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Nuclear quadrupole interaction of a negatively charged boron vacancy

with near and remote nitrogen nuclear magnetic moments
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The negatively charged boron vacancy in hexagonal boron nitride is one of the most prominent representatives of

an optically active qubit in two-dimensional van der Waals materials. In this case, the electron-nuclear interactions

of the boron vacancy with the magnetic moments of the hBN lattice atoms are of particular interest. In this

paper, we investigated the nuclear quadrupole interactions of the boron vacancy with the remote nuclear spins of

nitrogen 14N (I = 1) using the method of electron-nuclear double resonance. Comparative analysis of the obtained

parameters of the nuclear quadrupole interaction with the parameters for the nitrogen atoms closest to the vacancy

is carried out. Based on the data presented, it is proposed to use the electron spin of the boron vacancy as a

spin probe to study the fundamental properties of boron nitride, such as the constants of the nuclear quadrupole

interaction.
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1. Introduction

Hexagonal boron nitride (hBN) — Van-der-Waals mate-

rial with a wide band gap (∼ 6 eV) [1,2] — has recently

become one of the key objects in the field of quantum

technologies [2–6] and two-dimensional nanoelectronics

based on Van der Waals heterostructures [2,3,7]. In par-

ticular, based on the point defects in hBN the sources

of single photons are created for quantum telecommu-

nications [2,3,5,8], quantum sensors of magnetic fields,

temperature and pressure [9,10], and also new approaches to

optical polarization of nuclear spins [11,12]. Optically active

point defects in hBN are of special interest in this context,

having the property of polarization of electronic spin states

under the action of the optical pumping, first found in hBN

in papers [6,8].
Thus, in paper [6] the unambiguous identification of

such defect was carried out in the form of a negatively

charged vacancy of boron (V−

B ), the structure, spin and

optical properties of which are given in Figure 1, a. The

V−

B defect has the ground triplet (S = 1) state, optically

induced inverse population of the spin sublevel ms = 0

at room temperature and, due to the spin-dependent

channel of optical recombination from the excited (ES)
to the ground (GS) state via a metastable level (MS),
the possibility to record the signal of optically detected

magnetic resonance (ODMR) via photoluminescence (PL).
In paper [8] such unambiguous identification was not

conducted; nevertheless, an assumption was made that the

point defects related to the admixture of carbon may have

optical polarization of electron spins at room temperature,

which made it possible for the Authors of the article to

demonstrate reading of electron spins of these defects by

ODMR. The results of these two papers gave momentum

to the explosive development of the studies of optically

addressed spin states of point defects in hBN, which

caused detection of a wide spectrum of defects having the

property of optically induced dominant population of spin

sublevels [13–15]. This made it possible to implement high-

coherence qubits on their basis [16–18], approach the devel-

opment of electron-nuclear spin registers [15] by detection

and coherent control of a single nuclear spin, related to the

defect [15], and also develop some high-sensitivity quantum

sensors of subnanometer scale, due to the ability of hBN

to be isolated at the monoatomic two-dimensional (2D)
level [9,10,18]. It should be noted that the reproducibility

of defect formation with the specified type in hBN is

of principal importance for the systematic research of

their properties, development of device prototypes on their

basis, and ensuring stability of their characteristics and the

obtained results. Currently specifically for the negatively

charged vacancy of boron in hBN it was demonstrated

that it was possible to reproduce the defect with the

specified properties, which was achieved by radiation of

the material with high energy particles (neutrons, electrons,
protons and light ions) [6,19–21]. The important feature

2064



Nuclear quadrupole interaction of a negatively charged boron vacancy with... 2065

c-axis

N (2)

N (1)

N (3)

–V B

a b
ES

MS

GS

532 nm

PL/ODMR

m  = ±1s

m  = 0s

D

Figure 1. a) hBN structure with V−

B defect (shown in red). Blue shows nitrogen atoms, yellow — boron atoms. The hexagonal axis c is

directed perpendicularly to the basal 2D−BN-plane (figure plane). Dotted lines show 3 spheres of nitrogen atoms — N(1), N(2), N(3),
closest to V−

B . N(1) and N(2) contain 3 nitrogen atoms each, and N(3) — 6 atoms. b) Energy scheme of levels of optical pumping

cycle of spin sublevel ms = 0 in GS of V−

B defect. Spin sublevels of a triplet are split in a zero magnetic field by into value D, shown

with a curly bracket. Optical excitation at 532 nm (solid arrows) causes transition of electrons from GS to ES; and then returning to the

ground state by optical recombination (PL, red wavy line) without a change in the spin projection. Due to the presence of MS levels in

the system, a spin-dependent recombination occurs (indicated with dashed arrows), causing dominant population of ms = 0 and making

it possible to read the electron spin of a boron vacancy by ODMR method by change of PL signal intensity at the moment of electron

spin resonance.

of hBN is the fact that its lattice is 100% magnetic

nuclei (14N, spin I = 1, natural abundance (n.a.) 99.9%;
10B, I = 3, n.a. 19.9%; 11B, I = 3/2, n.a. 80.1%), with

the nuclear spin higher than I = 1/2. Therefore, they

make an inevitable contribution to the spin Hamiltonian

of the boron vacancy not only via hyperfine interactions

(HFI), but via nuclear quadrupole interactions (NQI),

too. This circumstance results, on the one hand, in

considerable losses of coherence of electron spin of the

boron vacancy due to the above interactions; on the other

hand, to interesting multi-particle quantum effects that are

pronounced in the behavior of vacancy spin coherence

in small and high magnetic fields with the boundary

along the magnetic field in the area of 1 T, as it was

theoretically and experimentally shown in papers [22,23].

The important feature of electron-nuclear interactions in

such systems is the fact that using the standard methods of

electron spin resonance, it becomes impossible to directly

receive information on the nuclear quadrupole interactions,

since the latter make no contribution to the signal of the

electron spin resonance according to the rules of selection

of the permitted magnetic dipole transitions (1ms = ±1;

1mI = 0). Therefore, the studies of electron-nuclear in-

teractions in such high-spin systems require the methods

related to the observation of the signals of nuclear magnetic

resonance (NMR), with the selection rules (1ms = 0;

1mI = ±1).

2. Theoretical part

Electron-nuclear double resonance (ENDOR), which

makes it possible to record the flips of the nuclear spins

via the change in the intensity of the signals of the

electron spin resonance in accordance with the selection

rules (1ms = 0; 1mI = ±1), application of an additional

saturating radio frequency field leads to resonant transitions

with the transitions between the nuclear spin sublevels of

atoms bound to the electron spin of the defect via the HFI

and NQI. Schematically the structure of energy levels and

NMR transitions in the system (S = 1; I = 1) is shown

in Figure 2, according to the spin Hamiltonian (1) describing
the center V−

B :

Ĥ = gµBB0Sz + D

(
S2

z −
S(S + 1)

3

)

+
∑

i

[Az z Sz Iz i + Axx Sx Ixi + Ayy Sy Iyi ]

+
∑

i

[
gNµNB0Iz i +

χq

4I(2I − 1)

×
(
3I2z i − I(I + 1) + η(I2xi − I2yi)

)]
, (1)

where the first two terms describe Zeeman and fine

interaction; µB — is a Bohr magneton; Axx , Ayy ,
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Figure 2. Energy levels of defect V−

B , interacting with nuclear

spins 14N, including electron Zeeman splitting (Ze) and splitting

in the zero magnetic field, hyperfine interaction (HF), nuclear

quadrupole interaction (NQ) and nuclear Zeeman interaction (Zn).
The levels are marked with the corresponding quantum numbers

ms , mI . The permitted EPR transitions are shown with vertical

arrows. The NMR transitions are shown in green (for ms = ±1)
and dark-red (for ms = 0) lines. The dark-red horizontal arrows

specify the NMR transitions caused exclusively by quadrupole

interaction with 14N.

Az z — are energies of hyperfine interaction of electron

in V−

B defect and surrounding nuclei, accordingly, reflect-

ing isotropic (Aiso = (Axx + Ayy + Az z )/3) and anisotropic

((2Az z − Axx − Ayy)/6) parts of HFI χq = eQNVz z/h —
is a nuclear quadrupole constant of splitting that char-

acterizes the interaction of nuclear electric quadrupole

moment (e · QN) with the electric field gradient in the

point of the nucleus (Vz z , the main component of the

EFG tensor), η = (Vxx −Vyy)/Vz z — anisotropy of this

interaction. Summing by i includes all surrounding nuclei,

gN and µN (nuclear g-factor gN(14N) = +0.4037) and

nuclear magneton, accordingly. It should be noted that the

scheme of the levels specified in Figure 2 is expected in

the case when all nuclear magnetic torques are equivalent,

which should be expected in the orientation of the induction

vector of the external magnetic field directed in parallel

to the hexagonal axis of the crystal (B0 ‖ c). In this

paper we present the results of the study of the interaction

between the gradient of the electric field caused by the

presence of the boron vacancy in hBN and the quadrupole

nuclear magnetic torques of nitrogen atoms located beyond

the first coordination sphere of nitrogen atoms indicated

in Figure 1, a as N(1). To determine the symmetry of NQI

and parameters of the corresponding tensor, we studied the

NMR transitions (shown in dark-red in Figure 2, a) between
the nuclear spin sublevels in the state with the projection

of the electron spin of boron vacancy ms = 0 by ENDOR

method. Such approach makes it possible to directly record

exclusively the contribution from the nuclear quadrupole

interaction, in virtue of the fact that HFI is absent for the

state with the zero projection of the electron spin as you

can see it from the spin Hamiltonian (1). At the same

time in the ENDOR spectra, according to the scheme of

the levels in Figure 2, there must be two pairs of lines from

every electronic transition: one pair of lines centered around

the Larmor precession frequency of the nuclear magnetic

torque 14N,

νL =
gNµNB0

h
≈ 10MHz

(in high-frequency range at B0 ≈ 3.3 T), with the distance

between them, equal to the value of quadrupole splitting

and the second one with the displacement by the HFI value

and the same distance between the lines.

Because of different signs ms for different electronic tran-

sitions the displacement will happen in different directions.

3. Experimental part

The paper used commercial single crystals hBN

(hq Graphene), radiated with electrons having energy

of 2MeV with dose 6 · 1018 cm−2 to generate defects

V−

B [19]. The experimental studies were carried out using

an electron paramagnetic resonance (EPR) spectrometer

Bruker Elexsys 680 of high-frequency range (94GHz) at

temperature T = 25K. The EPR detected by electron spin

echo (ESE) was recorded using standard Hahn pulse

sequence (π/2−τ−π−τ−ESE) with duration of π/2-pulse

of 48 ns and value of τ = 300 ns. To probe nuclear

spins, the standard Mims pulse sequence was used

(π/2−τ−π/2−πRF−π/2−τ−SSE) [24]. The first two

microwave π/2-pulses induced inversion of populations

in electron spin levels; the third π/2-pulse provides for

generation of the stimulated spin echo (SSE) signal. In the

interval between the second and the third microwave pulses,

a radio frequency pulse πRF was applied, which caused

inversion of populations of nuclear spin sublevels and

inducted NMR transitions. The NMR frequencies were

calculated using software EasySpin [25].

4. Results and discussion

As a result of electron irradiation, boron vacancies were

created in hBN crystals in the negative charge state, which

is indicated by the EPR spectrum recorded in orientation

of the external magnetic field directed in parallel to the

hexagonal axis c (B ‖ c) (Figure 3, a). Indeed, the signals

specified with an arrow in the spectrum are characterized by

splitting in the magnetic field 1B , which corresponds to the
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Figure 3. a) EPR spectrum of defects V−

B recorded in the mode of electron spin echo at magnetic field orientation B ‖ c and optical

pumping with laser λ = 532 nm. Fine structure transitions between spin sublevels of a triplet with splitting in the magnetic field equal

to 1B (double value of splitting in zero magnetic field, 2D), are shown with a horizontal arrow. The insert shows schematically the

optically induced population of sublevel ms = 0 causing inversion of boron vacancy spin echo signal phases (b−e). ENDOR spectra are

recorded on the components of the fine structure of V−

B defects. The experimental data is shown in green and dark-red, and the estimated

spectra using spin Hamiltonian (1) are shown as a grey dotted line. NMR signal frequencies in (b) and (c) panels comply with NMR

transitions between hyperfine sublevels on electron spin sublevels ms = +1 (b) and mS = −1 (c), and frequencies in (d) and (e) —
between quadrupole split nuclear sublevels to the state with the electron spin projection ms = 0. The position of the Larmor precession

frequency 14N, νL is shown with a dotted arrow. Splitting between the pairs of the lines on each panel depends on NQI and is marked

as NQ. The shift of the quadrupole split lines to the HFI value is marked in (b) and (c) panels with dotted arrows νL ± HF.

double value of triplet spin sublevel splitting (S = 1) in the

zero magnetic field, schematically indicated in the insert in

Figure 3, a as D. Namely, 1B ∼= 255mT ≈ 2D/gµB, where

the splitting value in the zero magnetic field D ≈ 3.57GHz;

g — electron g-factor, g ≈ 2.00. Parameters D and g cor-

respond to the previously detected methods of microwave

spectroscopy [6,19]. The first step to study NQI with the

nitrogen nuclei at the distance from the boron vacancy

was to record the ENDOR spectra in both components of

the thin structure corresponding to transitions ms : 0 ↔ +1

and ms : 0 ↔ −1 and designated in Figure 3, a. As expected

according to the scheme of levels shown in Figure 2,

ENDOR spectra contain eight NMR transitions presented

in Figure 3, b–e. Also note that different electronic

transitions are observed with significantly different values of

magnetic field induction B0, the position νL varies greatly.

From the position of the NMR frequencies at the parallel

orientation of the magnetic field you may find the values of

HFI and NQI for 4.41 and 0.37MHz, respectively.

To determine the symmetry and absolute values of the

tensor in the NQI center V−

B with remote atoms 14N, the

angular dependence of NMR transitions was studied in the

electron spin state ms = 0 in the ENDOR spectra as the

induction vector of magnetic field rotated from B0 ‖ c to

the orientation B0 ⊥ c, corresponding to the case when the

field vector is in plane (0001) of hBN volume crystal.

Under such rotation the magnetic nuclei become non-

equivalent, and each nucleus 14N provides two lines in

the ENDOR spectrum. Therefore, in case of studies

of interactions with nuclear spins in the nitrogen sphere

marked as N(2) in Figure 1, we expect to see 6 lines in

the NMR spectrum for each sublevel ms , whereas in the

case of interaction with nuclear spins in sphere N(3) we

expect to observe a set of 12 NMR lines in the ENDOR

spectra. The results of such measurements together with

the estimated pathway of the angular dependence of the

lines are given in Figure 4. Figure 4, a shows the spectra

recorded in orientation of the magnetic field B0 ‖ c. NMR

signals correspond to transitions mI : 0 ↔ +1 and mI :

0 ↔ −1, inducted into state with ms = 0, and correspond

to signals shown in Figure 3, d and c. Dependence of the

lines position in the ENDOR spectrum on direction of the

magnetic field calculated in EasySpin software is shown

in Figure 4, b. From the angular dependence you can see

how each pair of the lines recorded in orientation B0 ‖ c,

corresponding to the case when all magnetic torques are

equivalent breaks into 12 lines with the angle increase. The

progress of the lines in the angular dependence and the

spectra recorded in orientation B0 ⊥ c, given in Figure 4, c,

are described with parameter of quadrupole interaction

χq = 0.37MHz and η = 0.55MHz. It should be noted

that these experimental data for the measurement of NQI

8∗ Physics of the Solid State, 2025, Vol. 67, No. 11
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Figure 4. a) ENDOR spectra recorded for both components

of fine structure of V−

B defects in orientation of magnetic field

B0 ‖ c at sublevel ms = 0. The spectra comply with the ones

given in Figure 3, d and e. Magnetic field values for this

orientation: low field component B lf = 3221.4mT and high field

Bhf = 3476.5mT. b) Estimation of angular dependence of the code

of the lines in ENDOR spectrum in the rotation of the magnetic

field induction vector from parallel to perpendicular orientation

relative to axis c of the crystal. c) ENDOR spectra measured in

orientation B0 ⊥ c. Estimation of spectra at B0 ‖ c and B0 ⊥ c is

shown with grey dotted lines. Values of magnetic field for this

orientation: B lf = 3289.8mT and Bhf = 3418.8mT.
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Figure 5. ENDOR spectrum recorded in orientation of magnetic

B0 ⊥ c on a sublevel with electron spin projection ms = +1.

A set of 12 NMR transitions is accordingly numbered. Grey

is for the estimated ENDOR spectrum obtained using spin

Hamiltonian (1) and parameters χq = 0.37MHz; η = 0.55MHz;

Aiso = 5.23± 0.03MHz, Add = 0.82± 0.03MHz. Value of fixed

magnetic field for this orientation B = 3235.8mT.

of the center V−

B using nuclear spin sublevels are in good

agreement with the previously measured ENDOR spectra

in the states with the HFI impurity, compliant with the

projections of the electron spin ms = ±1 [26]. The latter

is an additional resource to compare and test the values

of the directly measured NQI value with nitrogen atoms,

which is possible by analysis of the ENDOR spectrum

measured using non-zero projection of the electron spin

of the boron vacancy. Thus, Figure 5 shows the ENDOR

spectrum measured in the state ms = +1 at orientation of

the magnetic field B0 ⊥ c. Its theoretical description using

spin Hamiltonian (1) with parameters of nuclear quadrupole

interaction obtained from the ENDOR description given

in Figure 4 of the following hyperfine interaction constants

Aiso = 5.23 ± 0.03MHz, Add = 0.82± 0.03MHz indicates

the accuracy of NQI value detection. Additionally note the

pronounced structure of the spectrum in Figure 5, which

contains 12 lines. This corresponds to 6 non-equivalent

atoms of nitrogen in orientation B0 ⊥ c and unambiguously

indicates that the crystalline field gradient was studied in the

atoms of the third sphere marked in Figure 1 as N(3).

5. Conclusion

The NQI with the remote nitrogen atoms located in

the third coordination sphere of V−

B defect was studied.

A certain value of NQI constant is set as equal to

χq = 0.37MHz, which is much lower than the interaction

with 14N, located in the first coordination sphere of boron

vacancy (N(1) in Figure 1, a), specified previously as equal

to χq ≈ 1.5MHz [27]. This observation reflects the fact that

the further from the boron vacancy, the smaller the electron

density associated with the defect, contributing minimally to

the distortion of the internal electric field of hBN. Therefore,

spin density of boron vacancy makes it possible to probe

the internal nuclear properties of hBN using the methods

of microwave spectroscopy. Thus, previously in order to

study the constants of nuclear quadrupole interaction in

hBN, they used a single NV-defect in the diamond as the

spin probe [28]. Dynamics of its spin coherence recorded

using pulse sequence XY8 made it possible to study the

parameters of quadrupole interactions in hBN; in particular,

it was clearly possible to experimentally find the constant

of the quadrupole interaction for internal nuclei of lattice

isotope 11B (χq(
11B) = 2.9221 ± 0.0006MHz). In this

context, the V−

B defect may play a role of its own spin probe

in the hBN lattice, which will make it possible to perform

alternative and supplemental studies of its spin fundamental

properties.
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