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Temperature-dependent coherence properties of NV ensemble in diamond up to 600 K
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The nitrogen-vacancy (NV) center in diamond is an ideal candidate for quantum sensing because of its
excellent spin coherence property as well as the possibility for optical initialization and readout. Previous
studies, on the other hand, have typically been conducted at low or room temperature. The inability to fully
understand the coherence properties of the NV center at high temperatures limits NV’s further applications.
We systematically investigate the coherence properties of NV center ensemble at temperatures ranging from
300 K to 600 K in this paper. Coherence time 7, decreases rapidly from 184 s at 300 K to 30 us at 600 K
due to the interaction with paramagnetic impurities. At all experiment temperatures, both single-quantum and
double-quantum transitions exhibit a 7> relaxation rate, which is attributed to the two-phonon Raman process.
Nonetheless, the inhomogeneous dephasing time 7,* and thermal-echo decoherence time 7t remain almost
unchanged at temperature up to 600 K. A thermal-echo-based thermometer is demonstrated to have a sensitivity
of 41 mK/+/Hz at 450 K. These findings will pave the way for NV-based high-temperature sensing and provide
a more comprehensive understanding of solid-state qubit decoherence.

DOI: 10.1103/PhysRevB.104.155430

I. INTRODUCTION

The negatively charged nitrogen-vacancy (NV) center in
diamond has gotten a lot of interest because of its outstanding
room-temperature characteristics, such as long spin coherence
time, optical state initialization and readout, and sensitivity
to various external fields [1]. These characteristics make it
a promising contender for applications ranging from quan-
tum information processing [2] to quantum computing [3] to
quantum sensing [1,4-7]. Relative to conventional sensors,
NV-based sensors excel in high spatial resolution [5], broad
bandwidth [6,8], and multifield sensing [1,4-7]. Diamond’s
excellent thermal conductivity and stability, in particular, al-
low N'V-based sensors to operate at high temperatures [9,10].
It is pointed out that the NV center can be coherently con-
trolled and maintain a long inhomogeneous dephasing time
at temperatures up to 625 K [9]. By initializing and reading
at room temperature, one can manipulate the NV center at
temperatures up to 1000 K [10], which is above the working
temperature of most nanosensors. As a result, the NV cen-
ter is an appealing broad-temperature-range quantum sensor
that can be used to investigate temperature-related phenom-
ena such as temperature-dependent magnetic properties of
nanoparticles [11], thermoelectric effects [12], and spin-wave
propagation above ambient temperature [13].

The coherence time of NV center, like inhomogeneous
dephasing time 7;* for DC measurement and relaxation time
T} and coherence time 7, for AC measurement, is an important
parameter linked to sensitivity for N'V-based sensors. Prior
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studies of NV center at high temperatures, however, have
mostly focused on 77 and 7;* [9,10,14], with little knowledge
about T, which not only limits the maximum number of
gate operations in quantum computing [3] or quantum infor-
mation processing [2] but also determines the sensitivity of
the associated sensor for AC measurement (magnetic field
[6], electric field [15], electron spin [16], and nuclear spin
[17]) and echo-type thermometry (thermal-echo and T-CPMG
protocol [7,18]). Furthermore, the double-quantum (DQ) re-
laxation, which exists in the three-level spin system [Fig. 1(a)]
of the NV center ground state, is thought to have a substan-
tial influence on the decoherence of the NV center. Recent
study indicates that at low magnetic field, DQ relaxation will
dominate the decoherence of near-surface NV center [19].
Nonetheless, the origin of DQ relaxation remains a mystery.
Determining the temperature dependency of DQ relaxation
may help to identify the question. For potential future uses,
a thorough research of the coherence properties of the NV
center at high temperatures is required. Besides, the majority
of the research makes use of a single NV center. The utiliza-
tion of NV center ensemble will improve the sensitivity and
signal-to-noise (SNR) of the NV-based sensor [20], as well as
provide a platform for investigating the quantum many-body
spin physics at high temperatures [21].

In this paper, we systematically investigate the coherence
properties of the NV center ensemble at temperatures rang-
ing from 300 K to 600 K. The spin-echo pulse experiments
indicate that when temperature rises, the coherence time 7,
decreases rapidly. In contrast, the inhomogeneous dephasing
time 7" remains almost unchanged, despite a reduction in
optically detected magnetic resonance (ODMR) contrast. As
temperatures rise, the single-quantum (SQ) and DQ relaxation
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FIG. 1. (a) Left: The electronic energy level diagram for the NV
center; the degenerated sublevel |m; = £1) is split with the mag-
netic field applied. The straight lines represent optical transitions,
and the snaked lines represent nonradiative decay. Right: Ground
state energy level of the NV center. The blue arrows indicate the
single-quantum channel, and the corresponding relaxation rate is
Q (here we set Q41 = Q0,1 = 2, as verified experimentally in
Ref. [19]). The red arrow indicates the double-quantum channel, and
the corresponding relaxation rate is y. (b) Schematic showing the
experimental arrangement of the sample and the heating part. The
diamond sample is adhered to a resistance heating plate with the
temperature detected by a resistive temperature detector (RTD) and
controlled with a temperature controller. A ring-shaped antenna is
set on the sample to deliver the MW field. (c) Zero field CW ODMR
spectra at three temperatures, 300 K, 450 K, 600 K (from the bottom
up). (d) CW ODMR at three temperatures with a 50 G magnetic field
applied.

rates both increase fast. Being the simplest echo-type tem-
perature sensing protocol [7], thermal-echo (TE) sequence is
immune to static magnetic fields and low-frequency magnetic
noise. We conducted the TE measurement at high tempera-
tures, and the associated decoherence time Ttg remains nearly
unchanged. We also performed the high-temperature ther-
mometry based on NV center ensemble at around 450 K.
These discoveries will motivate the utilization of NV-based
devices in high-temperature applications.

II. EXPERIMENT

A diamond plate sample grown by plasma-enhanced CVD
is used in the experiment ([N] = 125 ppb, [NV™] & 2 ppb
(1 ppb = 1.76 x 10'*/cm?)). The concentration of nitrogen
was determined by electron paramagnetic resonance (EPR,
JES-FA200), and the concentration of NV center was esti-
mated by comparing the photoluminescence (PL) intensity of
the sample to that of a single NV center. We used a home-
built confocal microscope (CFM) equipped with a microwave
(MW) system to manipulate the NV center coherently. A
532 nm laser was used to excite the NV center, with the
resulting fluorescence collected and directed to a single pho-

ton counter (SPCM-AQRH-W4). To avoid the effect of laser
heating on the diamond plate, we kept the power of the
laser beam ahead of the objective lens at 0.2 mW in all
the subsequent measurements. The MW was delivered to
the NV center through the ring-shaped coplanar waveguide
on the diamond plate [Fig. 1(b)]. More detail of the setup
can be found in our previous report [18]. To investigate
the temperature-dependent coherence property of the NV
center, a metal-ceramic heater (HT24S, Thorlabs) attached to
the diamond and a resistive temperature detector (TH100PT,
Thorlabs) fixed closely to the diamond were employed to
adjust the temperature of the diamond [Fig. 1(b)].

As shown in Fig. 1(c), the zero-field continuous-wave
(CW) ODMR spectra of NV center exhibit a resonance peak,
corresponding to the zero-field splitting (ZFS) between the
my = 1 and my; = 0 spin sublevels of NV center [here-
after we use the letter ‘D’ to denote the value of ZFS, see
Fig. 1(a)]. Both D and ODMR contrast decrease as temper-
ature rises, with the former attributed to thermal expansion
and electron-phonon interaction [9,22,23] and the latter to
enhanced nonradiative relaxation of the my; = 0 state [9]. The
temperature dependence of D varies little among diamond
samples, according to our experiment and the results reported
in the literature [9,23,24]. Thus, in the subsequent experi-
ments, we used the D(T) relationship reported in Ref. [9]
to determine the temperature, which was also confirmed by
the temperature dependence of the diamond Raman shift
[25].

We then conducted pulse ODMR experiments to extract
the coherence times of the NV center at various temperatures.
To lift the degeneracy of the m; = =1 spin sublevels and to
spectrally distinguish the NV center with different crystal-
lographic orientations, a magnetic field of about 50 G was
applied by using a high-temperature magnet (Sm;Co;7), with
the magnetic field direction adjusted to be parallel to one of
the (111) directions of the diamond sample. The correspond-
ing CW spectrum contains four resonances [Fig. 1(d)], and
we chose the two most outer resonances, which belong to
the NV center with the axes parallel to the magnetic field
direction, to be used in the following experiment. Then we ap-
plied various pulse sequences to obtain the relevant coherence
times.

III. RESULT AND DISCUSSION

A. Ramsey and thermal-echo measurement

Ramsey and TE [7] pulse sequences are widely used in
quantum sensing, with the associated coherence times, inho-
mogeneous dephasing time 7, and TE dephasing time 77g,
being crucial parameters relating to the sensing sensitivity.
T, is defined as the time after which the qubit superposi-
tion’s coherence decays from 1 to 1/e. Figure 2(a) depicts the
Ramsey measurement pulse sequence. The two laser pulses
at the start and the end of the sequence are used to polarize
and read the spin state of NV center, respectively. Resonant
MW pulses were used to manipulate the NV center coherently.
The first MW 7 /2 pulse is used to transfer the NV |0) state
into a superposition state such as |¢) = 1/\/§(|0) +|—-1))
or other equilibrium states, and the second MW /2 pulse
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FIG. 2. Ramsey and thermal echo measurement. (a) Pulse se-
quence for Ramsey and thermal echo, respectively. Upper panel:
Ramsey; lower panel: thermal echo. Minus (—) denotes the transi-
tion |0) <> | — 1), and plus (4) denotes the transition |0) <> | + 1).
(b) Ramsey fringes at 300 K, 450 K, and 600 K (from the bottom
up). The solid line represent the fitting curves. The fitting R squares
are R*> = 0.92,0.95,0.83 from the bottom up. (c) Inhomogeneous
dephasing time 7;* from 300 K to 600 K. (d) Thermal echo curves
at 300 K, 450 K, and 600 K (from the bottom up). The solid lines
represent the fitting curves (R? = 0.94, 0.90, 0.84, from the bottom
up). (e) Thermal echo coherence time 7t from 300 K to 600 K. Error
bars in (c) and (e) represent one standard deviation found from the
fitting.

is used to convert the accumulated phase into population
difference, which can be read out optically. By varying the
interval between two MW pulses, we will obtain the Ramsey
fringe and the corresponding inhomogeneous dephasing time.

In the experiment, we carried out Ramsey measurement at
temperatures ranging from 300 K to 600 K, and the results
are given in Fig. 2(b). The data are fitted by the function
aexp[—(t/T;)"] * cos(2m fot + @) + b, where a, b, ¢ are free
parameters, n is the stretched exponential parameter depend-
ing on the specific noise source, 7," is the inhomogeneous
dephasing time, and fy = 2.2 MHz is the MW detuning result
from the coupling with '* nuclear spin (the MW frequency
is set on the resonance with the m; = O transition). The os-
cillation of the curves was ascribed to the MW frequency
detuning from the resonance and the interaction with 4N nu-
clear spin. The contrast decreases as temperature rises, while
the dephasing time 7," remains nearly constant [Fig. 2(c)].
We also conducted TE measurement at various temperature,
with the measurement pulse sequence shown in Fig. 2(a).
For the TE measurement, both |0) <> | — 1) and |0) <> | 4+ 1)
transitions were utilized to reduce the dephasing effect from
the stray magnetic field, thus a longer dephasing time can be
obtained comparing to the 7;* derived from Ramsey measure-
ment. The TE curves at three different temperatures (300 K,
450 K, 600 K) are depicted in Fig. 2(d). We used the function
aexp[—(t/Trg)"] * cos(2m ft 4+ ¢) + b to fit the data, where

a, b, ¢ are free parameters, n is the stretched exponential
parameter, Ttg is thermal-echo dephasing time, and oscillation
frequency f = (w4 — w_)/2 — D, in which w; and w_ are
the applying MW frequencies, and D is the zero-field splitting
of the NV center ground state. Figure 2(e) summarizes the Ttg
from 300 K to 600 K, which keep nearly unchanged as well.

3¢ nuclear spins are the primary dephasing source re-
sponsible for 7" in the diamond sample we used in this
study. Because the experiment temperatures are well above
the polarization temperature of '3C nuclear spin (kzT > 1B,
in which kp is the Boltzmann constant, p; is the nuclear
magnetic moment of '*C, and B is the magnitude of magnetic
field), '3C nuclear spins are assumed to have an equal popula-
tion at each sublevel. Moreover, recent research indicates that
the hyperfine interaction between the NV electron spin and the
13¢ nuclear spin remains almost unaltered at temperatures up
to 700 K [26]. As a result, the dephasing effect of the B¢ nu-
clear spin bath is nearly temperature independent, leading to
a temperature-independent 7,*. The robustness of Ttg should
be explained by the same process. These results show that the
Ramsey-based or TE-based NV sensor can operate reliably at
temperatures as high as 600 K.

B. Relaxation and spin-echo measurement
1. Relaxation

‘We then conducted relaxation and spin-echo measurements
to determine the relaxation rate and coherence time 7. The
relaxation rate is a measure of how quickly the population
recovers to equilibrium, and it sets the upper limit of coher-
ence time 75 [19]. Because the DQ transition (Am = £2)
will contribute to the NV center’s relaxation process [19],
the DQ relaxation rate is also determined. In this work, SQ
transition denotes the transition between m; = 0 and m;, = —1
states, while DQ transition denotes the transition between
mg = —1 and my, = +1 states. To extract the SQ relaxation
rate Q and DQ relaxation rate y, state-selective m pulses
are utilized to measure the population dynamics into and
out of each spin sublevel (MW m_ pulses will exchange the
population between m; = —1 and my; = 0 states, and MW
w4 pulses will exchange the population between m; = +1
and my; = 0 states). The standard sequences for measuring
Q and y are shown in Fig. 3(a) and Fig. 3(b). According
to the solution of the |m;) states population dynamic equa-
tions, applying these two sequences yields relaxation signals
well fitted by functions S;(7) = rexp(—3Q7t) and S,(7r) =
rexp[—(2 + 2y )t], respectively (r is the fluorescence con-
trast) [19]. Thus, the transition rates 2 and y can be obtained
by fitting the relaxation curves.

The relaxation curves obtained using the sequence in
Fig. 3(a) [Fig. 3(b)] at three representatives temperatures
(300 K, 450 K, 600 K) are shown in Fig. 3(c) [Fig. 3(d)].
The associated relaxation rates are acquired by fitting the
curves as mentioned above. Figure 3(e) depicts that the SQ
relaxation rates are well fitted by function AqT? + Bg, with
Ag = 1.46(7) x 1071 K= s~ and Bg = 79(7) s}, indicat-
ing that the SQ relaxation is dominated by a two-phonon
Raman process [10,14,27]. Figure 3(f) summarizes the DQ
transition rate y at temperatures ranging from 300 K to 600 K,
which are fitted quite well by the function A, 75 + B,,. The
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FIG. 3. DQ and SQ relaxation experiment. (a),(b) Measurement
sequences to extract the relaxation rate 2 and y. Minus (-) denotes
the transition 0 <> —1, and plus (+) denotes the transition 0 <> +1.
(c) Relaxation curves acquired by using the sequence in (a) at
300 K, 450 K, 600 K, respectively. The data are fitted with function
exp(—3Qt), with the fitting R square being 0.96 (300 K), 0.98
(450 K), and 0.92 (600 K). Since spin-lattice relaxation 7; is the time
it takes for the curves to decay to 1/e of its initial value, we will have
T) = 1/322. (d) Relaxation curves acquired by using the sequence
in (b) at 300 K, 450 K, and 600 K, respectively. The data are fitted
by function exp[—(£2 + 2y )t], with the fitting R square being 0.88
(300 K), 0.96 (450 K), and 0.88 (600 K). (e) Temperature dependence
of single-quantum relaxation rate 2. Red points are experiment
data, and the blue solid line is the fitting curve [AqT> + Bg, with
Ag = 1.46(7) x 107" K=3s7! and Bg = 79(7) s~']. The fitting R
square is R> = 0.98. (f) Temperature dependence of double-quantum
relaxation rate y . Red points are experimental data, and the solid line
is the fitting curve [A, T> + B,,, with A, = 0.85(9) x 107! K= 5!
and B, = 215(20) s™']. The fitting R square is R> = 0.93. The error
bars in (e) and (f) represent one standard deviation found from the
fitting.

fitting values are A, = 0.85(9) x 107" Ks~! and B, =
215(20) s~!. According to the 7 temperature scaling, the DQ
relaxation may also be dominated by a two-phonon Raman
process, which is consistent with Walker’s result [27].

2. Spin-echo measurement

The coherence time 75 is defined as the time to loss of
coherence from 1 to 1/e when control pulses are applied
during the total precession period. The use of control pulses
allows the dephasing caused by stray fields to be refocused,
resulting in a longer dephasing time. The most basic case is
the spin echo, where a 7 pulse is applied in the middle of
the free evolution duration. To eliminate common-mode noise,
we performed the spin-echo measurement using the sequence
shown in Fig. 4(a). Figure 4(b) shows the spin-echo curves
at four representative temperatures (300 K, 400 K, 500 K,

=
o

1.0 500K] (d) 300 400 500 600
Temperature

1 30+y i
30 T2

Normalized Intensity (a.u.
o
o

o o —
{~] (4,3 o
?
o
(=)
A
I, (kHz)
s S
L 2
-
"
L]

s
0
1.0 300K] (€) 300 400 500 600
0.5 Temperature (K)
0.0 >, . o ;:N‘.]O N
0 100 200 x 8 e
Times (us) L 1127100
S 4
B Tooo-.-
Q o] e—e——¢

300 400 500 600
Temperature

FIG. 4. Spin-echo measurement. (a) Pulse sequences for spin-
echo measurement. (b) Spin-echo curves at four temperatures: 300 K,
400 K, 500 K, 600 K (from the bottom up). The experiment data
are fitted by function exp[—(7/T>)"] x Y, exp[—(t — i x T)*/T?],
with p, Tg, T,, being the fit parameters. The fitting R square is R? =
0.91,0.91,0.90, 0.85 (from the bottom up). (c) The temperature
dependence of coherence time 7, (decoherence rate 1/7;). (d) The
temperature dependence of pure dephasing rate, I'y = 1/T, — (32 +
y)/2. (e) The temperature dependence of decoherence effect from
relaxation (blue dots), P1 center (red solid line), '3C nuclear spin
(black dashed line). The contribution from P1 center and '*C nuclear
spin are estimated from Eq. (2) and Eq. (3), while the contribution
from the relaxation is determined from the experiment. Error bars
represent one standard deviation found from fitting.

600 K). The signal’s collapses and revivals are attributed to
the interactions with the nuclear spin of 3¢ in diamond, with
the revival period being Tz = 2000/ (y13.B) (v, = 1.071 is
the gyromagnetic ratio of nuclear '*C and B is the magnitude
of the applied magnetic field). To obtain 7,, we fitted the data
with function exp[—(t/T2)"] x ), exp[—(7 — i x TR)Z/Tu%],
where p is the stretched exponential parameter, 75 is spin-echo
coherence time, T, is the relaxation time of the first collapse,
and T is the period of the revival. Unlike the robust behavior
of T, and Tig, T> decrease almost linearly from 184 us at
300 K to 30 us at 600 K [Fig. 4(c)]. T, can be restored to
its original value after the sample has cooled (data not shown
here).
For a three-level system, the constraint of 7 is [19]

1 3Q+y

— =T - 1

o it ey
where I'; is the pure dephasing rate, and (32 + y)/2 is the
contribution from lifetime broadening, with DQ relaxation
taken into account. Because our findings show that € and y
are both temperature dependent, lifetime broadening will con-
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tribute to 7, decrease as temperature rises. We subtracted the
corrected relaxation rate [(3€2 + y)/2] from the measured de-
coherence rate (1/73) to determine the temperature behavior
of pure dephasing. Figure 4(d) shows that the pure dephasing
rate ['; increases as temperature rises. For the NV center in
diamond, the primary dephasing mechanism is the dipolar
interaction with the surrounding spins, whose flip causes fluc-
tuations of the local field around the NV center. Spins can flip
in two ways: spin-lattice (SL) relaxation and spin-spin (SS)
relaxation. In the former case, a spin changes from « state to
B state, whereas in the latter case, a pair of spins exchange
their states simultaneously, resulting in the so-called flip-flop
process (o and B indicate different spin sublevels of the spin).
The corresponding contributions from these two processes to
the dephasing are given by [28]

11 (2.53p08e84BePa ca ®
Tg, 1.4 4h TA

1 0.37u0(8eBe)"*(8aBa) Y2 [S(S + DIV*

E— ) CA (3)

in which A denotes specie of the surrounding spins, ©o =
4 x 1077 T2 J~'m? is the permeability of vacuum, g, = 2
is the g factor of NV center, g4 is the g factor of A spins,
B is the Bohr magneton, B4 is Bohr magneton or nuclear
magneton, depending on the spin type being electron spin or
nuclear spin, ¢4 is the volume number density of A spins in
diamond, and 7} is the longitudinal relaxation time of A spins.
Equation (3) indicates that 1/7gg is temperature independent
under the condition that the experiment temperatures are well
above the polarization temperature of A spins. For the di-
amond sample used in this work, the main paramagnetic
impurities are the electron spin of substitutional nitrogen
([Nf] = 125 ppb, P1 center) and the nuclear spin of Be
(['3C] ~ 1.1%). Schematically, the pure dephasing rate of the
NV center can be expressed as [29]

1 1 1

— 4
5o T noe) T T fothersy P

Ly

for 3C nuclear spin, the longitudinal relaxation time is
fairly long, thus the contribution from spin-lattice relaxation
can be neglected, m ~ m For the P1 center, the
longitudinal relaxation is dominated by spin-orbit phonon-
induced tunneling at high temperatures, with 1/TN = AyT +
ByT? (T is the temperature; Ay and By are constants) [30].
In this paper, we used Ay =5 x 107> K~ !'s7!, By = 1.1 x
10719 K= s7! to calculate the 1 /TsL, {N?} (the parameters
are extracted from Ref. [30], with the diamond P1 center
concentration nearly equal to that of our diamond sample).
Figure 4(e) illustrates the decoherence effect caused by the
3C nuclear spin and the P1 center, respectively. The Pl
center is clearly the dominant decoherence source, with the
decoherence rate increasing rapidly as temperature rises while
the contribution of '3C nuclear to decoherence remains un-
changed. The contribution from lifetime broadening is also
shown, but it is minor in comparison to other effects. Because
the relaxation rates exhibit 77 behavior, it is expected to
have a significant impact on the decoherence of NV center at
higher temperatures. The decoherence effect, however, cannot
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FIG. 5. Thermal echo based thermometry. (a) Thermal echo
curves at three temperatures (456.9 K, 454.3 K, and 450.6 K, from
the bottom up), with the applied microwave frequencies fixed. Solid
lines are fitting curves. (b) Temperature dependence of thermal echo
curve oscillation frequency. The red solid line is a linear fitting
(R* = 0.98), with a slope of 132 + 6 kHz/K. The red points indicate
the data extract from (a). (c) The thermal sensitivity obtained from
Eq. (5), with all parameters determined from the experiment.

fully represent the decrease of 7> as temperature rises. This
discrepancy was attributed to other paramagnetic impurities
found in CVD diamond that we did not consider here, such as
NVH [31], vacancy cluster [32], and SiV™ [33] et al.

IV. HIGH TEMPERATURE THERMOMETRY

Since the NV center’s TE dephasing time is invariant
at temperatures up to 600 K, we demonstrate the NV-
ensemble-based high-temperature thermometry by using the
TE technique. The basis of NV center temperature sensing
is to determine the shift of D as temperatures change. In the
TE protocol [pulse sequence shown in the lower panel of
Fig. 2(a)], the NV center is first initialized into superposition
of two of its three spin sublevels, like 1/ V2(10) + | — 1)) in
this paper. After half of the total free evolution time, a triple
echo pulse sequence of the form 7 w_m, is applied to swap
the population between the my; = —1 and my; = +1 states,
where the 74 represents the MW 7 pulse used to manipulate
the |m, = 0) <> |m; = +£1) transitions and then undergo the
left half of the total free evolution period; another triple pulse
w_mym_ is applied to change the NV center back into {m; =
0, my; = —1} subspace, with a total phase factor e P accu-
mulated, which is independent of inhomogeneous magnetic
field or slowly-changing magnetic noise [7]. Finally, a (7_/2)
pulse is used to convert the phase factor into population dif-
ference, allowing the phase factor to be read out optically.
The prototype thermometer was tested at temperatures around
450 K. In the experiment, the MW frequencies remained
constant. The D value was determined using the oscillation
frequency of the thermal-echo curve [f = (v + wy)/2 — D,
in which w_ and w; are applied MW frequencies]. Figure 5(a)
depicts three representatives thermal-echo curves measured at
different temperatures (450.6 K, 454.3 K, and 456.9 K), which
exhibit oscillation at frequencies of 1295 kHz, 870 kHz, and
512 kHz, respectively. Figure 5(b) shows that the oscilla-
tion frequencies are linearly dependent on temperature with
a slope of 132+ 6 kHz/K, which is consistent with the

155430-5



SHENGRAN LIN et al.

PHYSICAL REVIEW B 104, 155430 (2021)

temperature dependency of D [9]. To evaluate the sensitivity
of our TE based thermometry, we use the equation [7]

n = [2(po + p1)? 1 )
po—p1 2m9Rexp(— (ﬁ)m)\/f

in which pg and p; are photo count per measurement shot of
the NV ensemble in the bright and dark state, respectively,
Tre is the TE dephasing time, D is the zero-field splitting,
and the sensitivity corresponds to the maximum value of
exp[—(ﬁ)m]\/f. The number of NV centers in the confocal
volume 1s estimated to be 350 by comparing the intensity
of the sample’s photoluminescence to that of a single NV
center, and only one quarter contributes to the thermometry.
We determined the sensitivity to be about 41 mK/+/Hz at
450 K, superior to that of single NV center [7,9] and an order
of magnitude larger than that in SiC [34]. Based on the Ttg ob-
tained in previous experiments [Fig. 2(e)], we determined our
thermometer’s temperature sensitivity at temperatures ranging
from 300 K to 600 K [Fig. 5(c)] using the values of dD/dT
obtained from the D(T') relationship reported in Ref. [9]. We
found that the sensitivity was maximum at temperatures rang-
ing from 400 K to 500 K and that it was restricted at higher
temperatures due to the decrease in fluorescence intensity and
ODMR contrast of the NV center [9]. The sensitivity of our
sample is limited by the coherence time and concentration
of the NV center. Due to the interaction with '3C nuclear
spins, the TE protocol only utilizes the first coherence col-
lapse in the spin-echo measurement [7], resulting in a short
coherence time. The '>C-purified technique not only elimi-
nates the '3C-lead collapse but also significantly increases the
coherence time [35], which improves sensitivity by at least
an order of magnitude. The dynamical decoupling method
[36,37] has also been shown to be effective in extending the
coherence time of the NV center. According to Ref. [18], the
coherence time for high-order TCPMG can be increased to
108 us, which is approximately 11 times the value 9.5 us for
the TE method. Increased NV center concentration can also

improve the sensitivity, but the corresponding coherence time
is usually short due to the accompanying high concentrations
of paramagnetic defect (like P1 center.). As a result, it is
proposed to increase the concentration of the NV center while
keeping the concentrations of other paramagnetic defects
constant, such as improving the nitrogen-to-NV conversion
efficiency via annealing or electron irradiation. Because only
one fourth of the NV centers contribute to the signal contrast
in the pulse ODMR protocols, using preferred-aligned NV
ensemble [38,39] will significantly improve ODMR contrast
and sensitivity.

V. CONCLUSION

In conclusion, we determined the temperature dependence
of NV ensemble coherence properties from 300 K to 600 K.
The results reveal that the inhomogeneous dephasing time 7.*
and thermal echo decoherence time Ttg are robust to temper-
ature variation. Taking advantage of this robust behavior, the
TE-based thermometry exhibits a sensitivity of 41 mK/+/Hz
at 450 K. However, as temperature rises, the SQ and DQ
relaxation rates increase rapidly, which is attributed to the
spin-phonon interaction. Furthermore, we report the coher-
ence time 7, of the NV center ensemble at temperatures up
to 600 K. The findings suggest that paramagnetic impurities
will have a significant impact on the spin coherence of the NV
center at high temperatures. We believe that the investigation
of the high-temperature spin coherence properties of the NV
center will not only broaden the applications of NV-based
sensors but also provide a complete understanding of deco-
herence in the NV center or other solid qubits, such as the
divacancy center in silicon carbide (SiC) [34].
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