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Abstract. The article discusses the implementation of ultrafast broadband excitation of A-band lumi-
nescence of natural diamond by femtosecond-laser pulses with low-energy near-IR photons. Such regime
provides A-band luminescence yield with the fourth-power nonlinearity at low laser intensities and second-
power nonlinearity at higher laser intensities. These nonlinear dependences of A-band intensity on laser
intensity can be related to quasi-resonant four-photon excitation at lower laser intensities and impact excita-
tion of corresponding optical centers at higher intensities, or to similar nonlinear processes in electron—hole

plasma relaxing to trapping donor-acceptor centers.

1 Introduction

The strict periodicity in the arrangement of the par-
ticles (atoms, molecules, ions) constituting the sub-
stance is a distinctive feature of the crystalline state.
Any violation of this periodicity and balance leads to
an appearance of a defect. Since impurities and defects
change the properties of crystals, including diamonds,
their study is therefore very important [1]. For exam-
ple, diamond optical centers as optically active point
defects have very long times of quantum coherence,
which opens up wide possibilities for their practical
application in various quantum technologies [2-4]. The
use of such centers as optical probes for the local mea-
surement of magnetic, electric and thermal fields or as
photoluminescent biomarkers is also of great interest
[5,6].

To date, mainly point centers which are optically
active in different regions of the visible and near
infrared range are considered. Such point defects are
denoted as X-V centers, where X is an atom of nitro-
gen (N), silicon (Si), germanium (Ge), phosphorus (P),
boron (B), titanium (Ti), etc., and V is a vacancy of
the crystal structure of diamond. The substitutional
atom and vacancy are associated with quasi-local lat-
tice vibrations around the centers [7]. Such vibrations
manifest themselves in the form of phonon repetitions
of the zero-phonon line (ZPL) of the electronic transi-
tion between the excited and ground state of the cen-
ter in the absorption (anti-Stokes lines) and lumines-
cence (Stokes lines) spectra. As a result, they deter-
mine depolarization, nonradiative relaxation (quench-
ing), and spin-orbit interaction for the excited state
of the center, that is, polarization, spin characteristics,
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line width, yield and kinetics of optical emission as the
most important optical characteristics of a quantum
emitter.

Usually highly sensitive photoluminescence (PL)
method [8,9] is used to study the vibrational spectrum
of diamond optical centers, one of the advantages of
which is a fairly wide spectrum of excited emission.
However, there is a mandatory overexcitation of the
material with thermal quenching of the PL and excita-
tion of the entire vibrational spectrum, which makes the
observation of vibronic repetitions of ZPL for individ-
ual (especially low-energy, up to 20-30 meV [8]) modes
impossible. It can be partially solved by preliminary
cooling of the sample to helium temperatures.

At the same time, the possibility of resonant two-
photon excitation of PL by ultrashort laser pulses of the
NIR range was recently demonstrated for an elementary
N-V center in artificial diamond [10]. A similar multi-
photon excitation of optical centers within the bandgap
by highly penetrating ultrashort pulses in the visible
and NIR ranges with varying degrees of nonlinearity of
the photoionization allows their broadband—through
the entire bandgap up to the conduction band—quasi-
resonant photoexcitation near the ZPL, characterized
by high efficiency and minimal overexcitation in the
spectral region under study. An interesting variation of
this method is ultrafast laser heating of photoionized
free carriers, the kinetic energy spectrum of which can
be used to excite optical centers inside the bandgap by
highly efficient resonant capture. So far, that mecha-
nism has been considered only for laser-induced impact
ionization of electrons in the valence band by high-
energy electrons [11], however, never before for the exci-
tation of interband electronic phenomena. Finally, there
is also a promising method for time-resolved spectral
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Fig. 1 The experimental layout (a) and the general view of PL spectrum of the diamond (b)

polarization studies of ultrafast PL, when the vibronic
structure of optical centers manifests itself in the tem-
poral modulation of the polarization-sensitive PL inten-
sity and can be determined by Fourier analysis of the
PL kinetics.

Thus, in order to expand the spectral range of emis-
sion of diamond optical centers that are promising for
nanophotonics and quantum optics to the entire visible
and NIR region, it is still necessary to thoroughly study
their structural and energy characteristics, which deter-
mine the internal nonradiative relaxation processes in
optical phenomena. In this paper, we study broadband
luminescence spectrum from natural diamond rich in
A-band excited by NIR ultrashort laser pulses.

2 Experimental details

The multi-photon interband photoexcitation of the
nitrogen-doped (>700 ppm) IaA/B-type diamond
(direct bandgap: 6.5 eV [12], dimensions - 2 2 1 mm?)
was observed to occur well above its absorption cutoff
wavenumber of ~ 30,000 cm~! and generate electron—
hole plasma (EHP). A train of pulses from a Yb-
doped fiber laser (Satsuma, Amplitude Systemes) at
100 kHz frequency, with 300 fs widths at a wavelength
of 1030 nm and different pulse energies £ = 20 — 100
nJ, was focused using a 0.45 numerical aperture (NA)
micro-objective lens (Nikon) onto a focal spot of diam-
eter 2 wm (1/e? intensity level) inside the diamond
through its polished side windows (Fig. 1a); the result-
ing room-temperature photoluminescence (PL) was col-
lected using a 0.2 NA objective and then focused as a
luminous track onto an input slit of a broadband spec-
trometer (ASP-150F).

3 Experimental results and discussion

The study was focused on the dependence of the PL
yield on the peak intensity of incident ultrashort pulses,
potentially indicating their mechanism of photoexcita-
tion through their “cold” quasi-resonant four-photon
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excitation in one case and impact excitation with a
higher luminescence yield in another one. In fact, the
obtained experimental intensity-dependent PL yield
showed a nonlinear character for all spectrally resolved
bands with quasi-linear character for both low and
medium ultrafast pulses intensity regions. The study of
PL was carried out in pre-filamentation regime, where
self-focusing power for diamond in the near IR was
taken equal to P giam = 0.5 MW for near-IR pulses
[13,14] (for comparison, the range of ultrashort pulses
peak power was P = 50 — 350 kW).

The kinetic rate equation [15,16] has proved to be
a simple and informative approach to the analysis of
the electron—hole plasma (EHP) dynamics in dielectrics
excited by ultrashort pulses. Given the fundamental
multi-photon interband absorption of type “valence
band—conduction band” of diamond, the kinetic rate
equation for the EHP density p.j can be written in
the form [17]

dpe,h
dt

pe,h

TST

=opI" +alpen — 6Pz,h - (1)

where the first term on the right side reflects multipho-
ton absorption; the second determines impact ioniza-
tion; the third and fourth ones correspond to three-
body Auger and radiative two-body recombination,
respectively, and the last one is the trapping of free
carriers with a characteristic time constant Tg7. In this
equation, the radiation-recombination contribution of
the integral form corresponds to the PL yield

® o [ ot i (2)

Since the key coefficients of Eq. (1) for diamond are
usually unknown, it is of interest to analyze the equa-
tion in general in comparison with the PL yield accord-
ing to Eq. (2).

In this particular work, at low intensities of ultra-
short pulses multi-photon excitation of A-band-related
centers with the concentration p4 could occur
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Fig. 2 Dependences of PL yield on the ultrashort pulses energy for peak intensities of the spectra (red) and for spectrally
integrated intensity (blue), as well as their linear interpolations showing the power slopes of the dependences (a). Diagram
of processes associated with direct multiphoton photoexcitation of EHP and relaxation (red) in the region of the main
bands and accompanying photoluminescence (blue) in diamond (b)
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resulting in the PL yield in the form

@m/ﬂpﬁﬁ dt oc I (4)

demonstrating the same nonlinearity of the intensity-
dependent luminescence yield as the observed in Fig.
2a.

Then, at medium intensities of ultrashort pulses, pre-
dominating impact ionization could provide the same
excitation path. In this case, the kinetic equation and
the corresponding PL yield can be written in the form

dpc,h
G = CPerlpa— B0, apenlpam Bply,
pen o< I! (5)
P o /ﬂpgh dt o< I? (6)

reflecting a much slower rise in the PL yield from the
pulse intensity. As it is obvious from the qualitatively
similar PL spectra (Fig. 1b), the change in the nonlin-
earities (slopes of the linear fitting) in Fig. 2a, does not
change the PL mechanism. Hence, one can suggest in
both these cases, the electrons promoted from the A-
band center to the conduction band, could return to the
A-band center excited state radiatively (NIR range) or
non-radiatively, ending up with the observed blue-range
photoluminescence.

Alternatively, the same nonlinearities of A-band PL
yield versus 1030-nm fs-laser intensity can be observed
during the continuous set of transition regimes, grad-
ually turning on additional strong effects in dynamics
of electron—hole plasma with its eventually increasing

density—density-limiting Auger recombination, low-
power impact ionization mechanism, etc., in Eq. (1). In
such case, the A-band PL yield nonlinearity could con-
tinuously decrease versus fs-laser intensity, as observed
through comparison of the intensity-dependent nonlin-
earities in this and our recent work [18] at rather sim-
ilar experimental conditions. Meanwhile, even in this
situation the difference in focusing NA = 0.25 [18] and
0.45 (this study) could introduce considerable differ-
ence in the density of excited carriers in their focal vol-
umes and the resulting A-band photoluminescence yield
through ultrafast lateral electron—hole plasma density-
dependent ambipolar diffusion during the pumping 300-
fs laser pulses [19], which is not well-studied yet in dia-
mond at high-excitation densities [20].

4 Conclusion

Ultrafast near infrared-range excitation of nitrogen-rich
natural diamond produces mainly visible photolumines-
cence with nonlinear character of its yield as a func-
tion of laser intensity. The A-band photoexcitation at
lower intensities of ultrashort pulses can be explained
by multi-photon excitation of corresponding intra-gap
centers occurring between the center populated ground
state and conduction band. Then, for the higher inten-
sities of ultrashort pulses the impact ionization of the
center becomes dominating factor, which could provide
the same excitation path. Alternatively, the same non-
linearities of A-band PL yield versus laser intensity can
be explained via continuous set of transition regimes,
gradually turning on different strong effects in dynam-
ics of electron—hole plasma of increasing density.
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