MW and RF fields; the MW power was fixed at

—22 dBm. (d) Experimental results

of CW-ODMR measurements with MW field under a parallel magnetic field; the MW frequency was swept from 2.780 to 2.970 GHz. The experimental results were fitted to
Lorentzian functions (magenta). The inset shows the orientation of the NV centers and the direction of the magnetic field. (e) Dependence of the temperature sensitivity on

the laser and MW power calculated from CW-ODMR measurements with an MW field.

homogeneous widths, and longitudinal relaxation. There is good
agreement between the theoretical and experimental values, and
this indicates that the RF actually suppresses the strain (electric-
field) variations. This is the reason for the improved temperature
sensitivity of the proposed scheme.

Let us compare our scheme with another scheme for
measuring the temperature using CW-ODMR. An innovative

approach to measuring the temperature with high sensitivity
using hyperfine transitions has been proposed.”’ However, in
this scheme, to drive the hyperfine transitions, the linewidth
of the ODMR should be much smaller than the hyperfine
coupling strength of 2.3 MHz. Therefore, a diamond sample
with a low NV density should be used because otherwise it
will not be possible to resolve the hyperfine splitting.
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FIG. 3. (a) CW-ODMR spectra for different temperatures and (b) changes in contrast at an MW frequency of 2.878 41 GHz as the temperature was increased in 0.2 K
steps with an RF field and a transverse magnetic field. (c) CW-ODMR spectra for different temperatures and (d) changes in contrast at an MW frequency of 2.835 42 GHz

as the temperature was increased in 5K steps under a parallel magnetic field.

However, using our scheme, it is not necessary to resolve the
hyperfine splitting. This shows that, if a high density of NV
centers is available, our scheme will be more advantageous
than this scheme.
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FIG. 4. Changes in the linewidth of CW-ODMR spectra with varying MW and
RF fields under a transverse magnetic field.

IV. CONCLUSION

In this paper, we describe a method for measuring tempera-
ture using CW-ODMR with a quantum state dressed by an RF field
under a transverse magnetic field. Because the presence of an RF
field suppresses the effect of inhomogeneous broadening due to
strain and/or electric-field variations, the sensitivity of this tech-
nique is better than that of the conventional scheme. Moreover, the
presence of a transverse magnetic field suppresses the magnetic-
field noise, and this also contributes to improving the sensitivity.
We experimentally measured the temperature sensitivity of this
system and obtained a value of 50.4 + 3.5mK/+/Hz; this is eight
times better than that of the conventional scheme. These results
show the practicality of using a temperature sensor with RF-dressed
states.
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