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Understanding the profile of a qubit’s wave function is key to its quantum applications. Unlike conduct-
ing systems, where a scanning tunneling microscope can be used to probe the electron distribution, there
is no direct method for solid-state-defect-based qubits in wide-band-gap semiconductors. In this work,
we use pressure as a tuning method and a nuclear spin as an atomic scale probe to monitor the hyperfine
structure of negatively charged nitrogen-vacancy (N-V) centers in diamonds under pressure. We present
a detailed study on the nearest-neighbor '3C hyperfine splitting in the optically detected magnetic reso-
nance spectrum of N-V centers at different pressures. By examining the *C hyperfine interaction upon
pressurizing, we show that the N-Jhyperfine parameters have prominent changes, resulting in an increase
in the N-V electron spin density and rehybridization from sp> to sp? bonds. The ab initio calculations
of strain dependence of the N-V center’s hyperfine levels are done independently. The theoretical results
qualitatively agree well with experimental data without introducing any fitting parameters. Furthermore,
this method can be adopted to probe the evolution of wave function in other defect systems. This potential
capability could play a role in developing magnetometry and quantum information processing using the

defect centers.

DOI: 10.1103/PhysRevApplied.18.064042

I. INTRODUCTION

The study of a qubit’s wave function is the heart of
solving quantum systems, yet the theoretical computa-
tion of such wave functions is often demanding. Unlike
conducting systems whose wave functions can be practi-
cally probed by a scanning tunneling microscope (STM),
the wave functions of point defects in wide-band-gap
semiconductors cannot be directly measured, since the
defects are highly confined in the insulating host mate-
rial. Hence, understanding the wave functions of such
defects is also experimentally challenging. It was pro-
posed that the responses of a solid-state defect’s wave
function to thermal expansion or mechanical stress can be
studied via measuring the hyperfine interactions between
the defect and its nearby nuclear spins [1-7]. Thermal
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expansion is typically a weak effect and noticeable changes
have not been observed until recently [3—7]. On the other
hand, stress is a much stronger lattice tuner than tem-
perature. In this work, we demonstrate the measurement
of stress-dependent hyperfine interaction in a point defect
system for the first time and an accord between theoreti-
cal and experimental results without introducing any fitting
parameters.

The point defect we investigate is the negatively charged
nitrogen-vacancy (N-V)) center in diamond, a color cen-
ter consisting of a substitutional nitrogen atom and an
adjacent carbon vacancy. The N-V center has unprece-
dented potential in the fields of quantum metrology
[2,8-20], information [21-23], and communication [24—
26]. In particular, it is a promising sensor with superior
spatial resolution and sensitivity, and its electron spin
resonance (ESR) can be readily measured via the opti-
cally detected magnetic resonance (ODMR) method due
to the spin-state-dependent fluorescence rate. The tran-
sitions between the triplet ground states |mg) = |0) and

© 2022 American Physical Society
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|ms) = |£1) are found to be approximately 2870 MHz
at ambient conditions [27]. Several pioneer works have
revealed the stress susceptibility of the N-V center [28—
38], but the fundamental origin of this response is not
completely clear yet, for instance, how the spin density
and hybridization ratio of the N-J center’s orbitals may
change under stress. Precision quantum sensing and high-
fidelity quantum information processing operations require
well-characterized susceptibilities and an accurate under-
standing of the physical origin, and stress is one of the least
explored parameters.

To probe the evolution of electron spin wave function of
a N-V center, one has to use the nearest-neighbor nuclear
spins to have enough overlap with the wave function of
the N-V unpaired electrons. In a natural diamond, a small
natural abundance (1.1%) of carbon atoms exists as '*C
with nuclear spin / = 1/2. If one of the nearest carbon
atoms is '°C instead of '>C, the N-V electron spin cou-
ples with it via strong magnetic dipole-dipole interaction
and Fermi contact interaction [39], and the hyperfine cou-
pling is about 127 MHz at ambient conditions [3,40—45].
This is 2 orders of magnitude stronger than another com-
mon hyperfine coupling with the nearest '“N nuclear spin,
which is around 2 MHz. The nearest '*C neighbors can
thus be an ideal probe for the change in the N-V center
wave function under stress.

Upon applying hydrostatic pressure, we expect the
nuclei surrounding the N-J center to change their posi-
tions significantly [1,2], so the N-J electron spin density
and orbital hybridization of the unpaired N-J" spin would
change accordingly [3]. These wave-function responses
are encrypted in the pressure-dependent '3C hyperfine
parameters of the N-V center. In this work, we first out-
line the theory behind the '3C hyperfine interaction and the
N-V electron spin wave function. We then experimentally
study the resonances in the ODMR spectrum associated
with the nearest-neighbor 1*C hyperfine interaction under
hydrostatic pressure. This is an exciting attempt to mea-
sure the changes in the atomic level of the N-V center via
external perturbations.

II. MODEL

Using the basis defined as |m,m;) ={|1,1/2),
11,-1/2),10,1/2),10,-1/2),1-1,1/2) ,|—1,—1/2)}, the
N-7/+13C Hamiltonian is given by [42]

a-+ % V2dt dr 0 0
V2d 2—a b —-d* 0 0
P b -2 0 c*
|l ¢ -4 0 -2 b —d*
0 0 d b 2-a -V2a
0 0 ¢ —d —V2d a+?%

(D

In a coordinate system where the N-V and '*C reference
frames coincide in the x axes [46], the matrix elements can
be expressed as [47]

Azz Axx A Axx_A .Az
a=—,b= + 2 o= 2 d=i—. (2)
2 232 22 22

A, =A4,,0 =109.47°,
A, = Ay sin®6 + A4, cos’ 6,
»y I L (3)

A, =4 cos’ 0 + A4, sin’6,
Ay, = A, = (4 — Ay )sinf cosb.

Effectively, there are only three variables: 4y, 4, and D.
This 6 x 6 matrix has three doubly degenerate roots, which
can be analytically solved by the Cardano formulas (details
in Refs. [42,47]). The transitions from these three N-V+!3C
eigenvalues (energy levels) can be readily measured from
the dips in our ODMR spectra. The calculations can be
generalized to the cases under pressure, implying that we
can solve 4 (P) and 4 (P) from Ape(P), Sune(P), and D(P)
under pressure P measured by N-V centers (dD/dP = 1.49
MHz/kbar [9]).

Using hyperfine parameters A4;(P) and A, (P) deter-
mined from ODMR parameters Ape(P) and Sue(P), we
can compute the Fermi contact term f (P) and the dipole
term d(P), thus the electron spin density n(P) and the
hybridization of p orbitals |c,(P)|*. They are related as
[3,39,48,49]

Ay(P) =f (P)+2d(P), “4)
AL (P) =f(P) —d(P). (5)
£ (P)=3777x (1 — |, (P)*) n(P) MHz, (6)

d(P) =107.4 x |c, (P)|*n(P) MHz, (7)
where 7 is the electron spin density at the nucleus and |c, 2
is the hybridization of p orbitals. These relations show
that measuring 4 and 4, to obtain / and d allows for
the determination of the pressure-dependent changes in the
electron spin density 1 and the N-V orbital hybridization
les|?/lep1?, where |eg|? is the hybridization of s orbitals.
Here, it is assumed that the contribution to the total molec-
ular orbitals (MOs) from an atomic orbital at the nuclear
spin is a hybrid orbital ¥, which is a linear combination of
s (¢) and p orbitals (¢,) [39], and ¥ satisfies

V= s + Cp¢pn
5 5 (®)
I = lesl” + lep |
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III. DFT CALCULATION

Independent ab initio calculations are performed to
derive the N-V+!3C hyperfine structure under applied
stress for comparison to experimental findings [47]. These
calculations are performed using the Vienna ab initio sim-
ulation package (VASP). We study a 512 atom supercell
containing a N-V center with a 1>C nearest neighbor. All
calculations use a 600 eV plane-wave cutoff energy and the
Perdew-Burke-Ernzerhof (PBE) functional. The hyperfine
interaction is evaluated in the N-J ground state using the
in-built hyperfine routine from VASP.

We calculate zero-field hyperfine energies that are in
agreement with the accepted theoretical values: Apr(0) =
127.604 MHz and &p¢(0) = 2876.86 MHz. The depen-
dence of Ayr on stress is evaluated as follows:

A 0.0487  0.0067 —0.0063
"M — 1 0.0067 0.0357 0.0003 | MHz/kbar,
doy —0.0063 0.0003  0.0342

)

where oy; are the stress-tensor components and 7,j index
the coordinates (x,y,z) = ([100],[010],[001]) in crystal-
lographic notation. Our calculations also find that the
components of the §y¢ hyperfine-stress interaction are on
the order of 0.1 kHz/kbar. Notably, this is 4 orders of
magnitude smaller than the spin-spin dependence on strain
(which is on the order of 1 MHz/kbar).

To compare with experiment results, we estimate the
hyperfine structure under purely hydrostatic pressures. The
dependence of Ap¢ with hydrostatic pressure is calculated
as follows:

0Ans <3Ahf

0Apr  0Aps
3
P dow B0y, | ) /

9oy, 00,

= 0.1186/3 ~ 0.039 53 MHz/kbar. (10)

In the discussion below, the theoretical ambient values
are always taken as Ap(0) = 127.604 MHz and §,¢(0) =
2876.86 MHz. The dependence of &y on hydrostatic
pressure is approximated as the spin-stress interaction
0D/0P = 1.49 MHz/kbar [9]. Combining these results,
the hyperfine energy levels are approximated by the fol-
lowing expressions:

Ant(P) ~ Ape(0) + 98ur
hf ~ hf' 9P

— 127.604 + 0.03953P MHz,  (11)
Snf(P) ~ ne(0) + 8—DP
P
— 2876.86 + 1.49P MHz. (12)

IV. EXPERIMENTS

The illustration of our high-pressure device is shown
in Fig. 1(a), where a diamond anvil cell (DAC) is har-
nessed to pressurize some 1-um diamond particles (NDs)
dropcasted on one of the anvil culets. To measure spin res-
onance at high pressures, a 150-pum-diameter 2-shaped
gold microstructure is fabricated on one of the anvils to
have uniform and reliable microwave (MW) transmis-
sion [50]. To ensure an excellent hydrostatic condition
up to approximately 100 kbar at room temperature, 4:1
methanol:ethanol mixture is used as the pressure medium
[51-54]. The pressure is calibrated by individual NDs

(@

(b) () ‘ ‘ ‘
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FIG. 1. (a) Illustration of our DAC. 1-um NDs are dropcasted

onto one of the anvil culets. 4:1 methanol:ethanol mixture is used
as the pressure medium that is confined by a metallic gasket,
while two aligned diamond anvils are used for generating pres-
sure. The central hole of the gasket had a diameter of 300 pum.
A 150-pm-diameter Q2-shaped gold microstructure is used as a
MW antenna for ODMR measurements. (b) The energy levels
of the hyperfine structures. There are two '3C ODMR parame-
ters Ay and 8pg, which correspond to the separation and center of
the two hyperfine resonances, respectively. (c) The ODMR spec-
tra of the same ND at 17.0 and 104.5 kbar. The fogs; is defined as
the difference from the center frequency D. The pressure-induced
changes in hyperfine resonances in the ODMR spectrum upon
pressure change could be directly observed. It is obvious that the
13C hyperfine resonances have relatively broad linewidths and
low contrasts compared to the center resonances. The pressure is
determined by the center frequency of the corresponding ODMR
spectrum [9].
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using dD/dP = 1.49 MHz/kbar [9]. Details are in the
Appendix.

V. RESULTS

Figure 1(b) shows the energy levels of the '*C hyper-
fine structure. From the ODMR spectrum of N-J centers,
two parameters could be read out: Ays and &y, which
correspond to the separation and center of the two 3C
ODMR resonances, respectively. An example of ODMR
spectrum of a 1-um ND at ambient conditions is shown in
the Appendix, and the corresponding hyperfine parameters
are Ape(0) = 127.62 £ 0.54 MHz and 8,7(0) = 2876.95 +
0.38 MHz. These values are in excellent agreement to the
previous studies [3,40—45]. The small discrepancy may be
due to internal strain and different charge environments in
the '3C sample. Therefore, we perform averages over NDs
in our data analysis to have statistical results. On the other
hand, as the contrast of 3C ODMR resonances is rela-
tively weak, peak fitting may contribute a small offset to
the result (see Appendix). The ODMR spectra at 17.0 and
104.5 kbar of the same ND are shown in Fig. 1(c). The
changes in hyperfine resonances in the ODMR spectrum
upon pressure change could be directly observed without
any peak-fit processing. To retain high spectral resolu-
tion while minimizing measurement time, we implement a
nonuniform ODMR measurement to capture the changes.
We use a smaller MW frequency step in the hyperfine res-
onance regions while a larger MW frequency step in the
central region. The pressure is determined by the center
frequency D of the corresponding ODMR spectrum [9].

The experimental data of Ape(P) and dpe(P) at different
pressures are plotted in Fig. 2. Three NDs are tracked. We
try three different ways to process the data of Aus(P) and
Sne(P): (1) perform a linear fit for each of the three NDs;
(i1) take the average of the three then perform a linear fit
(AVG); and (iii) take the average after performing individ-
ual linear fits (AVG2). The changes in Ay and dpr upon

(a) —=—ND1 (b) —=—ND1
""" ND1 fit ND1 fit
["—»—nND2 I " " " 3050 ", s ' j ! j
134 + ND2 fit 1| b ND2 fit
+—ND3 e ND3
""" ND3 fit L |----- ND3 fit 4
1320 e {8000 e /
g AVG it 2 7 N AVG fit y
S 130} T 1 = 2950} :
< - - &
128} - 1
i % 2900 |
126
0 20 40 60 80 100 120 2850

0 20 40 60 80 100 120
Pressure (kbar) Pressure (kbar)
FIG. 2. Plots of *C ODMR parameters (a) Ap(P) and (b)
Sne(P) against pressure. Three NDs are tracked. The joining lines
signify the data measurement sequence. The changes in Ap¢ and
dnr with pressure are pronounced. The linear fits are the dash
lines. The light gray line in the background is the theory result.

TABLEI Data summary of the '*C ODMR parameters Aps(P)
and Spe(P). All values are in MHz unit. Our data are in great
agreement with the theory.

Label Ahf(()) dAhf/dP Shf(()) déhf/dP
ND1 126.85 0.033 2876.17 1.492
ND2 128.25 0.033 2874.96 1.500
ND3 128.27 0.036 2878.41 1.463
AVG 127.69 0.035 2877.05 1.482
AVG2 127.79 0.034 2876.51 1.485
Theory 127.604 0.03953 2876.86 1.49

pressure change are pronounced. When pressure increases,
the 1°C ODMR parameters Ay and 8¢ gradually increase.
For Ay, the data are slightly scattered among different NDs
but the same increasing behavior is noted. The discrepancy
is from the local charge environment and lattice strain, as
well as tiny strain perturbation projected to the N-7" local
frame. For 8y, the data points fall nicely on the same linear
line. Note that the pressure dependence of éu¢(P) is dom-
inated by the spin-spin dependence (dD/dP), hence the
discrepancy in du¢(P) is much smaller compared to Aps(P).
These results are summarized in Table I and they are in
great agreement with the theoretical calculation. Figure 2 is
strong evidence showing that the hyperfine parameters 4
and A, change under pressure. Additional data are shown
within the Supplemental Material [47].

Our results reveal a prominent change in the hyperfine
parameters 4 and A4, thus suggesting a possible varia-
tion in the N-J electron spin wave function upon applying
pressure. To quantify the changes in the N-J electron spin
density and orbital hybridization, the *C ODMR parame-
ters Apr and Sy are first converted to hyperfine parameters
Ay and A4, then further to the Fermi contact / and dipole
term d, and finally, to the orbital hybridization |cg|?/|c,|?
and electron spin density 7. The derived results are shown
in Fig. 3, which indicates that under applied hydrostatic
pressure the electron density increases while the defect
orbitals become more s-like and less p-like. Applying a
qualitative model of the defect, we expect the orbitals to
become more localized to the atoms around the vacancy.
This is because pressure reduces the size of lattice unit cell,
resulting in a deepening of the potential well of the vacancy
and hence an increased attraction of electron density. We
also expect that the N-J center self-distorts away from a
tetrahedral configuration under pressure. As a result, the
bonds between the nearest neighbor and next-to-nearest
carbon atoms become more like sp> bonds and less like
sp> bonds. This is consistent with the decrease in the p-
orbital contribution to the bonds, |c, |2. Figure 4 illustrates
the lattice distortion under pressure, which gives rise to
changes in orbital hybridization of the unpaired N-J spin
and electron spin density at the location of the nuclear spin.
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FIG. 3. Derived results of (a) hyperfine constant 4 , (b) hyper-
fine constant 4, (c) Fermi contact term /', (d) dipole term d, (e)
hybridization of the p orbitals |c, |2, and (f) electron spin den-
sity n. The black markers are derived purely from theoretical
values. The electron density 1 increases while the p-orbital con-
tribution |c, |> decreases, both slightly. The green error bound is
from the maximum uncertainty of the theoretical resolution of 0.1
kHz/kbar. This theoretical resolution is the smallest energy dif-
ference resolvable in our calculations. It mainly affects the terms
déne/dP since the neglected hyperfine-stress interaction in 8yf is
of the same order. Furthermore, the term déu¢/dP is shown to
be the most sensitive input parameter that impacts the derived
results [47]. Note that the theoretical resolution of 0.1 kHz/kbar is
much better than the test case of, yet still merely, 0.1% difference
(around 1 kHz/kbar).

VI. DISCUSSIONS

The nonlinearity nature of solving the Hamiltonian
backwards from Ayrand Syrto A and 4 leads to sensitive
dependence on certain parameters. Although our measure-
ment data match the theoretical values pretty well, small
differences are severely amplified by the nonlinear equa-
tions. We test all four '>*C ODMR parameters [slopes and
intercepts of Ape(P) and Sue(P)] and study how sensitive
are the six derived quantities in Fig. 3 to them. The anal-
ysis is summarized in Ref. [47]. Surprisingly, changing
dAps/dP does not alter the calculations by much, even
changing Aps(0) seems to only offset the calculations by
a little amount. However, déys/dP affects the calculations
significantly. Merely changing déys/dP by 0.1% (around
1 kHz/kbar) can significantly modify the result, even giv-
ing different signs of the slopes of the electron spin density
n(P) and p-orbital hybridization |c, (P) |>. The components
of the §ur hyperfine-stress interaction are on the order of
0.1 kHz/kbar as stated in the theory section, and hence a

Nitrogen
Vacancy e
Carbon Redistribution of

13 spin density

Unpaired
spin density

~
N
N
N
N

-2 0000

Change in 3\/"\3
orbital hybridization ,—

7

Lattice distortion

g 1

FIG. 4. Schematic of lattice distortion and the consequent
redistribution of spin density between atoms and rehybridization
of the atomic orbitals. The arrows indicate the displacements of
atoms for increasing pressure. The axes (X, Z) correspond to the
crystallographic coordinate system.

seemingly small change of 1 kHz/kbar in déns/dP actu-
ally matters. The change in &,¢(0) also offsets the values
significantly, but the trends are similar.

In principle, the experimental resolution can be
improved by ENDOR Raman-heterodyne [55] or pulsed
NMR measurements. However, the low abundance of 3C
limits the sensitivity. By using '*C-enriched samples, one
can reach higher accuracy and the problem of low '3C con-
centration may not be a limitation in other defect systems.
Furthermore, we are using a commercial ND product,
while further work will require custom specifications to
enhance the resolution.

In future work, HSE calculations can be conducted
to further reveal the localization of electronic states and
hyperfine parameters [56,57]. The accuracy of PBE N-
V' hyperfine is due to a fortuitous cancellation of two
main effects. First, neglecting the spin polarization of the
core electrons results in a systematic overestimation of the
hyperfine interaction. Second, the spin density calculated
with PBE is less localized, resulting in a systematic under-
estimation of the hyperfine interaction. Previous work has
identified systematic overestimation and underestimation
cancel to fortuitously give the near-exact agreement seen
in PBE. While this fortuitous cancellation may persist
under applied strain, the discrepancy will be bounded by
about 20%.

Note that the thermal and pressure effects are simi-
lar but not identical. While pressure and temperature can
change lattice constant, temperature also changes the dis-
tribution of phonon modes, hence changing the optical
and spin properties. From this perspective, pressure tun-
ing is a cleaner approach to have an isolated effect on the
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parameters for systematic studies. Actually, by combing
both approaches, i.e., scanning temperature in this pressure
method, one may decouple the thermal and phonon effect.
Moreover, a pressure cell is a small portable device and is
more robust than a cooler or heater. Meanwhile, the pres-
sure tuning method is orders of magnitude stronger than
the thermal one, providing a much wider scanning range
of lattice changes.

In summary, we reveal the pressure dependence of the
BC hyperfine structure. In particular, we focus on the
hyperfine interaction between the N-J electron spin and
the 13C nuclear spin, which leads to the detection of the N-
V' center electron spin density and orbitals. Under applied
hydrostatic pressure, the electron spin density n increases
while the defect orbitals become more like sp? bonds and
less like sp® bonds. These can be explained by the reduc-
tion of the cell size and the self-distortion of the N-V
center. By using pressure tuning and '*C nuclear spins
as a probe, we demonstrate that one can investigate the
wave functions of deep defects in semiconductors. This
method can be adopted to study similar defect systems
with hyperfine structure. Hence, we can adopt this pro-
cess to understand and optimize the quantum sensing and
computing applications of a wide array of deep defects in
semiconductors.
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APPENDIX A: HIGH-PRESSURE DEVICE

The DAC consists of two anvils pressing against each
other with a metallic gasket in between. A hole of 300 um
is drilled in the middle of the gasket to create a pressure
chamber in which we place the diamond sample. We inves-
tigate 1-um NDs with a nitrogen concentration of 3 ppm.
The NDs are dropcasted on one of the two anvil culets.
The chamber is then filled with a pressure medium for
effective pressure transfer from the anvils into the chamber.
Spin resonance measurements are not trivial at high pres-
sures, since it requires a robust and delicate MW structure
that can survive in a high-stress environment. Deterio-
ration of the pressure system and MW heating should
also be avoided to prevent undesired changes in N-V cen-
ters. A 150-um-diameter 2-shaped gold microstructure
is fabricated on one of the anvils to have uniform MW
transmission [50]. To ensure an excellent hydrostatic con-
dition, 4:1 methanol:ethanol mixture is used as the pressure
medium (see below).

APPENDIX B: HYDROSTATICITY OF 4:1
METHANOL:ETHANOL MIXTURE

4:1 methanol:ethanol mixture is one of the best liquid-
type pressure media. Although gas-type media can provide
an even better pressure environment, they are not trivial to
handle and require gas-loading equipment. In practice, the
4:1 methanol:ethanol mixture stays in excellent hydrostatic
conditions up to approximately 100 kbar at room temper-
ature [51-54]. Above the glass-transition pressure Py, this
mixture enters its glassy phase and forms an amorphous
solid. Under this circumstance, a pressure gradient can be
easily built up to terminate the hydrostatic pressure condi-
tion. To show the hydrostatic condition of our experiments,
we plot in Fig. 5 the average transverse zero-field split-
ting E (splitting of the center resonances in ODMR spectra
equals 2E) and the SD of the center frequency D as func-
tions of the average pressure. The pressure is calibrated by
individual NDs using dD/dP = 1.49 MHz/kbar [9]. In par-
ticular, SD analysis is relevant in different kinds of pressure
media [9,54]. The presence of a nonhydrostatic pressure
can induce sharp changes in ODMR spectra as well as the
SD of D measured among different NDs in the medium.
We show that although the pressure gradient builds up
before the expected P,, the gradient is rather negligible
(only a tiny fraction of the average pressure even at approx-
imately equal to 100 kbar). We can therefore infer from our
observed invariance in average £ and SD that the applied
pressure is highly hydrostatic within our pressure range up
to approximately 100 kbar, meaning that the hydrostatic
pressure approximation works well in our experiment.

APPENDIX C: ANALYZING THE ODMR
SPECTRA

The pressure-driven changes in hyperfine resonances in
the ODMR spectrum could be directly observed without

a b
@ (b)_
7 4r
%6— —
w 8 20
50 il |
/.

0 L - L L L L
0 20 40 60 80 100 120
Pressure (kbar)

4 L L L L L L
0 20 40 60 80 100 120
Pressure (kbar)

FIG. 5. (a) The average £ and (b) the SD of the center
frequency D verse the average pressure measured by NDs
(dD/dP = 1.49 MHz/kbar [9]). The joining lines signify the data
measurement sequence. From the insignificant variations in these
quantities under applied pressure, we conclude that the mixture
is in excellent hydrostatic condition within our pressure range,
meaning that the hydrostatic pressure approximation works well.
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any peak fitting, as shown in Fig. 1(c). However, there
are two main concerns about analyzing ODMR spectra.
Firstly, the hyperfine resonances from '*C have broad
linewidths (approximately 10 MHz) and low contrasts (<
0.5%). As a result, the fitting of the hyperfine resonances is
greatly affected by noise and fitting parameters. Secondly,
due to intrinsic large strain and local charge environment in
the NDs, the N-J center resonance peak is relatively broad
and also splits into two resonances. The broadening is fur-
ther intensified by MW power. As the 1*C hyperfine peaks
lie on the tails of the center resonance peaks, the broad
center resonance peaks may mask the *C peaks a bit. This
unavoidably affects the fitting on the '*C hyperfine reso-
nances. As a result, the fitting method for the hyperfine
resonances plays an essential role in determining the '3C
ODMR parameters. To deal with this problem, we try var-
ious fitting procedures, for example, we try different fitting
functions like Lorentzian and Gaussian, a different num-
ber of fitting peaks, and ignoring the center resonances
to fit the hyperfine resonances. Nevertheless, we do not
find the most suitable and convincing fitting procedures to
precisely extract the ODMR parameters.

In the end, we decide to use the most straightforward
way to process—use four Lorentzians to directly fit all
our measured ODMR spectra. In some cases, we find that
the baseline (yy) is needed to be fixed, but for consis-
tency, we fix all the baselines in our analysis. This may
be because the baseline does not extend wide enough in
our measured spectra and the fitting program mistakes a
higher value for the baseline, which is obviously incor-
rect. To have the same criterion for the baseline, we first
apply two Lorentzians to fit the N-J center resonances, and
the corresponding baseline is extracted for the subsequent
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FIG. 6. An example of the fitting at ambient pressure. Red line
is the raw data and green line is the cumulative fit of the four-
Lorentzian peaks.

four-Lorentzian fitting. One advantage of four-Lorentzian
fitting is that the absolute values of Ay at very low pres-
sure appear to be closer to the theoretical values at ambient
pressure. Although the data we report are still slightly dif-
ferent from the ideal theoretical values, as long as we stick
to the same fitting procedure, this offset will be approx-
imately the same and the changes in hyperfine structure
are still meaningful. An example of the fitting at ambient
pressure is shown in Fig. 6.
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