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Characterization of strong NV− gradient in the e-beam irradiated 
diamond sample 
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A B S T R A C T   

We report on studies of a diamond sample with a strong gradient of NV− concentration (between 4 and 36 ppm 
over 1.5 mm) created by inhomogeneous irradiation with an electron beam. The sample was characterized by 
spatially resolved luminescence and ODMR spectra and spatial distributions of NV− concentration, strain split-
ting, and relaxation times T1, T2. Such inhomogeneous sample may find applications in designing optimum 
conditions for numerous applications in spectroscopy and sensorics.   

1. Introduction 

The optical and spin properties of negatively charged nitrogen- 
vacancy NV color centers in diamond make them excellent candidates 
for sensing of magnetic [1,30] and electric [7] fields. They constitute 
also an attractive material for many applications like fluorescence 
markers for biological systems [16,20], preparation and handling of 
qubits that can be optically initialized and read out [23,31], and many 
others [12]. 

For sensoric applications of NV− ensembles it is possible to increase 
the sensitivity like 

̅̅̅̅̅̅̅̅̅
NNV

√
(NV being the number of NVs) by increasing 

the density of NV− centers, which can be achieved by appropriate ion 
implantation and/or annealing of the sample. The resulting sensitivity 
improvement is, however, not unlimited because of the adverse effect of 
relaxation processes and deterioration of the optical properties of the 
sample which occur when working with very dense samples (from a few 
ppm upwards) [19,30]. Various specific relaxation processes play 
different roles in the spin dynamics of NV color centers. Most relevant 
are the longitudinal (or population) relaxation time T1, the transverse 
(or coherence) relaxation time T2, and the dephasing transverse relax-
ation time T2*. In NV ensembles, the general relation between the 
relaxation times is T1 ≫ T2 ≫ T2*. In general, T2* appears to be the main 
sensitivity limitation in sensing of electric/magnetic fields and temper-
ature based on optically detected magnetic resonance (ODMR). While 
various methods have been developed for alleviating this limitation, like 
the dynamic decoupling enabling to reach the situation when T2* ≈ T2 
≈ T1 [9], T1 is the ultimate sensitivity limit. T1 determines also the 
population dynamics of NV spin states. Sound knowledge of the 

relaxation properties of a given sample is thus an important condition 
for preparation of a good sample for a specific application and motivates 
the detailed study of this matter. 

Finding a good compromise between all competing mechanisms and 
selection of the optimal NV− concentrations generally requires many 
tedious trials with different samples to find the most appropriate one, 
providing a good balance between all factors. Typically, samples for 
sensoric applications are selected with a good spatial homogeneity of the 
NV distribution. In this work, we present a different strategy - instead of 
using many homogeneous samples to find the optimal one, we use one 
sample showing a strong gradient of NV concentration (between 4 and 
36 parts per million (ppm) over 1.5 mm, i.e. 21 ppm/mm). In this way, 
we can quickly select the relevant parameters to meet the criteria most 
appropriate for specific applications, so that preparation of the target 
sample with suitable properties becomes easier. In a similar way, one 
can characterize samples prepared by irradiation with other particles, e. 
g. nitrogen ions [22]. 

For such a sample with a strong NV− gradient, we carry out detailed 
spatially-resolved measurements of its photoluminescence and ODMR 
spectra and determine the spatial relationships of the parameters which 
are crucial for applications, like the NV distribution, fluorescence in-
tensity, strain splitting, as well as the relaxation times: the longitudinal 
T1, the transverse T2. These parameters determine the main physical 
properties of the NV center in diamond associated with the 3A2 elec-
tronic state with the spin Hamiltonian given by: 

H = DS2
z +E

(
S2

x + S2
y

)
− gsμB B→⋅ S→, (1) 
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where DSz
2 is the zero-field splitting, E(Sx

2 + Sy
2) is the transverse zero- 

field splitting factor with E being the strain parameter, and gsμB B→⋅ S→

represents the Zeeman splitting in external magnetic field B. The strain 
parameter can be observed as a small splitting 2E in the ODMR signal at 
zero magnetic field B = 0 (Fig. 4). Spatially-resolved characterization of 
the main parameters of the sample presented in this paper enables 
obtaining a kind of reference that facilitates the selection of the optimal 
parameters for the desired specific applications. 

2. Experiment 

2.1. Sample 

In our measurements, we used a bulk diamond (3.12 × 3.10 × 0.60 
mm3 in size) from Element 6, synthesized in a high-pressure-high- 
temperature (HPHT) process. Two largest surfaces are polished and 
oriented along the (100) crystallographic surface. Initially, before its 
exposure to electrons and annealing, the sample appeared relatively 
homogeneous and yellow-colored, which marked high initial concen-
tration of nitrogen. The sample was irradiated using 3.0 MeV electrons 
(e− ) from a Van de Graaf generator. As reported in [5], the range of 3 
MeV electrons in diamond is above 5 mm. That means most of electrons 
pass through the diamond plate (0.6 mm thickness) without creating a 
single vacancy and only one in a few electrons scatters once within the 
diamond (creating a vacancy) in a random place along its trajectory 
[1,15,26]. Thermal contact with a water-cooled copper target was used 
to keep the temperature of the samples below 150 ◦C during the irra-
diation process in order to reduce the vacancy-carbon recombination 
[24]. A large oval area on the sample was uniformly irradiated with a 
fluence of 1019 cm− 2 but outside that area the dose gradually decreased 
due to the finite focus size. After irradiation, the sample was annealed 
for 4 h in a vacuum at about 750 ◦C, which are typical conditions to 
increase the diffusion of vacancies and stimulate the formation of NV 
centers in samples with high nitrogen content [1,10]. The nitrogen 
content was measured before and after implantation. It was found to be 
initially around 380 ppm while after irradiation and annealing it low-
ered from 160 to 280 ppm measured at various points using Fourier 
Transformed Infrared Spectroscopy (FTIR) [1,6]. 

The irradiation dose was chosen such that the resulting vacancy 
concentrations were about two orders of magnitude above the initial 
nitrogen concentration. For irradiation temperatures around 150 ◦C, the 
rate of vacancy production for 3 MeV electrons throughout millimeter- 
thick samples was determined experimentally to be about 2 va-
cancies/e− /cm in Ref. [5,24]. The inhomogenous irradiation electron 
flux created strongly inhomogeneous distribution of NVs in the sample 
which is well visible with naked eye Fig. 1. 

2.2. Measurements 

Measurements were performed using a confocal microscope 
arrangement shown schematically in Fig. 2(a). A microscope objective 
(Olympus UPLFLN 40×, NA = 0.75) was used for focusing the 532 nm 
beam (Sprout-H) as well as for fluorescence light collection within about 
(12 μm)3 volume. A dichroic mirror (Thorlabs DMLP567), long-pass 
filter (Thorlabs FEL0600), and avalanche photodiode (Thorlabs 
APD130A) allow for the detection of light with a wavelength in the 
range of approximately 600–850 nm. The laser light exciting the sample 
may be switched on and off with an acousto-optic modulator (AA Op-
toElectronic MT200-A0.5-VIS). The fluorescence signal is then pro-
cessed by a computer connected to all relevant devices of the 
experiment. Photoluminescence spectra were recorded using a confocal 
Raman microscope (WITec Alpha 300). Moving the sample with a 
motorized translation stage enabled, in principle, 3D mapping of the 
whole sample, but in this proof of the principle work we recorded the 
sample's fluorescence with spatial resolution along x axis only. 

For measurements of the longitudinal and transverse relaxation 
times, a microwave (MW) of the frequency around 2.88 GHz from a 
generator (WFT SynthHD) was fed through a high-power amplifier 
(Mini-Circuits ZHL-16W-43+) and delivered to a loop-gap type antenna 
structure on a printed circuit board. The antenna structure is described 
in reference [32]. The sample on coverslips was placed directly on the 
board of the antenna. For the T1 and T2 measurements, the MW power 
was delivered in the form of pulses produced and controlled by a pro-
grammable pulse generator (Swabian Instruments Pulse Streamer 8/2), 
whereas T2 was measured with the help of the Hahn spin-echo [11]. The 
measurement of the inhomogeneous relaxation time T2* comes from the 
measurement of the resonance width (FWHM) by fitting a Gaussian 
curve. For such dense samples, it is very difficult to measure T2* with the 
Ramsey fringe technique [25,28]. Our measurements show that the 
value of T2* does not vary with the irradiation dose by more than 5%. 
The length of the microwave π pulses was 100 ns and the laser power 
was 1 mW. 

3. Results 

3.1. Fluorescence measurements 

Fig. 3(a) shows the photoluminescence spectra taken at six locations 
along x axis marked in Fig. 1. The arrow in the main panel indicates 
position of the Zero Phonon Line (ZPL) for the NV− color center at 637 
nm. When scanning the detection spot across the sample from x = 0, the 
amplitude of the ZPL reflects the gradient of NV concentration along x: it 
rises and saturates at x ≈ 1.5 mm. The characteristic Raman signal of 
diamond, visible in the magnified inset at 571.6 nm (1332 cm− 1), is 
much weaker relative to the NV fluorescence [6,18,22]. At highest 
concentrations of NV centers it becomes hindered, which we attribute 
mainly to the overwhelming contribution of the NV fluorescence, in 
particular the NV0 signal around its ZPL peak at 575.5 nm. 

To get a quantitative estimate of the NV− concentrations at different 
positions on the sample, we compared the local fluorescence intensity 

Fig. 1. Fluorescence image of the investigated sample. The sample has been 
characterized by performing optical and ODMR measurements by scanning the 
laser and detection focus across the whole sample along the green line (co-
ordinates x correspond to the data in Fig. 3(a)). The visible dark area reflects 
inhomogeneity of the NV− distribution created by the irradiation beam. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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with the calibrated reference sample (Element 6, HPHT, irradiated with 
e-beam) with the well-known NV concentration of 20 ppm [13,14,17]. 
For such estimation we assumed that the fluorescence intensity is pro-
portional to the NV concentration. Based on this assumption, well 
verified for not-too-high densities [13,14,17], we could easily and reli-
ably associate a given spot of the sample with the local NV density. Fig. 3 
(b) shows the fluorescence intensity emitted within the 600–850 nm 
range as a function of x in Fig. 1. Since in the range of x from 0 to 1.5 mm 
the observed dependence on x is nearly linear, we approximate it by a 
straight line and correspondingly associate with a linear x-dependence 
of the local NV− concentration. The described linear approximation 
simplifies the estimation of the concentration. In any more complicated 
situation, it is possible to use any other function (or a tabulated non- 
analytical dependence) to relate the measured fluorescence intensity 
to a given position on the sample. The right vertical scale in Fig. 3(b) 
links the estimated local NV− concentration with values between 4 and 
36 ppm with a constant gradient of 21 ppm/mm. No error bars are given 
here, as the main error is systematic and stems from the above described 
uncertainty of calibration on the reference sample which conservatively, 
we estimate it to be about a factor of two. 

3.2. ODMR measurements 

In addition to fluorescence measurements, we have performed also 
ODMR studies on the investigated sample. Fig. 3(c) presents the contrast 
level of ODMR versus position on the sample and its decrease with the 

Fig. 2. Schematics of the measurement setup: (a) the confocal setup. The op-
tical and microwave pulse sequence used for T1 (b) and T2 (c) measurements. 
The upper (green) rectangles mark the optical excitation whereas the lower 
(blue) ones represent the MW pulse. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 3. (a) Photoluminescence spectra collected in six locations for 532 nm 
excitation. The arrow represents the peak of the Zero Phonone Line (ZPL) for 
the negative nitrogen-vacancy color center 637 nm (3132 cm− 1). The inset 
shows a close-up of the range from 569.9 to 579.8 nm (1250–1550 cm− 1). The 
arrow represents the peak of the Zero Phonon Line (ZPL) for the neutral 
nitrogen-vacancy color center 575.5 nm (1428 cm− 1), for small concentrations, 
the diamond's Raman peak is also visible 571.6 nm (1332 cm− 1). (b) The 
fluorescence intensity (left scale) and the estimated NV concentration (right 
scale) versus position on the sample. The red line shows the linear fit used for 
the estimation of NV concentration; (c) ODMR contrast level versus position on 
the sample. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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rise of the NV concentration. The authors of [18] observed similar 
dependence and developed a model taking into account the lattice 
swelling due to interstitial carbon atoms to explain the evolution of 
ODMR spectra at elevated NV− densities. Our results agree with this 
model. 

In Fig. 4(a) we depicted a typical ODMR line shape observed in zero 
magnetic field at x = 0.99 mm, which exhibits a distinct strain splitting 
2E defined in Eq. (1). We have estimated E for each point by fitting two 
Lorenz functions to the ODMR signal and plotted it in Fig. 4(b) as a 
function of x, i.e. the estimated local concentration. The dependence 
observed in the range 0–1.5 mm corresponding to 4 to 36 ppm is linear 
with the slope 2E(NV) = (0.259 ± 0.003) * (NVnumber) [MHz/ppm*ppm] 
(the fit does not include the uncertainty of the estimation of the NV 
concentration). The strain splitting increases with the concentration 
[27]. 

3.3. Relaxation times 

Our measurements of relaxation times were conducted in the setup 
presented in Fig. 2(a). For the measurement of the longitudinal relaxa-
tion, T1 time, we used the relaxation in dark method, described, e.g. in 
[13,21], with the timing of light and MW fields such as shown in Fig. 2 
(b). The exponential decay of the sample's fluorescence following MW π 

pulse was measured with a common mode rejection technique, i.e. by 
taking the difference of fluorescence intensities recorded with and 
without the MW pulse. The measurements were made at zero magnetic 
field B = 0 and at B = 22 G directed along the crystallographic direction 
[111]. 

In Fig. 5 we present relaxation rates Γ1 = 1/T1, Γ2 = 1/T2 obtained in 
our experiment as functions of the position on the sample that are 
related with given concentrations of NV− . Fig. 5(a) demonstrates that as 
the NV− concentration increases, the spin-lattice relaxation rate Γ1 is 
reduced. Γ1 depends also on the external magnetic field: the rates for B 
= 22 G (black points) are lower that for B = 0 (red points) which we 
interpret as cross-relaxation caused by the dipole-dipole interaction 
[21]. The data for B = 22 G were fitted with a linear function in the 
range of x from 0 to 1.3 mm (4 to 36 ppm) Γ1(NV) = (53.9 ± 2.3) * 
(NVnumber) [ppm/s*1/ppm]. 

Application of the experiment timing presented in Fig. 2(c) enables 
measurements of transverse relaxation times T2 with the help of the 

Fig. 4. (a) ODMR signal in zero magnetic field for position x = 0.99 mm. (b) 
Strain splitting 2E plotted as a function of the position on the sample, and the 
NV concentration, based on the linear dependence is shown in Fig. 3(c). 

Fig. 5. The relaxation rates as functions of the position on the sample and 
estimated NV concentration in magnetic field B = 0 (red points) and B = 22 G 
(black points). For B = 22 G, the relaxation rates are fitted with a linear 
dependence. (a) The longitudinal relaxation rate Γ1 = 1/T1 follows a linear 
dependence on NV concentration with a slope of 53.9 ± 2.3 ppm− 1 s− 1. (b) The 
transverse relaxation rates Γ2 = 1/T2 follow linear dependence on NV− con-
centration with a slope of 0.04 ± 0.02 ppm− 1 μs− 1. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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Hahn echo, which were performed in magnetic fields B = 0 and B = 22 G 
in the [111] direction (Fig. 5(b)). We fit the experimentally determined 
Γ2(NV) dependence with the function: 

Γ2(NV) ≈ Γ2NV− NV ⋅(NVnumber)+Γ2,other, (2)  

where NV is the concentration of NV− centers, Γ2NV− NV is the coefficient 
representing the decoherence effect of the NV-NV interaction, while Γ2, 

other, represents the contribution of decoherence mechanisms indepen-
dent of nitrogen. The fit yields Γ2NV− NV equal to (0.04 ± 0.02) ppm− 1 

μs− 1. This T2 bound is well below the observed limit set by the NV 
electronic spin lattice relaxation time T1 [2]. 

3.4. Magnetometric sensitivity 

The sensitivity of a magnetometer to DC magnetic fields can be 
determined by the ODMR linewidth Γ, its contrast and fluorescence 
count rate of the Zeeman shifted ODMR resonance curve [3,8]: 

η =
4

3
̅̅̅
3

√
h

gNV μB

Γ
C

̅̅̅̅
N

√ , (3)  

where Γ and C are the ODMR linewidth and contrast, respectively, g =
2.0028 is the g-factor of the NV center, μB is the Bohr magneton, and h is 
the Planck constant, and N is photon-detection rate (the prefactor 4/
(
3

̅̅̅
3

√ )
originates from the steepest slope of the resonance line shape 

when assuming a Lorentzian resonance profile). 
Fig. 6 illustrates how the measured magnetic sensitivity changes with 

the estimated NV− concentration. It can be seen that as the concentra-
tion of NV− increases, the magnetic sensitivity deteriorates (almost 3 
times). This is caused by the inhomogeneous broadening of the ODMR 
resonance curve and a corresponding decrease of its contrast, which 
outweighs the amplitude of the collected signal. 

4. Conclusions 

This work presented results of our experimental characterization of a 
diamond sample with a strong gradient of NV- concentration created by 
irradiation with an inhomogeneous electron beam. The sample was 
characterized by spatially resolved luminescence and ODMR spectra. 
Assuming that the fluorescence intensity is proportional to the NV 
concentration and using a calibrated reference diamond sample, we 
have estimated the local NV− concentration and its distribution within 
the sample. 

Thanks to the ability to determine spatial distributions of the strain 
splitting (2E) and the longitudinal and transverse relaxation rates Γ1 =

1/T1, Γ2 = 1/T2 in the sample. We found that the strain parameter 
presents the linear dependence of the NV− concentration. Increasing the 
strain increases the inhomogeneous width which translates into a 
change in the relaxation rates. The measurements of the Γ1, Γ2 relaxa-
tion rates demonstrated a linear dependence on the concentration of 
NV− . The interplay between strain and relaxation has been already 
studied for single NV centers [7] and ensembles [27]. The described 
observations are also consistent with the earlier results which confirm 
that it is the dipole-dipole interaction that mainly drives the NV relax-
ation at high densities [4,14,21,29]. 

Most diamond samples (except those with very high NV density) 
have comparable room temperature T1 (3 ms at zero magnetic field and 
6 ms in non-zero magnetic field [21]) because phonon-induced decay 
dominates. The distinct difference between the relaxation times at zero 
and nonzero magnetic fields comes from the cross-relaxation from the 
dipole-dipole interaction, which for Γ2 appears to be more efficient than 
for Γ1. 

The performed measurements of the relaxation rates enabled also 
spatially resolved determination of the magnetometric sensitivity for 
different spots within the inhomogeneous sample, which showed that 

the magnetic sensitivity is worse for the points with high concentration 
of NV-. These results are comparable with the literature values for 
similar nitrogen-rich diamond samples. The presented results can serve 
as a kind of reference/standard that may facilitate the selection of 
optimal parameters for the desired specific applications. Such inhomo-
geneous sample may find applications in designing optimum conditions 
for numerous applications in spectroscopy and sensorics. 
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Revising the manuscript critically for important intellectual content: 
A.M. Wojciechowski, W. Gawlik 
Approval of the version of the manuscript to be published: M. 
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