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Elementary excitations of single-photon 
emitters in hexagonal boron nitride

Jonathan Pelliciari    1  , Enrique Mejia2, John M. Woods2, Yanhong Gu1, 
Jiemin Li1, Saroj B. Chand    2, Shiyu Fan    1, Kenji Watanabe    3, 
Takashi Taniguchi    4, Valentina Bisogni    1 & Gabriele Grosso    2,5 

Single-photon emitters serve as building blocks for many emerging 
concepts in quantum photonics. The recent identification of bright, 
tunable and stable emitters in hexagonal boron nitride (hBN) has opened 
the door to quantum platforms operating across the infrared to ultraviolet 
spectrum. Although it is widely acknowledged that defects are responsible 
for single-photon emitters in hBN, crucial details regarding their origin, 
electronic levels and orbital involvement remain unknown. Here we employ 
a combination of resonant inelastic X-ray scattering and photoluminescence 
spectroscopy in defective hBN, unveiling an elementary excitation 
at 285 meV that gives rise to a plethora of harmonics correlated with 
single-photon emitters. We discuss the importance of N π* anti-bonding 
orbitals in shaping the electronic states of the emitters. The discovery 
of elementary excitations in hBN provides fundamental insights into 
quantum emission in low-dimensional materials, paving the way for future 
investigations in other platforms.

Hexagonal boron nitride (hBN) is a versatile material with applications 
in multiple scientific fields due to its properties, including air stability, 
hyperbolic dispersion and strong optical nonlinearities1. It is composed 
of a hexagonal lattice of alternating B and N atoms (Fig. 1a) whose 
hybridization leads to a wide bandgap in the ultraviolet range. The 
discovery of single-photon emitters (SPEs) in hBN has spurred scientific 
interest due to their room-temperature operation2, high brightness3, 
frequency tunability4, stability5, narrow linewidth6 and optically 
detected magnetic resonances7. In hBN, SPEs have been associated 
with defects whose electronic levels within the bandgap generate quan-
tum light with narrow and well-defined energies (Fig. 1b) defined by 
the atomic composition of orbitals involved in the electronic transition. 
Although these aspects have been extensively studied, no consensus 
to an underlying mechanism for hBN emitters has been reached yet8–11. 
The characterization of SPEs in hBN has been mostly limited to photo-
luminescence (PL) spectroscopy, measurements of the second-order 
autocorrelation function (g2(τ)) and magnetic resonances. These efforts 

identified the negatively charged boron vacancy (V−B) as a consistent 
defect12,13, but could not reveal the properties of all other hBN emitters14, 
leaving the microscopic details necessary to explain the large distribu-
tion of the emission energies of SPEs in hBN still obscure.

By combining resonant inelastic X-ray scattering (RIXS) and PL 
spectroscopy, we unveil the presence of elementary electronic excita-
tions correlated to most of the SPEs in the visible spectrum of hBN. Our 
RIXS measurements on defective hBN uncover an excitation at 
E0 = 285 meV that propagates up to 2.3 eV through multiple regular 
harmonics En = nE0, where n ∈ ℕ. An independent analysis of the PL 
spectral emission containing multiple SPE peaks with a model that 
includes recombination processes similar to donor–acceptor pairs 
(DAP) reveals fundamental transitions matching the energy of the 
harmonics observed with RIXS at n = 5−8. Thus, using only a limited set 
of parameters, we show that the sequence of harmonics En based on 
the elementary energy E0 can explain the wide frequency range of 
quantum emission in hBN.
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detection of phonons or harmonics as a function of incident photon 
energy is rationalized in Fig. 2d,e, where we illustrate a diagram of the 
molecular orbitals of hBN (Fig. 2d). In hBN, orbital hybridization leads to 
the formation of three σ* anti-bonding orbitals and one π* anti-bonding 
orbital, which—when excited in the RIXS process—result in phononic 
detection or harmonics, respectively (Fig. 2e). In Fig. 2e, we show that 
the energy of the harmonics does not match the one of the phonons, 
corroborating the different electronic sensitivities of RIXS rather than 
a mere rescaling of the intensity of the same peaks.

We now discuss the RIXS data from three defective hBN flakes 
with approximate thicknesses of 20 nm (flake 1), 100 nm (flake 2) and 
200 nm (flake 3). The spectra in Fig. 3a,b are obtained by exciting at two 
energies around the N pre-edge π* transition. The series of harmonic 
peaks spans a different energy window depending on the incident pho-
ton energy: it extends up to 1.50 and 2.30 eV when excited at 401.55 and 
402.30 eV, respectively. The number of harmonics probably depends 
on the incident energy available to promote electrons above the Fermi 
level as the difference in incident energy (0.750 eV) is consistent with 
the energy of the highest harmonic detected (1.5 versus 2.3 eV). Repro-
ducibility on multiple samples is impressive as plasma treatment is 
an aggressive and non-selective method to induce defects, indicating 
the robustness and generality of these harmonics in defective hBN. In 
Fig. 3c, we compare the first peak of the harmonic for three defective 
flakes, showing that in all the cases, the peak linewidth approaches the 
RIXS energy resolution of 20 meV (instrumental broadening; Fig. 3e). 
This further confirms that RIXS detects fundamental transitions in 
defective hBN, that their elementary energy is 285 meV and that the 
harmonics are invariant under plasma treatment and flake thickness.

We extract the energy, intensity and linewidth of the RIXS peaks 
at the N π* resonance by fitting them with Gaussian functions (Sup-
plementary Information provides further details). In Fig. 3d, we com-
pare the peak intensities of defective flakes 1 and 2. In both cases, the 
intensity does not follow any exponential or monotonic trend, but it 

RIXS on hBN
The sensitivity of RIXS to elementary electronic excitations is given 
by a resonance effect in which a core electron is excited to the con-
duction band creating a real short-lived (a few femtoseconds) inter-
mediate state that radiatively decays, emitting a photon and leaving 
the system in a neutral excited state (Fig. 1d)15. The coherence of this 
process allows sensitivity to all the electronic degrees of freedom, that 
is, spin, charge, orbital and lattice excitations16,17. Recent technological 
developments have enabled the study of micrometre-sized samples 
(Fig. 1c) with high energy resolution18–21. At the N–K edge, the atomic 
transition of RIXS is 1s → 2p/sp2 and 2p/sp2* → 1s of nitrogen (Fig. 1d). In 
Fig. 2a, we report the X-ray absorption spectra (XAS) at the N–K edge in 
σ polarization for pristine hBN of different thicknesses (bulk, 100 and 
40 nm thick). The first peak at ~401.5 eV is a transition from N 1s to N 
π* orbitals, whereas the peaks at higher energy are ascribed to transi-
tions from N 1s to N σ* orbitals22–24. Pristine hBN samples are exfoliated 
flakes from high-quality bulk material with extremely low concentra-
tion of defects and no presence of SPEs or other emissions below the 
bandgap25. Defective hBN samples are prepared by irradiating pristine 
flakes with argon plasma followed by high-temperature annealing 
(Methods). This technique has been proven to be effective in generat-
ing defect-based SPEs in hBN, with sharp emission energies spanning 
a large spectral range26. The RIXS spectra at different incident photon 
energies for pristine as well as defective hBN (20 nm) are reported 
in Fig. 2b. The RIXS spectra display a strong diffuse scattering line at 
0 eV in energy loss and multiple peaks at finite energy. Depending on 
the incident energy, we identify two different responses. At the N σ* 
XAS resonance, RIXS probes the phonon modes for both pristine and 
defective hBN (Fig. 2c and Supplementary Figs. 7 and 8). The measured 
energies for the phonon modes agree with the Raman and inelastic 
X-ray scattering results for the bulk27. At the N π* XAS peak, no signal is 
observed for pristine hBN (Fig. 2b), whereas for defective hBN, multiple 
harmonic peaks appear with an elementary energy of E0 = 285 meV. The 
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Fig. 1 | Single-photon emission and RIXS processes in hBN. a, Crystal structure 
of a single layer of hBN. The lattice vector c⃗ points out of the plane and connects 
two hBN layers. b, Single-photon emission process in layered hBN showing the 
delocalized recombination process involving N π* orbitals (highlighted with the 
blue pair of lobes oriented vertically on opposite sides of the hBN plane). On 

excitation of a donor defect, electrons can recombine with acceptors at a 
distance of a few atomic sites and emit single photons (depicted with red ovals). 
CB, conduction band; VB, valence band. c, Microscopy images of hBN single 
crystals used for this study in bulk (top) and in thin flakes exfoliated on a Si/SiO2 
substrate (bottom). d, Diagram of the generalized RIXS process at the N–K edge.
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has a maximum at n = 2 when excited at Ein = 401.55 eV, whereas for 
Ein = 402.3 eV, the trend seems to initially decrease and then increase 
again for n = 7 and n = 8. Previous theoretical works indicate that an 
exponential or monotonic decay is expected when electron–pho-
non coupling drives phonon detection in RIXS on solid-state materi-
als16,28–31. The non-exponential and non-monotonic trend observed in 
hBN suggests that these harmonics have a non-trivial electronic nature 
whose full understanding requires further dedicated studies. Similar 
non-exponential and non-monotonic trends have been reported for 
RIXS at the N π* resonance in N2 molecules, and have been associated 
with the vibrational excitation of the ground state of N2 (refs. 32,33). 
Furthermore, the energies of the harmonics exhibit an almost linear 
trend for all the defective samples (Fig. 4a and Table 1), indicating a 
common intrinsic nature. There are multiple possible origins for the 
coherent modes emerging in defective hBN samples, but a large frac-
tion of excitations can be ruled out by arguments based on the RIXS 
cross section, comparison with other solid-state systems and previ-
ous literature. Single-spin excitations are excluded as they cannot be 
observed at the K edges because of the lack of spin–orbit coupling of 
the 1s core electrons34. Multi-spin excitations can also be discarded as 
the number of harmonics (up to ten) is inconsistent with the spin state 
of nitrogen. There are also reports of hybridized dd excitations coupled 

to phonons, but no harmonics were observed. We also exclude optical 
orbitons because we are not aware of any observations of excitons dis-
playing a series of harmonics extending as high as the ones emerging 
in hBN35,36. Moreover, excitons in hBN appear at an energy comparable 
with the bandgap, and are not compatible with an elementary energy 
at 285 meV. Excitations connected with the Kekulé structure (such as 
Kekulé bond-order excitations) of hBN can also be excluded as they 
should be present in pristine hBN. Therefore, the origin of harmon-
ics should be researched in the defective structures that give rise to 
quantum emission.

PL spectroscopy on defective hBN
To deepen our understanding of defective hBN, we compare the RIXS 
data with the results from PL experiments. First, we note that a vast 
amount of literature shows that SPEs are commonly found at around 
580 nm (2.138 eV) and 640 nm (1.937 eV) (refs. 4,14,26,37–39), with a 
striking match to the seventh and eighth peaks of the harmonics in the 
RIXS data. Moreover, SPEs have been observed at other energies 
reached by the harmonics, including the ones in the near-infrared 
(1.25 eV) (ref. 40) and the ultraviolet (2.80 eV) (ref. 5). Figure 4b shows 
the PL emission spectra of a plasma-treated defective sample at 8 K 
obtained by laser excitation at different energies (Methods and 
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Fig. 2 | XAS and RIXS measurements on hBN. a, XAS data of pristine hBN as a 
function of thickness in σ polarization. b, RIXS data of pristine hBN and defective 
hBN as a function of thickness and incident energy. Incident polarization was 
set to σ. At high incident energy (main N–K edge), the RIXS signal is qualitatively 
different than at the pre-edge. c, Zoomed-in view of the RIXS spectrum of an 
hBN crystal, showing the sensitivity of RIXS to phonons. The energy of the main 
phonon modes extracted from inelastic X-ray scattering and Raman studies27 

are highlighted with vertical lines. d,e, Molecular orbital diagram of hBN (d) that 
illustrates the connection between incident excitation energy and sensitivity of 
RIXS to phonons or SPEs (e). The diagram assumes the same energy for N 2sp2/B 
2sp2 and N 2pz/B 2pz orbitals. The error bars of the RIXS intensity in b, c and e are 
the square root of the total number of photons (n > 20) detected on the RIXS 
detector before normalization. When the error bars are not visible, they are 
smaller than the marker size.
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Supplementary Information). We use different laser excitation energies 
to mitigate the dependence of SPEs on the incident energy and to access 
as many peaks as possible41,42. The quantum nature of the emission is 
confirmed by second-order autocorrelation function measurements 
(Fig. 4b, inset). The PL emission spectra from defective hBN (Fig. 4b) 
cannot be explained by only the harmonics En even considering the 
energy shifts due to strain or electromagnetic variations (in the order 
of 65 meV (refs. 4,43) and 15 meV (ref. 44), respectively). Further recom-
bination mechanisms due to the incoherent nature of the PL decay 
process have, therefore, to be considered to account for the large spec-
tral span of the PL emission from SPEs in defective hBN. Consequently, 
to compare the results of the coherent excitations of RIXS with the SPEs 
in PL experiments, we use a phenomenological model similar to the 
DAP recombination process that has been used to understand PL in 

many defective semiconductor materials and hBN (refs. 45,46). A DAP 
process occurs when an electron from a donor defect recombines with 
an acceptor defect that can be at a distance of several atomic sites 
(Fig. 1b). A single DAP recombination generates a PL emission peak 
with energy EDA +

e2

4πϵR
, where R is the spatial separation between the 

donor and acceptor site; ϵ = ϵ0ϵhBN is the in-plane, bulk dielectric con-
stant47; and EDA is the energy difference between the energetic levels 
of the donor and acceptor defects. In the presence of several defects, 
recombinations can occur among donors and acceptors at different 
sites of the lattice, and the DAP process generates a sequence of emis-
sion peaks following the discrete series:

{EDA +
e2

4πϵRm
, m ∈ ℕ} , (1)
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Fig. 3 | Fundamental excitations in defective flakes of hBN. a,b, RIXS on thin 
pristine hBN and defective flakes at Ein of 401.55 eV (a) and 402.3 eV (b).  
c, Zoomed-in views of the fundamental harmonics of defective hBN. The 
linewidth of the peak is comparable with the experimental resolution, indicating 
that the peaks are extremely narrow in energy. d,e, Results of the Gaussian fit 
of the peaks as a function of harmonic index on defective flakes 1 and 2. In d, 
we report the intensity profile normalized by the intensity of the fundamental 
peak, indicating a non-trivial dependence and strong oscillator strength. In e, we 
summarize the FWHM of the peaks as a function of harmonic number. The FWHM 

changes marginally over a wide range of energy losses spanning from the infrared 
up to ultraviolet. The black and grey shades are guides for the eye to highlight the 
trend. The error bars of the RIXS intensity in a–c are the square root of the total 
number of photons (n > 20) detected on the RIXS detector before normalization. 
When the error bars are not visible, they are smaller than the marker size. The 
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where m is the index over all the possible distances of lattice sites (Rm). 
To account for the layered structure of hBN, we include all the possible 
distances among lattice sites across two adjacent hBN layers, with 
Rm = {|i ⃗a + j ⃗b + k ⃗c + l ⃗d |, i, j ∈ ℤ and k, l = 0, 1}, where ⃗a , ⃗b , ⃗c  and ⃗d  
are the lattice vectors (Fig. 1a). An example of a DAP series in hBN for 
EDA = 1.65 eV is displayed in Fig. 4c. To analyse the PL emission of defec-
tive hBN, we compare the peak energies of the PL data shown in Fig. 4b 
with the energy series of equation (1) generated by varying EDA. We look 
for fundamental DAP transitions (EiDA) by estimating the number of 
peaks in the DAP series that match with the peaks in our data (coinci-
dence counts) and evaluating the total energy difference between the 
DAP peak sequence and the experimental PL values. The fit error is 
calculated from the total energy difference using the least squares 
method (Supplementary Information provides a description of the 
procedure). Figure 4d reports the coincidence counts as a function of 
the variational parameter EDA. The DAP analysis reveals the presence 
of four fundamental transitions EiDA characterized by the maxima of 

coincidence counts. These four peaks indicate that the system can host 
several donor–acceptor-like transitions whose energies (EiDA) are in 
excellent agreement with previous PL experiments on hBN samples of 
different origins46. The values of EiDA exhibit a periodic energy spacing 
with a linear trend (Fig. 4d, top), and a notable match with the fifth, 
sixth, seventh and eighth harmonics observed in the RIXS data. The 
linear trend, comparable energy values and regular spacing (~285 meV) 
of EiDA infer a correlation between the RIXS harmonic states (En) and 
SPEs. The results of the DAP analysis of the PL spectra from different 
samples (Supplementary Information) returns a common trend. The 
reliability of our DAP analysis is confirmed by a number of tests run on 
randomly simulated PL spectra and with synthetic DAP sequences 
(Supplementary Information). A confidence interval for the values of 
fundamental resonances EiDA  is provided by the fit error calculated 
from the total energy detuning between the ideal DAP sequence and 
PL data. In Table 1, we compare the results of RIXS and PL experiments 
together with values extracted from the literature in which a 
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The error bars of the RIXS peak energies are established on the basis of the 
standard deviation of fitting, resolution and estimation of the elastic line 
position. b, Emission spectra of PL experiments at 8 K recorded in the same 
position of a defective sample with different excitation energies (Eexc) and 
detection ranges (Edet): Eexc = 2.70 eV and Edet < 2.48 eV, Eexc = 2.43 eV and 
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c, Example of a DAP series ({Em}) for EDA = 1.65 eV up to Rm=100. d, Coincidences 

between the SPE peaks in b and the DAP series calculated with equation (1) by 
varying EDA. Fundamental transitions EiDA maximize the coincidence counts and 
minimize the fit error (Supplementary Information). The top panel shows the 
values of EiDA resulting from the DAP fitting versus the harmonic index of RIXS. 
The error bars correspond to the standard deviation of the fit. The dashed orange 
vertical lines indicate the energy of the harmonics measured with RIXS for 
n = 5, 6, 7, 8. e, PL spectrum for Eexc = 2.70 eV overlaid to the matching lines 
(coloured bars) of the DAP sequences from equation (2). The width of the 
coloured bars indicate a matching tolerance of 2 meV, whereas the height does 
not have physical meaning and it is chosen to resemble the intensity of the 
corresponding peaks.
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statistically substantial number of zero-phonon line (ZPL) transitions 
for SPEs in hBN are considered.

Having proved a periodic energy scale in the PL data, we now for-
mulate an SPE series combining the RIXS harmonics and DAP model:

ESPE = {EiDA +
e2

4πϵRm
}
i,m

= {nE0 +
e2

4πϵRm
}
n,m

, (2)

where the energies of the harmonics (En = nE0) play the role of the energy 
of the donor–acceptor transitions EDA of equation (1). We note that equa-
tion (2) represents a pure phenomenological description of the emis-
sion pattern in defective hBN that does not take into account the nature 
of the donor and acceptor states, as well as the associated absorption 
process. In Fig. 4e, we show that the series calculated with equation 
(2) can account for over 75% of the peaks observed in a PL spectrum of 
defective hBN. In this figure, we overlaid the lines of equation (2) onto a 
PL spectrum for finding a match with the experimental data. The width 
of the lines indicates the tolerance range of 2 meV used to find matching 
values between the calculated series and PL spectrum. Supplementary 
Information reports a full description of this procedure. The good 
agreement between the PL spectra and calculated peak sequences 
generated using the energy values of the harmonics emerging from 
the N π* orbitals suggests that most of the SPEs observed in the PL data 
have a common origin associated with the elementary excitation E0.

Although unable to offer a comprehensive understanding of the 
microscopic origin of SPEs in hBN, the DAP framework allows us to 
associate the elementary energy observed in RIXS with the single- 
photon emission process. Current theoretical approaches that aim to 
microscopically describe SPEs in hBN are mostly guided by the energy 
of ZPLs and phonon sidebands measured with PL spectroscopy8–11,48. 
This often involves independently considering multiple SPEs, limiting 
the generality of the description, as we have proven that many SPEs are 
connected by an energy scale much lower than expected. Our evidence 
allows us to restrict the theoretical search for specific defects and 
highlights the importance of the pz orbitals of nitrogen. Finally, we note 
that the similarities between the RIXS spectrum at the N π* resonance 
of hBN and N2 molecules could indicate a participation of N–N-like 
structures in the generation of SPEs32,33. In this regard, theoretical 
calculations reported that nitrogen interstitial defects are incorporated 

in hBN in a split-interstitial configuration and result in a structure 
similar to a N2 molecule, introducing unoccupied gap states behaving 
as acceptors48. In the future, the use of wavefunction-based ab initio 
methods (that is coupled cluster single-double (CCSD), quantum chem-
istry) that consider the presence of harmonics states detected by RIXS 
and the involvement of N π* orbitals will be fundamental for a deeper 
comprehension of quantum emission in hBN. Finally, we note that our 
findings do not exclude the presence of SPEs in hBN and fluorescent 
spin defects not related to harmonics at the N π* resonance (such as 
the V−B  defect12,13).

Perspectives
In conclusion, by using RIXS in defective hBN, we uncover the elemen-
tary energy (E0) of a harmonic series that spans from the mid-infrared 
to the ultraviolet, and correlates to SPEs observed in the PL spectra 
in the visible range. Due to the resonance selectivity of RIXS, we can 
pinpoint that N π* bonds—rather than σ* bonds—are active in the elec-
tronic transitions responsible for single-photon emission. Overall, 
our evidence describes a large number of phenomena reported in the 
literature, which are still under debate, and sets a solid basis for a com-
plete description of SPEs in hBN. Finally, our work establishes RIXS as an 
important tool in the discovery and comprehension of low-dimensional 
photonic quantum materials.
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Methods
Growth and sample preparation
High-quality single-crystal hBN is grown under high pressure and 
high temperature25. Flakes of different thicknesses are obtained by 
mechanical exfoliation on Si/SiO2 substrates. Defects are induced in 
pristine samples by irradiation with argon plasma inside a reactive 
ion etcher at 25 W for 5 min, followed by annealing at 950 °C for 2 h in 
a tube furnace purged with nitrogen.

XAS and RIXS measurements
The XAS measurement at the N–K edge was performed at the 2-ID (SIX) 
beamline at NSLS-II, Brookhaven National Laboratory. The spectra 
were collected in the total electron yield and total fluorescence yield 
at 300 K, using vertically (σ) polarized light. The grazing-incidence 
angle is fixed at 30° for the XAS measurements. The X-ray beam size 
is 2 × 20 μm2 (V × H) and it is comparable with the flake size or smaller. 
Considering the size of the X-ray beam and the size of the flake, we can 
exclude any contribution from the edges of the samples.

RIXS measurements were performed at the 2-ID (SIX) beamline at 
NSLS-II, Brookhaven National Laboratory. All the samples are aligned 
with the surface normal (001) parallel to the scattering plane. The 
spectrometer arm is positioned at a fixed scattering angle of 90°. The 
incident light is σ polarized. The energy resolution is about 20 meV 
(full-width at half-maximum (FWHM)) at the N–K edge. All the measure-
ments are performed at 300 K. Supplementary Information describes 
the fitting procedure. The X-ray beam size is 2 × 20 μm2 (V × H) and it is 
comparable with the flake size or smaller. Considering the size of the 
X-ray beam and the size of the flake, we can exclude any contribution 
from the edges of the samples.

PL measurements
PL and spectroscopy measurements are performed in a home-built 
microscope setup coupled to a closed-cycle cryostat. An objective with 
a numerical aperture of 0.9 allows us to efficiently collect emission from 
areas with a diameter of 1.5 μm. Experiments are performed in a reflec-
tion geometry by exciting the sample with either a continuous-wave 
green laser (532 nm) or a supercontinuum pulsed laser with a tunable 
filter having a bandwidth of 2 nm. The laser reflection is removed from 
the PL signal by long-pass filters. The spectra are measured by a spec-
trometer with a high-resolution grating (1,200 gratings per mm) and 
an electron-multiplying charge-coupled device camera. Second-order 
correlation functions g(2)(τ) are measured in a Hanbury Brown and 
Twiss instrument with free-space-coupled avalanche photodiodes and  
by filtering individual spectral lines using tunable long- and short-pass 
filters.
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