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This work reports direct 94 GHz ENDOR spectroscopy of the 14N nuclei in the NV� centre in single-crystal
diamond. Roadmaps of ENDOR frequencies were measured and hyperfine/quadrupole interaction param-
eters were obtained, with AX,Y = �2.7 MHz, AZ = �2.2 MHz and P = �4.8 MHz. The sign and value of each
parameter was calculated using spin Hamiltonian matrix diagonalization, first and second order pertur-
bation theory and confirmed experimentally. Magnetic field magnitude was measured by 13C ENDOR sig-
nal with 0.02% precision or 0.5 mT. The orientation of quadrupole, hyperfine and fine structure tensors
are the same within error of experiment, g-factor is isotropic.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

The study of NV� centres has a long story from 1960-ies, firstly
started from the optical characterisation [1] and then proceeds by
EPR spectroscopy. Comparative analysis of the optical transitions
and EPR lines was provided as early as 1970 in the work of Wyk
[2], but correct interpretation of observed light-induced behaviour
was done by [3], and relevant energy level scheme was proposed.
The next major insight into the study of NV enters was made in
the pioneering work [4] of the single-spin spectroscopy via NV cen-
tres. From that time, in the middle of 90-s, the NV centres was tried
in many applications e.g. towards nanoscale system [5] as a highly
efficient probe or qubit system [6]. Nowadays single nuclear spin
spectroscopy was demonstrated even at room temperature [7,8]
by means of coupling nuclear spin to the NV� electronic spin,
which is used to read-out nuclear spin state. The same recipe is
used to prepare quantum qubit state using NV� centre in diamond
[9]. Therefore, to be reliable probe (or a qubit component) NV�

centre magnetic parameters, especially hyperfine and quadrupole
tensors, have to be determined precisely. There are well-spread
values of these spectroscopic parameters that are used routinely
[10] in literature, but we haven’t found a single work that determi-
nes A and P (hyperfine and quadrupole, correspondingly) on the
solid basis of angle-dependent ENDOR spectroscopy. Moreover,
there is a disagreement on the value and especially sign of A and
P parameters. Thus, authors decided to fill this gap and provide
results of their spectroscopic investigation of NV� centre in partic-
ular commercial diamond by high-frequency ENDOR.
2. Materials and methods

Sample for the study was as used in work [11]. A micron-sized
(of about 250 lm) diamond single crystal was fabricated commer-
cially by Element Six using HPHT (high pressure high temperature)
synthesis. The initial concentration of the nitrogen impurities in
the sample was estimated to be of �5 ⁄ 1018 cm�3. The crystal
was subjected to electron irradiation (�2 MeV) with the flux den-
sity of � 1018 cm�2 followed by annealing in the hydrogen atmo-
sphere at T = 800 �C for 2 h.

The experimental work of the paper was done on the Bruker
Elexsys E680 machine operating at 94 GHz in the pulsed regime.
Pulsed ENDOR, recorded byMims pulse sequence is easier to imple-
ment and detect compared to the CW ENDOR (although there is a
beautiful CW ENDOR study of P1 centre in diamond [12]), because
the relaxation times (that usually have to be balanced with each
other and temperature of the experiment) are directly involved to
theMims pulse sequence; in addition, high-frequency ENDOR spec-
trum has large frequency span and is easier to interpret. Field-
swept EPR spectra were acquired using two-pulse Hahn echo
sequence p/2–s–p with p/2 pulse of 48 ns and s = 280 ns. ENDOR
spectra were measured by Mims pulse sequence p/2–s–p/2–T–
p/2 with p/2 pulse of 48 ns (if other value is not mentioned) and
s = 280 ns and RF pulse of 150 ls inserted in the time interval T
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Fig. 1. (a) EPR roadmap of two NV� transitions and (b) corresponding ENDOR
frequencies. Solid and dashed lines on both figures represent simulated roadmap,
scattered points represent experimental roadmap. The additional numbers from
1h, l to 4h, l denote ENDOR frequencies that were measured near to B||h111i
orientation. These ENDOR frequencies will be considered further during the
hyperfine parameters sign determination (Fig. 2) and energy level scheme
discussion (Fig. 3). Note that EPR transitions presented here correspond to only
one of the four possible crystallographic types of NV centre.

Table 1
Hyperfine A and quadruple P interaction parameters.

Reference AX,Y (MHz) AZ (MHz) P (MHz)

This work �2.7 ± 0.1 �2.2 ± 0.1 �4.8 ± 0.1
Loubser and Wyk [2] – +2.32 ± 0.01 –
Manson et al. [17] �2.3 �2.3 ± 0.1 �5.1 ± 0.1
He et al. [18] +2.30 ± 0.02 +2.10 ± 0.02 �5.04 ± 0.05
Smeltzer et al. [19] �2.162 ± 0.002 �2.162 ± 0.002 �4.945 ± 0.005
Felton et al. [20] �2.70 ± 0.07 �2.14 ± 0.07 �5.01 ± 0.06
Steiner et al. [21] �2.3 �2.3 5.1 ± 0.1
Shin et al. [22] +2.1 +2.3 �5.04
Chen et al. [23] �2.162 ± 0.002 �2.62 ± 0.05 �4.945 ± 0.005
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between second and third microwave pulses. Angular-dependent
measurements were done using uniaxial goniometer with step pre-
cision of 0.3 degrees.

Experiments were carried out at 300 K in the dark or under con-
tinuous illumination with 640 nm laser of 40 mW emitting power.
Light was reaching the sample trough the fibre, incident laser
power on the sample surface was estimated to about 400 lW
(although reflections from the inner microwave cavity surfaces
and tube walls are not taken into account). There was no detect-
able difference in the EPR or ENDOR line position or shape between
the dark and illuminated type of experiment (see Fig. SI4 in sup-
porting material for details). Therefore, most of the experiments
were done under continuous illumination.

Modelling of the EPR and ENDOR line position was carried out
with EasySpin package for Matlab [13].

3. Results and discussion

First of all, let us discuss illumination of the sample with laser
light. An unusual choice of laser wavelength of 640 nm instead of
a commonly used 532 nm is explained, most probably, by the ZPL
(zero-phonon line) shift towards 640 nm at room and above tem-
peratures. That was recently shown by PL (photoluminescence)
measurements [14]. The use of laser illumination is to create a
spin-polarised ground state and enhance EPR and ENDOR signals.
In our case, the light-induced EPR spectra under 640 nm were six
times larger in magnitude compared to the dark experiment (in
the B||h111i orientation) and two times compared to 532 nm illu-
mination. Since illumination of the sample with certain wavelength
leads to enhanced EPR signal intensity, almost all measurements
were conducted under the illumination with continuous laser light.
However in order to check whether the lineshape or position (both
EPR and ENDOR) is not affected by the light, some control experi-
ments were carried out in the dark. There were no detectable
changes in line position and shape, as mentioned above, and one
could observe confirmation on Fig. SI4.

Spin Hamiltonian of NV� system is axially-symmetric, elec-
tronic spin S = 1, and nuclear spin I of 14N is also 1. In the assump-
tion of anisotropic hyperfine interaction parameter A and axial
quadrupole interaction P spin Hamiltonian is presented in Eq. (1)

H ¼ gbBSþ D S2Z �
1
3
SðSþ 1Þ

� �
� gNbNBIþ AkSZIZ

þ A?ðSXIX þ SY IYÞ þ P I2Z �
1
3
IðI þ 1Þ

� �
: ð1Þ

Angular dependence of EPR and ENDOR line position are pre-
sented in Fig. 1a and b correspondingly. We did not present a full
angular variation of NV defect EPR lines (could be found elsewhere,
e.g. in [15] or in supporting information to this article, see Fig. SI1)
but only of the pair of lines that approach h111i axis closer than
others, i.e. only one of the four possible crystallographic orienta-
tion of NV defect in diamond. The degree of closeness is estimated
from the line splitting which at extreme was calculated to be
200.5 mT, i.e. within a few degrees from the true B||h111i orienta-
tion. The difference between measured splitting and splitting
determined by actual D parameter (approx. 205.5 mT) leads to
7.3(3) degree of misalignment, which introduce the 0.1 MHz error
to the hyperfine and quadrupole parameters. The absolute field
measurements precision was 0.5 mT, as will be stated further in
the text. We therefore will not return to the discussion of the cor-
rect orientation of the sample and accept the condition we
achieved as B||h111i, because the more precise placement of such
a small sample within the W-band tube seems to be impractical in
current work. In addition, recent publication on the high-frequency
ODMR study of NV centres in diamond reported the same degree of
magnetic field alignment precision [16].
In order to extract spin-Hamiltonian parameters of hyperfine
interaction, the mathematical modelling of the experimental EPR
transition fields and ENDOR transition frequencies using full
matrix diagonalization of spin Hamiltonian from Eq. (1) was car-
ried out. From the modelling procedure we determined that
giso = 2.0028(1), D = 2.87(1) GHz, AX,Y = �2.7(1) MHz, AZ = �2.2(1)
MHz and P = �4.8(1) MHz. The quadrupole parameter P equals
to 3/2PZ and quadrupole interaction tensor component are
PX = PY = 1.6 MHz, PZ = �3.2 MHz, and e2Qq=h ¼ �6:4 MHz. D, A
and P tensors were considered to be collinear.

The D value and sign are well known and are in agreement with
data from known literature but the hyperfine and especially quad-
rupole magnitude and sign diverge significantly from the reported
previously (see Table 1). Let us see how these parameters were
determined and confirmed experimentally. The purpose of group



Fig. 2. (a) Single EPR line of the NV centre in B||h111i orientation and (b) corresponding ENDOR spectra. Arrows and numbers on the (a) denote field position at which ENDOR
spectra (b) were measured.
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of Eq. (2) and Fig. 2 is to illustrate how the sign determination was
done in this work experimentally. This set of equations represents
a little bit simplified but transparent approximation on the ENDOR
frequencies will tell us the sign of hyperfine interaction of unpaired
electron and 14N nuclei of the NV� system. The second-order cor-
rections due to axial hyperfine interaction A are less than 0.1 kHz
and considered irrelevant. Please note that Eqs. (2a) and (2b) are
written for B||h111i only. Therefore, first-order approximation
there are eight distinct ENDOR frequencies listed below (Eq. 2a
and 2b hereafter):

In the Ms = 0 to Ms = 1 EPR transition (low field transition,
because D is positive):

f 1 ¼ 1
h
½Eð1;�1Þ � Eð1;0Þ� ¼ f lowfield

larmor � Aþ P; ð2aÞ

f 2 ¼ 1
h
½Eð1;0Þ � Eð1;1Þ� ¼ f lowfield

larmor � A� P;

f 3 ¼ 1
h
½Eð0;�1Þ � Eð0;0Þ� ¼ f lowfield

larmor þ P;

f 4 ¼ 1
h
½Eð0;0Þ � Eð0;1Þ� ¼ f lowfield

larmor � P:

In the Ms = �1 to Ms = 0 EPR transition (high field transition):

f 5 ¼ 1
h
½Eð0;�1Þ � Eð0;0Þ� ¼ f highfieldlarmor þ P;

f 6 ¼ 1
h
½Eð0;0Þ � Eð0;1Þ� ¼ f highfieldlarmor � P;

f 7 ¼ 1
h
½Eð�1;�1Þ � Eð�1;0Þ� ¼ f highfieldlarmor þ Aþ P;

f 8 ¼ 1
h
½Eð�1;0Þ � Eð�1;1Þ� ¼ f highfieldlarmor þ A� P: ð2bÞ

Therefore, if A is positive, the highest ENDOR frequency will be
observed on the high-field EPR transition, irrelevant on the sign of
quadrupole interaction P. Otherwise, the highest ENDOR frequency
would be observed on the low-field EPR transition. In experiment,
e.g. Fig. 1b, the low-field EPR transition corresponds to the highest
ENDOR frequency, which defines A sign as negative.

It is clear that previous simplified consideration could allow
us only to determine the sign of hyperfine constant A, but quad-
rupole interaction parameter P remains unknown. In order to
determine the sign of quadrupole interaction, the Ms = 0 to +1,
i.e. low-field EPR transition (B||h111i) will be considered in
more detail and ENDOR transitions magnitude will be discussed
in depth. The sign of hyperfine parameter A is negative, as we
have determined above, therefore the energy levels splitted by
the nuclear magnetic moment will be sequenced as mI = �1, 0,
1 from lower magnetic field to higher, respectively. The mea-
sured EPR line and respective ENDOR frequencies are presented
in Fig. 2 below. To increase the spectral selectivity microwave
pulse length was increased to p/2 = 120 ns, which roughly corre-
sponds to 0.28 mT of the EPR linewidth that contributes to the
ENDOR spectrum.

According to level scheme shown on inset of Fig. 2a we first
excite central (mI = 0) transition where all ENDOR frequencies con-
tribute equally. Then magnetic field was shifted to the mI = �1
position and ENDOR once again was recorded. The significant con-
tribution of the high-frequency (ca. 14.32 MHz and 16.53 MHz)
ENDOR lines rises from the partial excitation of mI = 0 transition
(because of the finite spectral width of the pulse 0.28 mT as was
mentioned before). Moving even further away from the central
transition suppress high-frequency part almost completely,
thereby confirming the chosen energy scheme and P sign as
negative.

In addition, one could refer to Fig. SI5 and additional explana-
tion in the supporting material.

Having determined values and signs of all relevant spin Hamil-
tonian parameters, one could plot the energy level scheme of NV�

defect with accent on the hyperfine and quadrupole interaction of
14N nucleus. Note that the energy level scheme and experimental
ENDOR frequencies are plotted only for one orientation B||h111i
due to complexity of arbitrary orientation scheme and correspond-
ing ENDOR lines.

The combined report on the hyperfine interaction parameter is
present in Table 1 along with most citing works on the same sub-
ject published before. The data and references in Table 1 partly
reproduce the work of Doherty et al. [10], only expanded by some
recent references. The idea to present so many reference works
was to show ever present ambiguity on the corresponding subject
of hyperfine and quadrupole parameters.

Let us discuss how the values of P and A obtained in current
article are related to the reference works.

According to the set of Eq. (2), the quadrupole and hyperfine
interaction parameters could be determined if larmor frequency
is known. For instance, one could consider the low-field EPR
line and corresponding four ENDOR frequencies in the nearest
to B||h111i orientation (denoted by numbers from 1 to 4 and
letter l in the Fig. 1a and b). The ENDOR frequencies of 14N
and 13C are presented in Fig. 4 below, ENDOR spectra recorded
at the low field EPR component in the magnetic field of
3246.2 mT.



Fig. 3. Energy levels of the NV� with hyperfine structure of the nitrogen nuclei. The inset in the right part of the figure shows experimental ENDOR frequencies at the B||h111i
orientation.

Fig. 4. ENDOR spectra of 14N and 13C nuclei taken at low-field EPR transition in magnetic field 3246.2 mT.
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According to the set of Eq. (2), fl = (f3 + f4)/2, thus fl = 10.012 -
MHz, which corresponds to the magnetic field B0(14N)
= 3253.1 mT (which is 7 mT offset from the real magnetic field).
At the same time, the 13C ENDOR frequency that has no hyperfine
interaction in the vicinity of larmor frequency may be used as a
reliable marker of the magnetic field magnitude. According to 13C
ENDOR signal, magnetic field is equal to B0(13C) = 3246.6 mT,
within 0.5 mT from the experimental value stated above. There-
fore, larmor frequency of 14N could not be determined correctly
solely from 14N ENDOR spectrum and additional frequency refer-
ence is important. For example, slight misalignment (i.e. reported
8 degrees of deviation from true B||h111i orientation) could be
the reason for incorrect larmor frequency reading. The 13C ENDOR
of distant carbon nuclei, as stated above could be reliable indepen-
dent measurement, because its signal located at larmor frequency
and is structureless, therefore it is not affected by any angular-
dependent spin Hamiltonian parameters (like anisotropic hyper-
fine interaction) and represents only actual magnitude of external
magnetic field applied to the sample.

According to set of Eqs. (2a) and (2b) hyperfine and quadrupole
parameters can be calculated without calculation of larmor fre-
quency, i.e. the quadrupole parameter P determined by Eq. (2) will
be P = (f3 � f4)/2 = �4.8 MHz and hyperfine parameter A|| = (f4 � f2)
or (f3 � f1) = �2.18–2.2 MHz. It is seen that both hyperfine
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parameter A and quadrupole P are in agreement with references of
Table 1.

Now we would like to address in more details how A and P
parameters were estimated previously and why current research
could be considered as important additional contribution. First,
the closeness of hyperfine, quadrupole and larmor frequencies in
low magnetic field experiments [17–19,21,22] makes attribution
of the observed ENDOR frequencies to correct mI sublevels some-
what tricky and troublesome (ENDOR frequencies are not centred
on the larmor frequency); this is important in the question of abso-
lute signs of A and P parameters, that were determined in current
study unambiguously relative to the D sign. Second, the elegant
way of using forbidden EPR transitions to estimate hyperfine and
quadrupole interaction that was demonstrated by Felton et al.
[20] and Chen et al. [23] is hard to implement at higher microwave
frequency and analysis of the forbidden EPR transition spectrum is
much harder in comparison with high-frequency ENDOR that
shown to be almost straightforward.

4. Conclusion

In conclusion, the high-frequency ENDOR measurements of the
hyperfine structure of the nitrogen nuclei of the NV� centre was
done and spin Hamiltonian parameters that contributes to the
hyperfine interaction, A and P tensors, was determined. The mag-
netic field was determined with precision up to 0.02% (or 0.5 mT)
using ENDOR transition of 13C as marker. Results of the current
work are considered to be in agreement with majority of works
on the hyperfine value of AX,Y = �2.7 MHz and AZ = �2.2 MHz and
quadrupole parameter P = �4.8 MHz. The signs of A and P parame-
ters were determined experimentally relative to the sign of zero-
field splitting D.
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