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The negatively charged nitrogen-vacancy (N-V−) center in diamond has shown great potential in
nanoscale sensing and quantum information processing due to its rich spin physics. An efficient coupling
with light, providing strong luminescence, is crucial for realizing these applications. Laser-written waveg-
uides in diamond promote N-V− creation and improve their coupling to light but, at the same time, induce
strain in the crystal. The induced strain contributes to light guiding but also affects the energy levels of
N-V− centers. We probe N-V− spin states experimentally with the commonly used continuous-wave zero-
field optically detected magnetic resonance (ODMR). In our waveguides, the ODMR spectra are shifted,
split, and consistently asymmetric, which we attribute to the impact of local strain. To understand these
features, we model ensemble ODMR signals in the presence of strain. By fitting the model results to the
experimentally collected ODMR data, we determine the strain tensor components at different positions,
thus determining the strain profile across the waveguide. This shows that zero-field ODMR spectroscopy
can be used as a strain imaging tool. The resulting strain within the waveguide is dominated by a com-
pressive axial component transverse to the waveguide structure, with a smaller contribution from vertical
and shear strain components.

DOI: 10.1103/PhysRevApplied.22.024055

I. INTRODUCTION

The negatively charged nitrogen-vacancy (N-V−) center
in diamond [1] has prospective applications ranging from
biology to quantum information due to the long lifetime
and coherence time of its spin states [2–4] and the fact
that it can be initialized and read out optically at room
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temperature [1,5,6]. The electronic spin states of a N-V−
center are sensitive to changes in electric, magnetic, and
strain fields, which promotes it as a potential quantum sen-
sor [7–9] with achievable atomic-scale resolution [10,11].
For sensing, single N-V− centers can be incorporated into
nanodiamonds or nanophotonic devices, allowing them
to be used as atomic-scale probes for scanning probe
microscopy or for in vivo imaging of cells or other bio-
logical specimens. As the measurement of the spin states
depends on the collection of fluorescent light, the mea-
surement sensitivity using only a single N-V− center is
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relatively low, meaning that to achieve high sensitivity, the
integration time of the measurement must be increased.
Alternatively, using high-density ensembles of N-V−
centers enables faster measurements [12] and enhances
sensitivity [13]. However, the nanoscale resolution made
possible by single N-V− centers is lost. The recent devel-
opment of laser-written waveguides in bulk diamond host
crystal [14,15] enables one to achieve relatively high pho-
ton collection efficiency [16–19], constituting an important
step toward using high-density N-V−-center ensembles for
broadband integrated magnetic and electric field sensing
[12,20]. To produce such structures, one uses femtosec-
ond laser pulses to locally modify the diamond material
by writing two parallel lines. Modification of the crystal
structure and the induced strain modulate the refractive
index, which confines an optical mode between the laser-
modified lines [21,22]. On the other hand, strain affects
the electronic states of N-V− centers [23–27] and alters the
collected signals. Thus, understanding the effects of strain
and determining the strain field in processed samples is
crucial for harnessing the full potential of the system in
a wide range of quantum sensing applications.

There are various methods available to measure strain
in the diamond crystal, such as using Si-V− centers [28],
the zero-phonon line of N-V− centers [29], and quantum
interferometry [30]. The commonly used technique is opti-
cally detected magnetic resonance (ODMR) [31]. Existing
ODMR studies included determining the axial and non-
axial strain using preferentially aligned N-V− centers in
unprocessed polycrystalline diamond [32] and in diamond
nanocrystals hosting 1–4 N-V− centers each [33] or esti-
mating the non-axial component based on single-N-V−
ODMR splitting [34]. However, to determine the entire
strain tensor, one needs to go beyond the oversimplified
equivalence between strain and electric field components
[26]. In addition, for practical use in high-density N-V−
ensembles, a method accounting for four possible center
orientations in the host crystal is needed. Other studies
[35,36] took this into account and used a static mag-
netic field to split the states and determine the strain
components. However, most practical quantum sensing
applications [13,37,38] use experimental setups without an
external magnetic field, and hence it is desirable to provide
full strain tensor imaging under such conditions.

In this work, we present a method for extracting the
relevant strain tensor components from continuous-wave
zero-field ODMR signals. We first formulate a model of
the randomly oriented ensemble of N-V− centers in the
presence of strain. Next, by fitting the ODMR spectra
across a laser-written waveguide with the model results,
we extract the strain profile across the waveguide struc-
ture. In this way, we demonstrate the potential of the
zero-field ODMR as a strain characterization tool and
determine the spatial profile of the relevant components
of the strain tensor across a particular waveguide structure.

We demonstrate the presence of a dominant compressive
strain component in the direction transverse to the waveg-
uide structure, accompanied by weaker vertical and shear
strain components.

This paper is organized as follows. In Sec. II, we
describe the experimental methods, including laser writ-
ing of waveguides and ODMR spectroscopy, and present
the resulting ODMR spectra of N-V− centers. Then, in
Sec. III, we present our theoretical model. In Sec. IV,
we discuss the effect of the strain on a single N-V− cen-
ter. In Sec. V, we present the results of the fitting of the
measured data with the modeling results and determine
the strain profile across the waveguide. Finally, we con-
clude the paper in Sec. VI. The Appendix presents some
additional information.

II. EXPERIMENT

A. Laser-written waveguide devices

Waveguides [Fig. 1(a)] are formed in the diamond crys-
tal using a femtosecond laser writing technique with a cus-
tom setup based on a regeneratively amplified Yb:KGW
system (Pharos, Light Conversion), previously described
in Ref. [22]. A type II geometry is used where optical
confinement is provided between two laser-written modifi-
cation lines. The light confinement is caused by a reduction
of the refractive index within the modification lines, where
the focused femtosecond laser pulses cause amorphiza-
tion and graphitization, and strain-induced increase of the
refractive index between the two lines [22]. Laser-written
diamond waveguides can be created in ultrapure chemical
vapor deposition (CVD) diamond with nitrogen concentra-
tions less than 5 ppb [17–19], as well as in diamonds with
high nitrogen densities up to 200 ppm [19]. In our exper-
iment, we used a yellow diamond sample with a nitrogen
content of approximately 200 ppm and native N-V− con-
centration below 1 ppb, grown under high-pressure and
high-temperature (HPHT) conditions. In this sample, the
laser-modified regions are created in the [100] direction at
a depth of 25 µm below the (001) plane, with a height of
approximately 15 µm, width approximately 5 µm, sepa-
ration between the two lines of 13 µm (read off directly
from a micrograph of a crystal facet displaying the cross-
section of the structure), and length 3 mm. The waveguide
is written with 50 mW average laser power. The laser writ-
ing process also produces a high density of vacancies in the
diamond lattice within the modification lines [39,40] that
subsequently diffuse to the nearby regions. The sample was
annealed at 1000 ◦C for 3 h in a nitrogen atmosphere. Upon
annealing, the vacancies become mobile and are “cap-
tured” by substitutional nitrogen to form additional N-V−
centers.

Following annealing, we characterize the distribution of
N-V− centers over a broad area around the waveguides
employing wide-field photoluminescence (PL). These
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FIG. 1. Experimental platform and asymmetric ODMR spectra of N-V− centers in diamond in the waveguide. (a) Schematic of a
diamond sample with laser-modified regions and waveguides. The coordinate system defines the laboratory frame with the transverse
(T), longitudinal (L), and vertical (V) directions. (b) Fluorescence map of N-V− centers in the sample. The red line shows the path of the
ODMR scan. (c) An exemplary ODMR spectrum. The black dots are experimental data; the green line is a fit using two Lorentzians.
(d) Imbalance of the ODMR spectrum (dots) as a function of the position across the waveguide; the blue line is a guide to the eye. The
red dot indicated by an arrow is the position where the ODMR spectrum of (c) is taken.

measurements allow efficient probing of the whole depth
of the waveguide simultaneously. Wide-field imaging is
performed with a modified Nikon Ti-Eclipse inverted
microscope equipped with a microwave loop. A 532 nm
fiber-coupled continuous-wave laser (CNI laser, MGL-
III-532/50 mW) is used as an excitation source, deliv-
ering the power of ∼30 mW on the sample through a
40× (NA = 0.75 and WD = 0.66 mm) refractive objec-
tive. This setup provides illumination without preferential
polarization, with a broad beam waist and small diver-
gence, allowing the entire field of view to be simultane-
ously illuminated and imaged. The induced PL is then
collected through the same objective, the laser excitation
is filtered out using a dichroic filter, and the fluores-
cence image is formed on a high-sensitivity CMOS camera
(Hamamatsu ORCAFlash4.0 V2).

The results of the PL characterization are presented
in Fig. 1(b). One may observe the variation of intensity
caused by the structurization superimposed with the Gaus-
sian laser spot profile covering three waveguides across.
The observed PL enhancement is consistent with forming
more N-V− centers in the structured area than in the pris-
tine region. The estimated density of N-V− centers in the
waveguide after annealing is on the order of 1015 cm−3

(10 ppb). The modified regions themselves remain dark on
the PL map indicating low concentration of N-V− centers,
consistent with previous studies [15]. Apart from intensity
changes due to the laser spot profile, some inhomogene-
ity of PL intensity can be observed along the waveguides,
indicating an inhomogeneous distribution of N-V− centers
in the structure. The variation in the PL along the waveg-
uides is attributed to the nonuniform distribution of the
background N impurities in the HPHT crystal and to the
submicrometer inhomogeneity in the laser-formed side-
walls, which also contributes to the waveguide scattering
loss [15].

B. Wide-field ODMR scans of the waveguide

We collected ODMR spectra in steps of 0.813 µm across
the waveguide, along a path marked with a red line in
Fig. 1(b), using the optical setup described above. To this
end, we applied a microwave (MW) field of −20 dBm
with a frequency varying from 2.82 GHz to 2.92 GHz in
discrete steps of 0.5 MHz. For each frequency step, a PL
image of the whole region was acquired, as described pre-
viously. ODMR spectra are then extracted from the stack
of PL images. Our approach provides the PL/ODMR sig-
nal resolved in the plane to individual pixels of the CMOS
camera. To obtain a sufficient signal-to-noise ratio it is,
however, necessary to aggregate signals from a certain
region of interest. Based on the translational symmetry of
the structure and our aim of providing a transverse pro-
file, we decided to keep the region of interest narrow in the
transverse direction (5 pixels, 0.81 µm) and wider in the
longitudinal one (120 pixels, 19.5 µm). While we illumi-
nate a wide range of depths in the sample, the resolution of
imaging in the vertical direction is ensured based on effi-
cient collection only from a narrow range of depths around
the focal plane, of the order of 1 µm. For this study, we
selected the focal plane depth using the waveguide as a ref-
erence, which means that our imaging mostly focuses on
the upper part of the waveguide. Overall, our method pro-
vides a micrometer resolution in the plane perpendicular to
the waveguide.

The spectra are collected in a wider range of frequencies,
while only a narrow range of 2.84–2.90 GHz contains the
optical response of interest. The measured signal exhibits
a tilted background and noise, manifested in particular at
low and high frequencies, far from the physically mean-
ingful features. The slope can be attributed to a frequency
dependence of the overall luminescence intensity or to the
characteristics of the detection system and is, therefore,
irrelevant to the interpretation of the ODMR features. To
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address this, we preprocess the raw data by removing the
slope. Then, we normalize each ODMR series so that they
approximately span the 0.95–1 range of values. All spec-
tra are shown in the Supplemental Material [41], and the
underlying raw and preprocessed data are provided as a
publicly available dataset [42]. In Fig. 1(c), we show an
exemplary zero-field ODMR spectrum collected from a
position around the center of the waveguide [marked as
0 µm position; red point in Fig. 1(d)]. Due to the high
nitrogen concentration, the hyperfine structure is not ener-
getically resolved [13]. The observed spectrum shows a
double-dip structure with pronounced asymmetry, which
is typical for our collected data.

Both of these features, splitting and asymmetry, have
been observed in the past. However, it should be noted
that their sources and experimental conditions were dif-
ferent from those discussed here. In some studies, splitting
of the ODMR spectrum into two dips was observed when
probing ensembles of N-V− centers, even for unprocessed
samples without an external magnetic field. That splitting
has a specific character, with a sharp spikelike feature at
the frequency corresponding to the zero-field splitting D,
dividing the expected single dip into two [43]. The inner
slopes are steeper than the outer ones and such a spectrum
cannot be represented by two Lorentzians [44,45]. It was
shown that this effect can be reproduced by averaging over
an ensemble in which | ± 1〉 states of individual N-V− cen-
ters mix and split due to the presence of inhomogeneous
broadening and fluctuations of magnetic and strain fields
[13,45]. Given those fluctuations in the environment, the
probability of | ± 1〉 states being degenerate is found to
be zero, which leads to split ensemble spectra. A similar
effect is observed for ensembles subject to random electric
fields [44].

In contrast to those cases, the spectrum observed here
can be well represented as a sum of Lorentzian features
[green line in Fig. 1(c)]. Moreover, we expect that in our
structure the probed ensemble is subject to a considerable
and roughly uniform strain field. This situation allows us
to treat the spectra as dominated by uniform fields with
negligible impact of their fluctuations.

Asymmetric ODMR spectra were also observed in
single-N-V− center studies and the underlying imbalance
of transition rates was described by invoking the effec-
tive fields containing the effect of local electric field
fluctuations and strain [44,46,47]. Here, we are dealing
with a dense ensemble for which the influence of local
charges should, at most, lead to the above-mentioned non-
Lorentzian splitting of states, not observed by us, without
introducing asymmetry [44]. Thus, we expect that the
asymmetry observed by us depends solely on the nature
of the strain and its impact on the four differently oriented
N-V− species.

To quantify the degree of the spectral asymmetry, we
define the imbalance

Ĩ = α̃− − α̃+
α̃− + α̃+

, (1)

where α̃− and α̃+ are the strengths of the dips esti-
mated based on fitting the spectrum with two Lorentzians.
Figure 1(d) shows the imbalance across the waveguide
with the laser-modified regions shaded in gray. The lim-
its of these regions were determined a posteriori based
on a clear, qualitative change of the ODMR spectra (see
Appendix A), with an uncertainty of 1 or 2 data points
and are consistent with the PL image in Fig. 1(b) and with
the directly determined geometry of the laser-modified
regions. We observe that the ODMR spectra are consis-
tently asymmetric.

In the following, we show that the split and asymmetric
zero-field spectra can be consistently attributed to strain
present in the laser-written waveguide and can be quan-
titatively reproduced by summing contributions from the
four N-V− species experiencing the same approximately
uniform strain distribution differently and having different
projections on the MW field.

III. MODEL

In this section, we present the theoretical model account-
ing for the strain that we then use to determine strain values
based on experimental ODMR spectra. We first describe
the strain effect on a single-N-V− center and then account
for the contribution from the four classes of differently
oriented centers.

The N-V− center is a diamond defect created by replac-
ing a carbon atom with a nitrogen atom adjacent to a
carbon vacancy [Fig. 2(a)]. For each N-V− center, we use
the reference frame with the z axis in the direction connect-
ing the nitrogen and the vacancy and the x axis in one of
the nitrogen-vacancy-carbon planes [27]. In the following,
lowercase coordinates refer to this N-V−-based reference
frame.

The ground state of a N-V− center is a spin triplet (|0〉,
| ± 1〉). The Hamiltonian for the orbital ground state of an
N-V− center in the absence of a static magnetic field and
in the presence of strain and MW driving can be written
as [27]

H = hDS2
z + λ(t)̂BMW · S + Hε, (2a)

Hε/h = MzS2
z + Mx(S2

y − S2
x ) + My{Sx, Sy}

+ Nx{Sx, Sz} + Ny{Sy , Sz}, (2b)

where h is Planck’s constant, D = 2.87 GHz is the zero-
field splitting between |0〉 and | ± 1〉 states, ̂BMW is the unit
vector along the MW magnetic field driving the transitions
between |0〉 and |±1〉 which is used to manipulate the pop-
ulation of the spin states, λ(t) is proportional to the MW
field amplitude, Sj are the dimensionless spin-1 matrices
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(b)(a)

FIG. 2. Structure and energy levels of a N-V− center in dia-
mond. (a) Schematic representation of a N-V center in the dia-
mond lattice. Carbon atoms are illustrated as gray spheres, with
the nitrogen atom shown in blue and the lattice vacancy indicated
by the green dashed line. Solid red lines represent the cova-
lent bonds between the carbon atoms. The bond lines are drawn
tapered to mimic the perspective. The inset shows the N-V1 coor-
dinates. (b) Energy level diagram of a N-V− center. The ground
state 3A2 is a spin triplet (|gs〉, |±〉), where (|gs〉) is separated
from |±〉 states by 2.87 GHz due to zero-field splitting. Optical
excitation by a laser is shown in green, promoting electrons to
the excited state (3E). Microwave-induced transitions between
the split ground states are shown in violet (singlet states, 1E and
1A1 are not shown). In the presence of strain, the |±〉 states shift
and split. Here Mx, My , and Mz are the strain amplitudes which
are functions of strain components.

and Mj , Nj (j = x, y, z) are the strain amplitudes,

Mz = [

h41(εxx + εyy) + h43εzz
]

, (3a)

Mx = 1
2

[

h16εxz − 1
2

h15(εxx − εyy)

]

, (3b)

My = 1
2

(

h16εyz + h15εxy
)

, (3c)

Nx = 1
2

[

h26εxz − 1
2

h25(εxx − εyy)

]

, (3d)

Ny = 1
2

(

h26εyz + h25εxy
)

, (3e)

where εij are strain tensor elements in the N-V− frame,
whereas hij are the spin-strain coupling strengths taken
from Ref. [27] and given in Table I.

Due to the tetrahedral structure of the diamond crystal,
for a fixed vacancy position, there are four possible posi-
tions for an adjacent nitrogen atom to form a N-V− center.
Thus, there are four possible orientations of N-V− centers

TABLE I. Spin-strain coupling strengths taken from Ref. [27].

Parameter Value (GHz) Parameter Value (GHz)

h43 2.3 ± 0.2 h26 −2.83 ± 0.07
h41 −6.42 ± 0.09 h15 5.7 ± 0.2
h25 −2.6 ± 0.08 h16 19.66 ± 0.09

in the crystal lattice. All expressions for the four cases are
formally identical when expressed in the local N-V− coor-
dinates. However, due to the different orientations of N-V−
centers, the coordinates of the MW field and strain in the
N-V−-based coordinate frames are different, resulting in
distinct eigenvalues and transition rates.

We define the global coordinate frame through the
geometry of the waveguide. We refer to the waveguide
direction as longitudinal (L), the other in-plane direction
as transverse (T), and the out-of-plane one as vertical (V)
[Fig. 1(a)]. The translational symmetry of the structure in
the L direction imposes εLL = εLV = εLT = 0 and, hence,
reduces the number of nonzero elements to three. Thus, the
strain is characterized by its transverse and vertical compo-
nents, as well as the corresponding shear component, and
can be written as

εlab =
⎛

⎝

εTT 0 εTV
0 0 0

εTV 0 εVV

⎞

⎠ . (4)

We must stress that this symmetry-based simplification is
actually a slight approximation given some unavoidable
inhomogeneity of the modification lines in the longitudi-
nal direction. However, it is certainly not as pronounced as
the PL inhomogeneity observed in Fig. 1(a), as the latter is
mainly due to variation in N-V− concentration.

For a particular N-V− center, the strain is transformed
to the N-V− reference frame (see Appendix B), and the
Hamiltonian [Eq. (2)] is then diagonalized. The spectrum
for the ground-state manifold of the N-V− center, shown
in Fig. 2(b), is composed of the ground state |gs〉, with the
predominant contribution from the |0〉 state, and a pair of
excited states |±〉, mostly built of the basis states |±1〉.
The corresponding energies are Egs and E±. The relevant
MW-driven transitions are those between the state |gs〉 and
the states |±〉. For these two transitions, we determine the
rates that directly translate into light intensities,

α± = |M±|2 = ∣

∣

〈

gs
∣

∣̂BMW · S
∣

∣ ±〉∣

∣

2 , (5)

as well as their spectral positions hν± = E± − Egs. Each
of these transitions leads to depletion of the ground state
and, hence, reduces the optical fluorescence, which is man-
ifested by a dip in the ODMR spectrum. We model these
dips by Lorentzians with a certain width γ ,

L(ν) = γ

ν2 + γ 2 ,

where ν is the frequency, from which we construct the
spectrum of a single N-V− center,

f (ν) = 1 − A [α−L (ν − ν−) + α+L (ν − ν+)] , (6)

with an arbitrary scaling amplitude A.
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In the case of an ensemble, we assume that the den-
sity of the N-V− centers is high enough compared with the
range of variation of the strains so that a large number of
them contribute from a volume in which the strain can be
considered locally uniform. This is ensured by our experi-
mental conditions outlined in Sec. II B with a micrometer
resolution in the plane perpendicular to the waveguide
and a lower one in the longitudinal direction, for which
we expect no strain variation. Therefore, we assume that
each orientation is equally probable. In addition, all N-V−
species are tilted at the same angle to the optical z axis and
thus to the low-divergence unpolarized excitation beam,
so that the total signal is composed of equal contributions
from N-V− centers with all four different orientations. To
calculate the ensemble ODMR spectrum, the strain is first
transformed to the crystallographic frame (accounting for
the orientation of the laser-written device in the crystal)
and then rotated to the four N-V− frames (see Appendix B).
Then the spectrum for each orientation is determined by
diagonalizing the Hamiltonian and determining the transi-
tion strengths. The simulated ODMR spectrum is then a
sum,

F(ν) =
4

∑

i=1

fi(ν), (7)

where fi(ν) is the single-N-V− spectrum given by Eq. (6),
evaluated for the ith orientation of the N-V− center.

IV. ODMR SPECTRA AND STRAIN EFFECTS

In this section, we present an overview of the proper-
ties of the model and the role of various components of the
strain. To understand the impact of strain on the response
of a N-V− ensemble, we first analyze a simpler case of
a single center. The terms in Eq. (2b) proportional to Nx
and Ny induce only couplings between the |0〉 state and the
| ± 1〉 states, which are small compared to the zero-field
splitting between these states induced by the first term in
Eq. (2a). Therefore, these terms give rise to small correc-
tions in the second order of the perturbation theory and can
be neglected in the present general discussion, even though
their magnitudes may be comparable to the Mx,y terms.

A. MW-driven transitions

Neglecting the terms proportional to Nx and Ny , one can
conveniently analytically diagonalize Eq. (2) with λ(t) = 0
[44]. This yields the energies

Egs = 0, E± =
(

D + Mz ±
√

M 2
x + M 2

y

)

, (8)

as well as the corresponding eigenstates

|gs〉 = |0〉, (9a)

|±〉 = 1√
2

(±eiφstr | − 1〉 + |1〉) , (9b)

where φstr = tan−1(My/Mx) is the effective strain “vector”
in-plane angle. We see that strain at the position of the
N-V− center leads to the mixing of |±1〉 eigenstates into
their split superpositions |±〉 [Fig. 2(b)]. The Hamiltonian
written in the eigenbasis reads

H = E−|−〉〈−| + E+|+〉〈+|
+ [hλ′(t)M−|0〉〈−| + hλ′(t)M+|0〉〈+| + H.c.],

(10)

where λ′(t) = 2
3λ(t).

Using this result, we find the transition rates from
Eq. (5). Up to normalization, these can be written as

α± = 1 ± cos (2φMW + φstr)

2
, (11)

where φMW is the azimuthal angle between the N-V−-plane
MW field component and the x axis of a N-V− center.

B. Effect of strain on a single N-V− center

The two states |±〉 enable two MW-active transitions
that give rise to two lines in the ODMR spectrum at fre-
quencies ν±. In this section, we discuss how the presence
of strain in the crystal affects the properties of N-V− cen-
ters. We focus on a single center and analyze the impact of
strain on the ODMR spectrum in terms of three character-
istic features: the shift of the spectral lines, the splitting
between them, and the asymmetry (imbalance) between
them. We use the approximate model with neglected Nx,y
terms, hence Egs = 0 and the positions of the lines directly
reflect the spectrum of the N-V− center, hν± = E±.

The strain can change the overall position of the ODMR
spectral lines, adding to the zero-field splitting of the N-V−
center D. The shift can be quantified by the deviation of
the mean energy of the corresponding eigenstates [Eq. (8)]
from their strain-free zero-field position,

�ν = (ν+ + ν−)/2 − D = Mz. (12)

It depends on Mz, which is linear in axial strain compo-
nents. Hence, these components are responsible for the
overall shift of the ODMR lines.

The strain can also induce the splitting of the states |±〉,
which is expressed as

δν = (ν+ − ν−) = 2
√

M 2
x + M 2

y , (13)

and depends on Mx and My , which are functions of both
axial and shear strain components. However, note that only
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a difference of axial components is involved, which trans-
lates to pure shear strain in a 45◦-rotated coordinate frame.
Thus, this effect, in fact, depends only on shear strain.

The theoretically predicted imbalance I is defined in
analogy to Eq. (1)

I = α− − α+
α− + α+

= − cos(2φMW + φstr).

The imbalance is caused by nonzero Mx or My that enter
φstr, but in detail it depends on the in-plane MW orientation
angle φMW.

The theoretically predicted effect of strain on these three
characteristics of the ODMR spectrum is presented in
Fig. 3. In the subsequent rows of this figure, we study the
effect of three classes of strains. For each of these, we first
plot spectra for selected values of the strain amplitudes in
the leftmost column. The ODMR signal is plotted using
Eq. (6), where the strain enters the ODMR signal through
the eigenenergies [Eq. (8)] and transition rates [Eq. (11)],
which are the parameters of the double Lorentzian func-
tion. In each panel, the blue, green, and orange lines
represent the cases of positive, zero, and negative strains,
respectively. The dependence of the three characteristic
quantities (shift, splitting, and imbalance) on the magni-
tudes of the relevant strain components is then plotted in

the other three columns. The results presented are obtained
from the approximate model (Nx = Ny = 0) for φMW =
π/2, i.e., with the MW magnetic field directed along the
y axis.

To illustrate the role of various strain components, we
study the effect of three particular types of strain.

(i) Volumetric strain (first row in Fig. 3). Figure 3(a)(i)
illustrates the effect of volumetric strain, εv = Trε, on
the ODMR lines. Compressive (negative) strain shifts
the ODMR features toward higher energy (blue line),
whereas it is the opposite for tensile strain (orange line).
Figure 3(b)(i) demonstrates the linear variation of the
shift. Figure 3(c)(i) shows no spectral splitting, as there
is no shear strain and the in-plane axial strains are equal,
hence no coupling between the excited states. Obviously,
no imbalance can be found as the two transitions are
degenerate.

(ii) Pure shear strain in the yz plane (second row in
Fig. 3). Here, we assume εyz �= 0 whereas all other compo-
nents are zero. For this type of strain, the states |±〉 split,
which is manifested by the splitting of the ODMR lines in
Fig. 3(a)(ii). We plot the ODMR spectra for negative (blue
line) and positive (dashed orange line) values of εyz, and
in the absence of strain (green line). Since the magneto-
optical response depends on the magnitude of the shear
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FIG. 3. Effects of strain on a single N-V− center: (a) ODMR spectrum f (ν) for three strain values (blue line, positive strain; orange
line, negative strain; green line, no strain); (b) spectral shift �ν of the ODMR dips from the position corresponding to the zero-
field splitting (D); (c) splitting δν of the |±〉 states; (d) imbalance I of the ODMR dips. We studied three different types of strain:
(i) volumetric strain, (ii) shear strain in the yz plane in the absence of axial strains, and (iii) shear strain in the xy plane in the presence
of strain components εxx = 10 × 10−5 and εyy = −10 × 10−5 with εzz = 0.
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strain, the spectra for positive and negative εyz are identi-
cal. We do not observe any shift of the lines since there are
no axial strain components [Fig. 3(b)(ii)]. The line split-
ting varies linearly with strain [Fig. 3(c)(ii)]. Again, we do
not observe any imbalance in the spectrum [Fig. 3(d)(ii)].
The lack of asymmetry is due to the interplay of the MW
orientation and the effective strain “vector” angle (of π/2
given Mx = 0 and My �= 0). The two transitions couple to
a magnetic field directed along diagonal directions (x̂ + ŷ
and x̂ − ŷ), so for y-oriented MW chosen here they both
couple with the same strength. Note that by varying the
MW angle, we would get a full oscillation of imbalance as
I = − sin(2φMW).

(iii) Shear strain in the xy plane on top of another
in-plane shear strain contribution. Here, we apply vary-
ing εxy �= 0, with fixed εxx = −εyy = 10−4, while εzz =
εyz = εxz = 0 . In this case, the |±〉 states mix and
split, and the signal additionally exhibits an imbalance
[Figs. 3(a)(iii)–3(d)(iii)]. The nonzero in-plane diagonal
strain elements of opposite signs correspond to pure shear
strain (in a 45◦-rotated basis) and result in transitions
polarized along x̂ and ŷ so that one of them is fully col-
inear with the applied MW, and the other is dark. When
another shear strain element is introduced (εxy), the polar-
izations of transitions get rotated, resulting in varying and
unequal brightness of the two. However, we do not observe
any shift of the spectral lines since the in-plane axial
components have opposite values [Fig. 3(b)(iii)]. Lastly,
Fig. 3(d)(iii) demonstrates that we can adjust the imbalance
by tuning the shear strain component.

To provide a general understanding, we may refer to the
symmetry arguments. Originally, in the presence of three-
fold rotational symmetry, the |±1〉 states are degenerate as
they transform according to the same irreducible represen-
tation of the C3v point group [48]. They are split from the
|0〉 state due to the lack of full tetrahedral symmetry (the
z axis of the N-V− center is distinguished). Any strain that
conserves the C3v symmetry can only lead to further split-
ting between |0〉 and |±1〉, and this is what we observe
for volumetric strain. It would also be the case for axial
strains as long as the in-plane components are equal and
hence preserve symmetry. Any shear strain, also hidden
in the form of a difference of axial components in the xy
plane, breaks the rotational symmetry and, in principle,
causes the appearance of coupling between |±1〉 states,
leading to their mixing and splitting. The states become
mixed into combinations that, depending on the mixing
phase, may turn out to be (partially) bright and dark with
respect to a MW with a specific in-plane magnetic field
component. This effect is reflected in the dependence of
transition rates on the interplay of the in-plane MW and
effective strain “vector” angles in Eq. (11). Finally, if we
first split the states with one strain component and then try

to drag them through resonance with another strain com-
ponent, the levels anticross, as expected in the situation
where all the symmetries have been broken.

V. ODMR-BASED STRAIN CHARACTERIZATION

In this section, we fit the ODMR spectra collected at a
sequence of points across the waveguide structure with the
theory presented in Sec. III (using the full model includ-
ing the terms Nx,y) and extract the components of the strain
tensor across the laser-written waveguide. In the fits, we
additionally allow a linear component to remove a resid-
ual tilt in the data after removing the tilted background, as
discussed above. Fitting the data integrated over a certain
area assumes reasonable uniformity of the strain within
this area, which may be satisfied only approximately. In
fact, we characterize strain averaged over possible small-
scale fluctuations. On the other hand, our results show that
this locally averaged strain relaxes in space on a length
scale that is resolved by our experiment. We set the ODMR
linewidth to γ = 2.5 MHz, which minimizes the over-
all least-squares residuals over the full set of fitted data
series. This linewidth is consistent with the inhomoge-
neous dephasing time T∗

2 measured on the same sample
[19]. We allow the zero-field splitting to be a free fitting
parameter, even though, in principle, it is a material con-
stant. This choice consistently improves the fitting results
and can be justified in two ways. First, the translational
symmetry is only an approximation given some unavoid-
able inhomogeneity of the laser-modified regions. A cor-
rection to the value of D allows us to account for a residual
volumetric strain that may appear due to this inhomo-
geneity. Second, the material parameters may vary slightly
due to high doping and laser writing. As we show in the
following, the obtained variation of D is very small and
remarkably systematic across the waveguide. The value of
the parameter D obtained in this way from the fitting will
be referred to as the effective zero-field splitting.

An exemplary fit to an ODMR spectrum measured
inside the waveguide [the same as in Fig. 1(c)] is shown
in Fig. 4 (green line). From the fitting, we extract the
strain components, εTT = −103.9 × 10−5, εVV = −27.1 ×
10−5, εTV = ±8.4 × 10−5 (the results are insensitive to the
sign of shear strain), and D = 2.86670 ± 0.00014 GHz.
Repeating the fitting with Nx,y set to zero yields values that
differ from the original ones relatively by at most 10−3,
which confirms the validity of the simplified model used
in the discussion of Sec. IV. In Fig. 4, we also show the
decomposition of the total ODMR signal into the contri-
butions from the four N-V− orientations. We find that they
divide into two pairs that shift and split differently, as could
be expected on the basis of symmetry considerations.

In the same way, we fit the model to ODMR spectra col-
lected from different positions across the waveguide, along
the path shown as the red line in Fig. 1(b), and extract the
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FIG. 4. Fitting the double-dip, asymmetric ensemble ODMR
spectrum data (points) with our model at position 2.49 µm.
We extract the strain values from the fitting (green line): εTT =
−103.9 × 10−5, εVV = −27.1 × 10−5, εTV = ±8.4 × 10−5, and
D = 2.86670 ± 0.00014 GHz (the uncertainty represents the fit-
ting uncertainty as given by the least squares procedure). With
these strains, we simulate the individual N-V− ODMR spectra
(orange, red, black, and blue lines), observing that strain enters
differently for different N-V−, resulting in the overall spectrum
having two dips and being asymmetric.

three strain components expressed in the laboratory frame
and the effective zero-field splitting parameter. All the fits,
as well as the initial and final values of the fitting param-
eters, are given in the Supplemental Material [41]. The
upper panel in Fig. 5 shows the three strain components
extracted from the fitting and plotted across the waveguide.
We exclude the laser-modified regions where the signal
is weak because of a low density of N-V− centers, and
our model does not apply because of a different material
structure and thus qualitatively different magneto-optical
response (see Appendix A). The shaded regions show
the range of the fitting values obtained with the assumed
linewidths γ ranging from 2.1 to 2.9 MHz, showing weak
dependence of the fitting results on this parameter. The
solid line corresponds to γ = 2.5 MHz, for which the sum
of residuals of the points inside the waveguide region is
minimal. The strain within the waveguide is dominated by
the transverse strain component (orange curve, εTT), which
is compressive both inside and outside of the waveguide.
The green curve represents the vertical strain component
(εVV) which is also compressive. The blue curve represents
the shear strain component (|εTV|), for which we show
absolute values, as ODMR spectra are insensitive to its
sign. This strain component inside the waveguide shows
larger uncertainty related to the selected value of γ . We
also observe a small variation of the effective zero-field
splitting parameter D across the waveguide, as shown in
the lower panel in Fig. 5. The relative magnitude of this
variation is on the order of 10−3. Moreover, within the
waveguide, this variation is remarkably systematic, with
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FIG. 5. Fitting results. The upper plot shows strain profiles
across the waveguide. The orange curve shows the transverse
strain component εTT, which is compressive. The shaded region
represents the uncertainty due to the Lorentzian dip width (γ ).
The green curve shows the vertical strain component εVV, which
is also compressive. The blue curve shows the shear strain com-
ponent εTV, which is insensitive to its sign; therefore, we plotted
its absolute value. Shear strain in the waveguide region shows
a strong dependence on γ . The lower plot shows the effective
zero-field splitting of a single N-V− center slightly deviates from
2.870 GHz across the waveguide. This variation is systematic
inside the waveguide.

an increase toward the modified regions, suggesting a real
physical effect behind this parameter change.

Outside the waveguide, the fitting results show more
fluctuations and some asymmetry between the two sides
of the structure. This may indicate that the results are more
uncertain than indicated by the error bars in Fig. 5. Indeed,
the uncertainty shown here by the error bars is just the tech-
nical error of the fitting. The uncertainty of the obtained
results is much higher due to the weak signal outside of the
structure and can be estimated by comparing the results to
the left and to the right of the waveguide structure, which
should be symmetric in principle. Note that this imper-
fect symmetry is consistent with the inhomogeneity of the
system manifested in the PL map in Fig. 1(b).

Our results are comparable to the previously reported
stress tensor components studied using polarized micro-
Raman spectroscopy [22] (see Appendix C). In both cases,
the transverse stress component at the center of the waveg-
uide is compressive with values in the range of 1.05–1.15
GPa. The two structures differ in their crystallographic
orientations, defect densities, manufacturing details, and
signal collection volumes, which precludes direct compar-
ison of the results. In addition, our model includes shear
strain or stress components, which was not considered in
that earlier work.
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VI. CONCLUSIONS

We have fabricated linear waveguide structures in dia-
mond with a high density of N-V− centers and performed
a systematic characterization with wide-field ODMR at
different positions across a waveguide. We have found
the zero-field ODMR spectra to be consistently split and
asymmetric. The Lorentzian character of collected signals
suggests that the observed features are not due to averaging
over an ensemble subject to an inhomogeneous environ-
ment but rather due to a strain field close to uniform in
the probed volume. This allowed us to formulate a model
for the optical response of an MW-driven ensemble of dif-
ferently oriented N-V− centers in which individual strain
tensor components can be treated as fitting parameters.

To gain a general qualitative understanding of the effects
of strain on ODMR spectra, we first simulated a single
N-V− center with a fixed MW magnetic field orienta-
tion and demonstrated that the asymmetry of the spec-
tra can be controlled by adjusting specific strain values
and interpreted in terms of rotational symmetry breaking.
Next, we utilized the model and the collected ODMR sig-
nals to determine the strain profile induced in the crystal
during the laser writing of the waveguide structure. We
found a dominant compressive axial strain in the direction
transverse to the waveguide structure and weaker vertical
and shear strain components. Thus, we have proposed a
method for the full spatial characterization of the strain ten-
sor in highly symmetric waveguides that does not require
using a magnetic field. While we have demonstrated its
operation by mapping strain across a specific structure, the
method is applicable to other systems.

Our findings show that N-V−-rich laser-written waveg-
uide structures that provide strong optical response can
be fully characterized in terms of built-in strain using
the commonly used technique of zero-field ODMR. Such
feedback should allow for feasible quality control of cre-
ated structures. It should also pave the way for their
use for measuring externally applied strain and fields by
model-assisted examination of the variation in the ODMR
spectra, for which precise determination of the built-in
deformations and their effects is necessary.

Overall, our study contributes insights into the behav-
ior of N-V− centers in waveguide structures. However,
it is essential to be aware of its limitations. Our method
requires all four N-V− orientations to be uniformly repre-
sented in the sampled volume and the waveguide to obey
translational symmetry. We did not account for the effects
of random electric and magnetic fields, which is justified,
however, by the dominant role of the probed structural
strain on the modeled spectra. Nonetheless, further work to
account for some of those effects may be valuable. It is also
crucial to investigate how far one can go in increasing the
spatial resolution of this method, which means reducing
the size of the sampled ensemble.

The raw data, as well as the pre-processed data used in
the fitting, are provided as a publicly available dataset [42].
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APPENDIX A: ODMR SPECTRA IN THE
LASER-MODIFIED REGION

As mentioned in the main text, the ODMR spectra col-
lected from the laser-modified regions are qualitatively
different from those from the unprocessed material regions
due to the difference in material structure, which allows
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FIG. 6. An exemplary ODMR spectrum collected from the
laser-modified region at the position of 8.31 µm in terms of
Fig. 1(d).
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us to determine the range of these regions based on the
ODMR data. Figure 6 shows an example of such a spec-
trum, taken at the position of approximately 8 µm. This
spectrum qualitatively differs from those taken in the
other areas [Fig. 1(c)], showing multiple features beyond
the standard magneto-optical response of a N-V−-rich
diamond sample.

APPENDIX B: TRANSFORMATION TO N-V
REFERENCE FRAMES

The strain and the MW field are parametrized by their
components in the “laboratory frame” (T, L, V) bound to
the laser-written waveguide structure. In order to simulate
the ODMR response, they need to be transformed to the
N-V reference frame for each of the four N-V orientations.
This is done in two steps.

In the first step, we account for the orientation of the
waveguide with respect to the crystallographic axes and
transform the components of the relevant vector and tensor
quantities to the crystal reference frame. Let êk, k = 1, 2, 3
be the unit vectors defining the crystallographic orienta-
tions and let

(

êk
)

α
, α = T, L, V be their components in

the laboratory frame. Then the vector and tensor com-
ponents transform from laboratory to crystal frame via a
transformation matrix S such that Sα,k = (

êk
)

α
, that is,

ε(cryst) = S†ε(lab)S, B̂
(cryst)
MW = S†B̂

(lab)

MW ,

where ε(cryst) and ε(lab) are the matrices of components of
the strain tensor in the two reference frames and B̂

(cryst)
MW

and B̂
(lab)

MW are the vectors of components of the MW field.
In our present study, the structure is oriented along the
crystallographic axes, so S is the identity matrix.

The second step is to transform to the N-V frame for
each orientation of the N-V centers, n = 1, 2, 3, and 4.
For the first orientation, n = 1, the transformation matrix
is composed of the unit vectors of the N-V reference frame,
as given in Ref. [27], as its columns,

T(1) =
⎛

⎝

−1/
√

6 1/
√

2 1/
√

3
−1/

√
6 −1/

√
2 1/

√
3√

2/3 0 1/
√

3

⎞

⎠ . (B1)

The other three transformation matrices can be constructed
by rotating this reference frame to the three remaining N-V
orientations, T(n) = R(n)T(1), where R(n) are rotation matri-
ces for rotations by π with respect to the axes X , Y, Z for
n = 2, 3, 4, respectively. This results in

T(2) =
⎛

⎝

−1/
√

6 1/
√

2 1/
√

3
1/

√
6 1/

√
2 −1/

√
3

−√
2/3 0 −1/

√
3

⎞

⎠ ,

T(3) =
⎛

⎝

1/
√

6 −1/
√

2 −1/
√

3
−1/

√
6 −1/

√
2 1/

√
3

−√
2/3 0 −1/

√
3

⎞

⎠ ,

T(4) =
⎛

⎝

1/
√

6 −1/
√

2 −1/
√

3
1/

√
6 1/

√
2 −1/

√
3√

2/3 0 1/
√

3

⎞

⎠ .

The components of the strain tensor and MW field are then
transformed to the N-V reference frames according to

ε(n) = T(n)†ε(cryst)T(n), B̂
(n)

MW = T(n)†B̂
(cryst)
MW .

APPENDIX C: STRESS PROFILE ACROSS THE
WAVEGUIDE

Upon fitting the ODMR data, we extracted the strain
profile across the waveguide as described in Sec. V. Here,
we calculate the corresponding stress profile across the
waveguide using Hook’s law. Due to the Poisson effect,
strain in the transverse direction induces stress in the axial
(longitudinal) direction. Thus, for three strain components,
there are four nonzero stress components:

σTT = C11εTT + C12εVV, (C1a)

σLL = C12εTT + C12εVV, (C1b)

σVV = C12εTT + C11εVV, (C1c)

σTV = C44εTV, (C1d)

where C11 = 1076 GPa, C12 = 125 GPa, and C44 = 576
GPa are the diamond stiffness constants [49].

Figure 7 shows the four stress components across the
waveguide calculated using Eq. (C1). The stress within

FIG. 7. Stress profiles across the waveguide. Individual stress
tensor elements plotted versus the position: transverse σTT
(orange), longitudinal σLL (purple), vertical σVV (green), and the
only nonzero shear component σTV (blue), which is insensitive to
its sign, so we plot its absolute value. Shaded regions represent
the uncertainties due to the Lorentzian width (γ ).
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the waveguide is dominated by the transverse component
(orange curve, σTT), which is compressive both inside and
outside the waveguide. The purple curve shows the longi-
tudinal stress component σLL, which is weak, compressive,
and virtually constant across the structure. The green curve
represents the vertical stress component (σVV), which is
also compressive and varies regularly within the waveg-
uide, reaching the highest magnitude in its center. The
blue curve represents the shear stress component (σTV),
for which we show absolute values, as ODMR spectra are
insensitive to its sign.
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