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The discovery of unique emissive properties of NV
defects in diamond, which allow one to detect optically

the magnetic resonance in the ground state of such defects

(with magnetic resonance on single NV centers at room

temperature being feasible [1,2]), opened up opportunities

for ultimate miniaturization of micro- and optoelectronic

components that may potentially be constructed based on

a single defect. NV defects are used in magnetometry,

thermometry, piezometry, quantum optics, biomedicine,

and advanced information technology utilizing quantum

properties of spins and individual photons. In order to

optimize measurements, one needs to retrieve data on stress

and the associated local strain in the vicinity of an NV
defect; this should also help minimize these stress/strain

values.

An individual NV defect (Fig. 1, a) is a carbon vacancy

(V ) that has one of four carbon atoms in its nearest

coordination sphere substituted with a nitrogen atom. The

signal of optically detected magnetic resonance (ODMR)
of an NV center in ground state 3A2 (S = 1) in zero

magnetic field is characterized by the following standard

spin Hamiltonian [2]:

Ĥ = D[Ŝ2
z − S(S + 1)/3] + E(Ŝ2

x − Ŝ2
y).

Under zero stress/strain, parameter D in diamond at room

temperature assumes a value of 2870MHz, while parameter

E = 0 (Fig. 1, a). Stress in a diamond crystal or structure

alters the values of D and E ; while the induced relative

variation of parameter D is insignificant, changes in E are

absolute in nature, since they are measured from the zero E
level. If the trigonal symmetry of a center is violated under

strain, the degeneracy of Ms = ±1 sublevels is lifted with

subsequent splitting, which depends on stress (strain) and

is denoted as 1 = 2E [MHz] in Fig. 1, a.

ODMR of NV defects was used as a method for stress

measurement under an external hydrostatic pressure up

to 60GPa [3] and to examine the strain coupling of an

NV defect spin to a diamond mechanical oscillator [4] and
investigate the strain-mediated coupling of the mechanical

motion of a diamond cantilever to the spin of an embedded

NV defect [5]. The variation of parameter D, which

characterizes stress along the trigonal symmetry axis for

an NV defect, and the averaged stress gradient, which

is induced by the deviation of the crystal field from

a trigonal one under the influence of local stress/strain,

were estimated at dD(P)/dP = 14.58MHz/GPa and

d(1 = 2E)(P)/dP ≈ 35MHz/GPa, respectively, in these

studies. The data on stress gradients from [4,5] are

somewhat discrepant. In addition, all parameters were

determined under external pressure and are not indicative of

intrinsic stress/strain in the neighborhood of an NV defect.

The influence of transverse strain on parameter 1 = 2E was

not examined in [3].
Strain imaging in polycrystalline diamond with the use of

ODMR of NV defects was demonstrated in [6]. The authors
of [7] used the ODMR technique for in-situ measurements

of fabrication-induced strain in diamond photonic structures

with intrinsic NV centers.

The method of local stress/strain diagnostics in diamond

in the vicinity of an NV defect at room and above-

room (up to 300◦C) temperatures relies on ODMR of

NV defects in zero magnetic field. Figure 1, b presents

the ODMR signals of NV defects in diamond recorded

in a series of reference samples of diamonds and nanodi-

amonds (with different concentrations of nitrogen and NV
defects, which were introduced into the samples in various

ways). Signal 1 corresponds to a sample prepared by

CVD (chemical vapor deposition), < 1 ppm N, NV defects

were produced by nitrogen implantation with subsequent

annealing; 2 — sample grown under high pressure and

high temperature (HPHT), the nitrogen concentration varies

within the interval of ∼ 1−100 ppm along the diamond

wafer, NV defects were produced by electron irradiation
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Figure 1. a — NV defect structure. An NV defect is in a negatively charged state (NV−) and is characterized by electron spin S = 1.

The fine structure of spin levels of an NV center in ground state 3A2 in zero magnetic field with splitting D = 2870MHz under zero

stress/strain and in the presence of non-trigonal strain with a further stress/strain-dependent splitting between levels Ms = +1 and −1,

which is denoted as 1 = 2E, is shown below. b — ODMR signals of NV defects in diamond detected at room temperature in zero

magnetic field in a series of reference samples of diamonds and nanodiamonds (with different concentrations of nitrogen and NV defects,

which were introduced into the samples in various ways). See text for details.

with subsequent annealing, ODMR was detected in the

crystal region with the lowest nitrogen concentration; 3 —
natural type IIa diamond, < 1 ppm N, NV defects were

produced by neutron irradiation with a dose of ∼ 1018 cm−2

with subsequent annealing; 4 — natural non-irradiated

diamond; 5 — HPHT sample, ∼ 200 ppm N, NV defects

were produced by nitrogen implantation with subsequent

annealing; 6 — HPHT sample, ∼ 100 ppm N, NV defects

were produced by neutron irradiation with subsequent an-

nealing; 7 — polycrystalline nanodiamond (non-irradiated,
non-annealed); 8 — Element-6, HPHT, ∼ 100 ppm N, NV
defects were produced by proton irradiation with subse-

quent annealing; 9 — commercial nanocrystal (300 nm),
100−120 ppm N, 3 ppm NV ; 10 — non-irradiated nanodia-

monds sintered under HPHT conditions, high concentration

of NV defects (∼ 50 ppm) and a substitutional nitrogen

concentration (based on EPR data) up to 500 ppm (see [8]
for details) were measured; 11 — detonation-synthesized

nanodiamond 5 nm in diameter with individual NV defects

(data from [9]).

The variation of splitting 1 = 2E of the central ODMR

line in different samples, which is induced by local

stress/strain in the vicinity of an NV defect, is evident. We

introduce two limit values of internal local stress/strain in a

diamond crystal.

1. Spin Hamiltonian parameter E = 0 for an ideal un-

stressed structure is taken as the zero reference point.

2. The splitting between levels Ms = −1 and +1, which

is equal to 1 = 2E = 46MHz in detonation-synthesized

nanodiamond ∼ 5 nm in diameter and is, as far as we

know, the maximum splitting recorded for internal local

stress/strain in diamond at the position of an NV defect,

is taken as the maximum point. This splitting was measured

in [9].

It can be seen from Fig. 1, b that all splitting magnitudes

1 = 2E fall within the interval between the indicated two

limit values: 0 and 46MHz. Stress σ [MPa] and relative

strain ε, which is proportional to σ , are determined based

on the values of 1 = 2E for each reference sample in
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Figure 2. Calibration curve for the dependence of stress σ and

relative strain ε on the magnitude of splitting 1 = 2E between

levels Ms = +1 and −1. The straight line corresponds to formula

σ [MPa]=28.51 [MHz] that characterizes this dependence and

allows one to determine stress/strain at the position of an NV
center.

accordance with the following formula: Ediam = σ/ε, where

the Young’s modulus for diamond is Ediam = 1200GPa.

The calibration curve for the dependence of stress σ and

relative strain ε on 1 = 2E is shown in Fig. 2. Figure 3

presents ODMR signals (1 and 2) in two regions, which

are highlighted by focused laser radiation, within high-

pressure high-temperature diamond irradiated by electrons

with subsequent annealing that has a nitrogen concentration

varying in the ∼ 10−100 ppm interval along the wafer.

The concentration of N and NV defects is shown in

arbitrary scale in shades of gray. Curve 3 is presented

for comparison and corresponds to the ODMR signal in

natural diamond with the hyperfine structure (HFS) for 14N,

which is contained in an NV defect, manifesting itself in

the form of three lines with a splitting of ∼ 2MHz that

serve as a natural scale. HFS with the same ∼ 2MHz

splitting, which is independent of 1 = 2E , is also seen in

the ODMR spectrum of NV defects localized at the point

of the lowest nitrogen concentration (spectrum 1). The

corresponding splitting 1 = 2E also assumes its minimum

value. The photoluminescence (and, consequently, ODMR

signal) intensity is approximately 500 times lower than the

signal intensity in the darkest part of the sample (spectrum 2

in Fig. 3) with the maximum nitrogen concentration.

One needs to decompose the ODMR spectrum into two

lines with splitting 1 = 2E in order to determine E more

accurately. The results of this decomposition are represented

by dashed curves. We thus obtain a value of 5.4MHz for

the distance between maxima in the experimental spectrum,

while the result of decomposition is 6.3MHz; i.e., the

splitting is 1 = 2E = 5.85± 0.45MHz on average. The

terrestrial magnetic field induces ODMR line broadening,

which does not exceed 1MHz in magnitude. This does not

have any significant effect on measurement results, since

HFS splitting due to the interaction with nitrogen 14N within

an NV center also broadens the ODMR line. However, the

external magnetic field in precision measurements of small

(< 1MHz) 1 = 2E splitting values should be compensated

with Helmholtz coils. This allows one to narrow ODMR

lines down and determine splitting 1 = 2E more accurately

(see Fig. 3).

A calibration curve for the dependence of D on external

pressure was obtained in [3]; at the same time, data on

the influence of external stress/strain on parameter E (i.e.,

stress/strain in the direction perpendicular to the trigonal

axis of an NV defect) were not provided. The same can be

said about [5]. However, the authors of [3] presented ODMR

spectra, wherein ODMR line splitting due to the presence

of an uncontrolled perpendicular stress/strain component

was observed under high hydrostatic pressures. Specifically,

splitting 1 = 2E = 26MHz between spin levels Ms = −1

and +1 was measured under a hydrostatic pressure of

60.4GPa. In accordance with the calibration curve in Fig. 2,

this splitting corresponds to stress σ = 740MPa and relative

strain ε = 6.17 · 10−4 .
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Figure 3. ODMR signals in two diamond crystal regions,

which are highlighted by focused laser radiation, with a nitrogen

concentration varying along the diamond wafer (1, 2). The

concentration of nitrogen and NV defects for these two regions

is shown in arbitrary scale in shades of gray. Curve 3 is presented

for comparison and corresponds to the ODMR signal in natural

diamond (spectrum 4 in Fig. 1, b) with the hyperfine structure

(HFS) for nitrogen 14N, which is contained in an NV defect,

manifesting itself in the form of three lines with a splitting of

∼ 2MHz that serve as a natural scale.
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We note in conclusion that splitting D = 2880MHz

was measured in [9]; i.e., the shift relative to an NV
defect in unstressed diamond is +10MHz, and a local

compressive stress of 685MPa is present. We may

also assume that the sign of E is positive (i.e., local

compression in the transverse plane is in effect). Thus,

the obtained value of 1 = 2E = 46MHz corresponds to

compressive stress σ = 1310MPa and relative compressive

strain ε = 1.09 · 10−3.
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