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We report on the ultraviolet optical response of a color center in hexagonal boron nitride. We
demonstrate a mapping between the vibronic spectrum of the color center and the phonon dispersion in
hexagonal boron nitride, with a striking suppression of the phonon assisted emission signal at the energy of
the phonon gap. By means of nonperturbative calculations of the electron-phonon interaction in a strongly
anisotropic phonon dispersion, we reach a quantitative interpretation of the acoustic phonon sidebands
from cryogenic temperatures up to room temperature. Our analysis provides an original method for
estimating the spatial extension of the electronic wave function in a point defect.
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Hybrid quantum systems aim at combining the elec-
tronic, vibronic, and photonic degrees of freedom into
tripartite excitations [1]. This novel field emerges at the
intersection of cavity quantum electrodynamics [2] and
optomechanics [3], with impressive recent developments
such as the integration of superconducting qubits with
micromechanical resonators [4], or the coupling of propa-
gating phonons with an artificial atom [5].
In this context, the rising interest in two-dimensional (2D)

atomic crystals and their van der Waals heterostructures [6]
has resulted in various experiments paving the way for the
implementation of hybrid quantum systems in 2D materials.
The strong coupling regime of the electronic-photonic
interaction has been achieved by embedding transition metal
dichalcogenide monolayers in an optical microcavity, ena-
bling the observation of exciton polaritons [7,8]. The
vibronic-photonic coupling has been explored in graphene,
and the use of graphene membranes as a mechanical
resonator has allowed the demonstration of its optomechan-
ical coupling with a microwave cavity [9]. Although the
propagation of surface acoustic waves was evidenced in
graphene for acoustoelectronics applications [10], there is
however no work on the electronic-vibronic interaction in
artificial atoms in 2D crystals, and more generally in layered
materials, but only the report of quantum light emission in
localized states inWSe2 [11–13] and hexagonal boron nitride
(hBN) [14].
In this Letter, we report on the ultraviolet (UV) optical

response of a color center in hBN. In the emission
spectrum, we resolve a narrow zero-phonon line and
phonon sidebands, which remarkably map the bulk phonon
dispersion in hBN. We show that the vibronic spectrum
reflects the density of states of bulk phonons in hBN, with a
striking suppression of the phonon assisted emission signal
at the energy of the hBN phonon gap. Moreover, we do not
observe any signature related to local vibration modes,

contrarily to other color centers in semiconductors, such as
the prototype nitrogen vacancy center in diamond [15]. By
means of nonperturbative calculations of the electron-
phonon interaction in a point defect, we reach a quantitative
interpretation of the sidebands due to the long-wavelength
bulk acoustic phonons, which are at the basis of sideband
cooling protocols [16] or coherent phonon manipulation
[5,17]. From this analysis, we also obtain the first estima-
tion of the deformation potential in hBN, together with the
characteristic spatial extension of the defect of 2� 0.3 Å.
hBN is a wide-band-gap nitride semiconductor with a

lamellar crystalline structure analog to graphite [18]. Its
fundamental band gap is indirect with a dim excitonic
emission at 5.955 eV [19], and intense phonon replicas
between 5.7 and 5.9 eV, as seen in Fig. 1. In our measure-
ments, a commercial hBN crystal fromHQGraphene is held
on the cold finger of a closed-cycle cryostat, and after
nonresonant excitation at 6.3 eV by the fourth harmonic
of a Ti:sapphire oscillator, the photoluminescence (PL)
signal is detected by an achromatic optical system [20].
The presence of defects in hBN leads to two additional
emission bands centered at 5.5 and 4 eV [21–26]. The former
comes from extended defects or stacking faults (red shaded
area in Fig. 1), which were in particular characterized with a
nanometric resolution in a transmission electron microscope
[27]. It was also recently demonstrated that most of the lines
observed in the broad emission spectrum between 4.8 and
5.7 eV consist in resonances of the phonon assisted carrier
relaxation rate, with an energy spacing reflecting intervalley
scattering [20].
Below 4.8 eV, the emission spectrum in bulk hBN

displays a band related to deep levels (green shaded area
in Fig. 1), corresponding to electronic states localized in
point defects [21,22,25,28]. Moreover, we observe sub-
structures, and in particular a sharp peak at 4.1 eV, a weaker
one at 3.9 eV, and a third one at 3.7 eV barely observable
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atop the broad emission background, as shown in the inset
of Fig. 1 displaying an enlargement around 3.9 eV. In
contrast to previous studies focusing on this multiplet of
peaks in hBN and concluding to the existence of phonon
replicas in a point defect [22,25,28], we resolve here the
complete vibronic spectrum by means of high-spectral
resolution in PL experiments in hBN single crystals at
10 K. We first demonstrate the presence of a previously
unresolved zero-phonon line (ZPL) in the emission spec-
trum, lying at 4.1 eV with a full width at half maximum
(FWHM) as narrow as 2 meV (Fig. 1). Such a value is of
the order of the linewidth measured in single quantum dots
in state-of-the-art AlGaN-based samples for single photon
sources in the UV range [29,30]. The fact that we observe
similar values by means of ensemble measurements is a
strong indication for the well-defined, excellent structural
properties of this UV color center. However, in Fig. 1 the
PL signal of the color center appears to be superimposed on
the broad emission background, approximately at its
maximum intensity, making difficult a further investigation
of the color center optical properties, at least in this
configuration where we perform above band gap excitation
at 6.3 eV.
We thus switch to below band gap excitation in order to

suppress the 4-eV broad emission background, following
the excitation spectroscopy measurements performed
below 4.75 eV and reported in Ref. [25]. In Fig. 2, we
display, on a semilog scale, the PL signal intensity (solid
red line) as a function of the energy detuning with the
4.1-eV energy of the ZPL. In this background-free con-
figuration, we observe that the vibronic spectrum does not
only consist in a low-energy sideband with a maximum

intensity for a 10 meV redshift, and that secondary maxima
are observable at −40 and −70 meV energy detunings.
Moreover, the PL signal intensity decreases to the noise
level for a detuning of −145 meV, which coincides with
the phonon gap in hBN [31,32]. For larger detunings, the
PL signal intensity increases with a steep rise to a relative
maximum at −155 meV, followed by a broader line until
−180 meV, and finally a sharp asymmetric line at
−200 meV, i.e., the absolute maximum of the optical
phonon energy in hBN, corresponding to zone-center
longitudinal optical [LOðΓÞ] phonons.
In light of the vibronic spectrum inspection correlating

with specific energies of the phonon band structure in hBN,
we further compare the PL spectrum of our UV color center
with the phonon density of states in hBN [31] (blue dotted
line in Fig. 2). We first observe that the peaks at −40, −70,
−155, and −180 meV all correspond to extrema of the
phonon density of states in different high-symmetry points
of the Brillouin zone, and related to ZAðKÞ, ZOðKÞ,
TOðMÞ=LOðKÞ, and LOðTÞ phonons, respectively. In
the case of zone-edge phonons, the electron-phonon
interaction via the deformation potential is known to be
weakly dependent on the phonon wave vector k [33],
whereas at the zone center, the deformation potential and
the piezoelectric coupling scale like

ffiffiffi
k

p
and 1=

ffiffiffi
k

p
,

respectively, while the Fröhlich interaction varies like
1=k. Such a weak k dependence of the deformation
potential at the zone edge is well documented in the
context of intervalley scattering in indirect and direct band
gap semiconductors [34–36]. As a matter of fact, the
efficiency of the corresponding phonon assisted

FIG. 1. Photoluminescence spectrum in bulk hBN at 10 K
(solid red line) on a 2.5-eV energy range, for an excitation at
6.3 eV. The vertical dotted blue line indicates the hBN band gap at
5.95 eV. The green (red) shaded area corresponds to the emission
of point defects (stacking faults). Inset: enlargement around
3.9 eV.

FIG. 2. Photoluminescence signal intensity at 10 K (solid red
line), on a semilog scale, for an excitation at 4.6 eV, as a function
of the energy detuning with the zero-phonon line of the color
center emitting at 4.1 eV (Fig. 1), compared to the phonon density
of states in hBN (blue dotted line) from Ref. [31]. Inset:
enlargement of the PL spectrum around −200 meV.
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recombination will mainly reflect the phonon density of
states, provided that first-order processes involving only
one phonon are dominant in the optical response. The
one-by-one identification of the phonon sideband peaks
with the extrema of the phonon density of states (Fig. 2)
indicates that we are, at low temperature, in the regime
where one-phonon scattering processes dominate. This
interpretation is further supported by the striking observa-
tion of a pronounced dip in the vibronic spectrum (down to
our noise level) exactly in the 5 meV spectral range of the
phonon gap in hBN (green dashed area in Fig. 2). To the
best of our knowledge, it is the first evidence of such a
suppression of the phonon sideband in the spectral region
of a phonon gap, in point defects and more generally in
semiconductor nanostructures.
In contrast to phonons at the boundaries of the Brillouin

zone, zone-center phonons couple to electrons through
strongly k dependent interactions [33]. In the case of optical
phonons, the Fröhlich interaction scales like the inverse of
the phonon wave vector, resulting in a divergence of the
electron-phonon matrix element for zone-center longi-
tudinal optical phonons. This singularity accounts for the
intense phonon sideband at −200 meV (Fig. 2), despite the
vanishing density of states at the energy of the LOðΓÞ
phonons in hBN. Interestingly, the usual negative curvature
of the LO phonon branch around Γ is expected to result in a
tail of the LOðΓÞ sideband towards smaller energy detun-
ings, which has never been observed so far. The asym-
metric line profile around −200 meV in Fig. 2 (inset)
provides a textbook example for this effect.
As far as zone-center acoustic phonons are concerned,

we present below a quantitative interpretation of the low-
energy vibronic spectrum, which will allow us to extract
estimations of the defect size and deformation potential,
and to reproduce the temperature-dependent measurements
up to room temperature, displayed in Fig. 3. Phonon
assisted optical processes in point defects were described
in the early years of solid-state physics, in particular in the
pioneering study of Huang and Rhys [37]. In this paper, the
authors analyzed the optical absorption of F centres on the
basis of the Franck-Condon principle. A description to all
orders in the electron-phonon interaction was later devel-
oped by Duke and Mahan within a Green function
formalism [38], with a renewed interest in the context of
semiconductor quantum dots and nanocrystals. In order to
interpret time-resolved experiments of the coherent
nonlinear response in semiconductor quantum dots,
Krummheuer et al. calculated the time-dependent polari-
zation after pulsed excitation, and they derived an analyti-
cal expression of the nonperturbative optical response for
the coupling to phonons [39]. Such a nonperturbative
approach takes into account the coupling terms to all
orders in the exciton-phonon interaction, thus accounting
for the radiative recombination assisted by the emission of
any phonon number. This aspect is particularly important

on increasing the temperature where the phonon sidebands
are no longer limited to the one-phonon processes, which
usually dominate at low temperature [39,40], so that a
nonperturbative approach becomes mandatory at high
temperature.
In the framework of this theoretical approach, we have

calculated the emission spectrum of the 4.1-eV color center
in hBN in order to quantitatively account for our PL
measurements (Fig. 3). More specifically, we have com-
puted the sidebands arising from the coupling to acoustic
phonons. Close to the zone center, the deformation poten-
tial interaction is allowed only for longitudinal acoustic
(LA) phonons, while piezoelectric coupling is allowed for
both LA and TA phonons [39]. hBN being centrosym-
metric and thus nonpiezoelectric, the only remaining
coupling is the deformation potential for LA phonons.
The emission spectrum is thus obtained by taking the
Fourier transform of the time-dependent linear susceptibil-
ity χðtÞ given by [39]

χðtÞ ¼ exp

�X
k

jγkj2ðe−iωðkÞt − nðkÞje−iωðkÞt − 1j2 − 1Þ
�
;

ð1Þ

where ωðkÞ is the energy of a LA phonon of wave
vector k, nðkÞ is the corresponding Bose-Einstein phonon
occupation factor, and γk is a dimensionless coupling
strength (see Ref. [41] for more details on the model).
Importantly, we have taken into account the anisotropic
sound dispersion in hBN resulting from the peculiar
crystalline properties of this lamellar compound, so that

(a) (b)

FIG. 3. (a) Photoluminescence spectrum of the 4.1-eV color
center in hBN, for an excitation at 4.6 eV, from 10 to 300 K. Inset:
fraction of the emission in the ZPL as a function of temperature.
(b) Calculations of the longitudinal acoustic phonon sidebands,
from 10 to 300 K, with a deformation potential D ¼ 11 eV and a
point defect extension σ ¼ 2 Å.
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ωðkÞ reads
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcs;∥k∥Þ2 þ ðcs;zkzÞ2

q
, where k∥ (cs;∥) and kz

(cs;z) are the in-plane and out-of-plane wave vectors (sound
velocities), with the Oz direction along the c axis of hBN,
and cs;∥=cs;z ∼ 7.5 [32].
In our calculations, we have three free parameters: the

magnitude D of the deformation potential, the extension σ
of the electronic wave function in the color center, and the
FWHM of the ZPL labeled ΓZPL. ΓZPL is a phenomeno-
logical broadening introduced in the model, since the latter
does not account for the thermally assisted broadening of
the ZPL [39]. Its value is adjusted for each temperature in
order to reproduce the ZPL (see Ref. [41] for more details
on the ZPL broadening). In Fig. 3, we display the
comparison between our temperature-dependent measure-
ments from 10 to 300 K [Fig. 3(a)] and our calculations of
the longitudinal acoustic phonon sidebands [Fig. 3(b)] for
fixed values of the deformation potential (D ¼ 11 eV) and
point defect extension (σ ¼ 2 Å). We observe an excellent
agreement for the complete set of data. In particular, we
fully account for the smooth transition to a symmetric
emission spectrum on raising the temperature. While
phonon emission gives rise to a redshifted emission after
phonon assisted recombination, phonon absorption leads
on the contrary to a blueshifted emission with respect to the
ZPL. At low temperature, the probability of phonon
absorption is negligible compared to phonon emission,
leading to an asymmetric vibronic spectrum (Fig. 3, 10 K).
When raising the temperature, phonon absorption becomes
more and more probable, resulting in a high-energy side-
band of growing intensity (Fig. 3, 30–90 K), up to a
quasisymmetric emission spectrum at room temperature
(Fig. 3, 300 K). Furthermore, we note that the visibility of
the ZPL decreases as a function of temperature.
Nevertheless, as long as it is observable, i.e., below
100 K, the fraction of the emission in the ZPL, often
called the Debye-Waller factor, remains constant [Fig. 3(a),
inset]. The decreasing visibility of the ZPL arises in fact
from its broadening, which reduces the maximum intensity
of the ZPL on top of the ΓZPL-independent vibronic
spectrum [41]. Eventually, we highlight that the longi-
tudinal acoustic phonon sidebands involve both in-plane
and out-of-plane phonons, in contradiction to early studies
on the electron-phonon interaction in a layered compound
tentatively predicting the implication of only rigid-layer
modes with a kz wave vector [43]. In Eq. (1), the truncated
sum to only fkzg wave vectors does lead to a drastic
reduction of the sideband intensity, infirming the hypoth-
esis of Ref. [43] and thus showing the combined action of
in-plane and out-of-plane phonons in the sideband buildup.
In our model, the free intrinsic parameters are the defect

extension σ and the deformation potential D. Although the
latter can a priori be estimated from independent experi-
ments [33] and is usually tabulated for a number of
semiconductor compounds, the only recent synthesis of

high-quality hBN crystals makes the literature completely
nonexistent on this topic. Nevertheless, the observation of
the sideband maximum at an energy detuning of −10 meV
in our low temperature measurements turns out to be
decisive for reaching an accurate estimation of both fitting
parameters. When varying the values of D and σ, the
sideband maximum changes in energy and in intensity [41],
the latter being directly related to the Debye-Waller factor.
In order to reproduce both the energy and the intensity of
the sideband maximum at 10 K, we have to take D ¼
11� 0.5 eV and σ ¼ 2� 0.3 Å. The 11-eV value of the
deformation potential has to be compared with the absolute
value of the difference De −Dh between the deformation
potentials De and Dh for electrons and holes, respectively
[41]. From the theoretical estimations in the literature
[44–46], we deduce that jDe −Dhj ranges from 1.7 to
8 eV. However, these calculations performed within the
density functional theory without GW corrections under-
estimate the band gap of hBN by 30%, and therefore
possibly also the deformation potentials, so that corrected
theoretical estimations will have higher values with an
upper bound close to our estimate. As far as the extension
of the electronic wave function is concerned, the 2-Å value
is of the order of the in-plane B–N bond length (1.4 Å), but
smaller than the interlayer distance in hBN (3.3 Å),
suggesting a ponctual alteration of the in-plane crystalline
structure. The 2-Å extension of the color center also
corroborates the observation of zone-edge phonon replicas
in the PL spectrum (Fig. 2), requiring a defect extension
comparable to the inverse of the phonon wave vector in the
form factor describing the electron-phonon coupling effi-
ciency [39]. These results should stimulate further inves-
tigation by local probe techniques in order to achieve the
chemical identification of this defect center. It might be a
nitrogen vacancy VN bound to a carbon or an oxygen atom
[28], although Stone-Wales defects transforming two hex-
agons into a pentagon and a heptagon could also form
preferential sites for adsorbates.
In summary, we have studied the vibronic spectrum in a

color center in hexagonal boron nitride. We have shown
that the vibronic spectrum reflects the density of states of
bulk phonons in hexagonal boron nitride, with a striking
suppression of the phonon assisted emission signal at the
energy of the phonon gap. By means of nonperturbative
calculations of the electron-phonon interaction in a strongly
anisotropic phonon dispersion, we reach a quantitative
interpretation of the acoustic phonon sidebands from
cryogenic temperatures up to room temperature, allowing
us to estimate the deformation potential value and the
spatial extension of the defect. These unique features of the
electronic-vibronic interaction in this color center are
supplemented by the recent success in isolating such a
single color center, which displays bright single photon
emission in antibunching experiments [47]. These results
pave the way for the implementation of hybrid quantum
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systems in layered materials, using this color center as a
fundamental building block.
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