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We report the observation of multi-photon photoluminescence excitation (PLE) below the resonant
energies of nitrogen vacancy (NV) centers in diamond. The quadratic and cubic dependence of the
integrated fluorescence intensity as a function of excitation power indicate a two-photon excitation
pathway for the NV− charge state and a three-photon process involved for the neutral NV0 charge
state respectively. Comparing the total multi-photon energy with its single-photon equivalent, the
PLE spectra follows the absorption spectrum of single photon excitation. We also observed that the
efficiency of photoluminescence for different charge states, as well as the decay time constant, was
dependent on the excitation wavelength and power.

INTRODUCTION

The demonstration of single photon generation [1]
and optical preparation and readout out of spin [2]
in diamond nitrogen-vacancy centers (NV), coupled
with its unique combination of features such as bio-
compatibility, stability, sensitivity to magneto-electric
fields and long spin coherence, has launched diamond to
prominence with regards to applications for nanoscale
biological sensing and carbon-based quantum technology
[3, 4]. Due to an efficient absorption in the visible
region, around 450 nm to 575 nm for both the NV0 and
NV− states [3], the electronic states of the electrons
trapped in the NV defect centers are often prepared by
non-resonantly exciting diamond with single photons
using green light (520-540 nm). A resonant excitation
of NV− zero-phonon line (ZPL) at 638 nm (1.945 eV)
to photo-ionize an electron and covert the NV to its
neutral charge state via an absorption of two photons
followed by an Auger process has also been reported
[5]. Below resonance excitation at 1064 nm, half the
energy of the usual green light excitation, has been
used to study nonlinear photo-physical processes [6] and
charge state dynamics [7, 8]. An interesting feature
observed in these works was the spin-dependent signal
that is emitted when simultaneously exciting with
near infra-red and visible light, a phenomenon that
is not well understood. Although the multi-photon
photoluminescence excitation (PLE) experiment has
been implemented in a wavelength range between 800
nm to 1040 nm [9], to the best of our knowledge,
multi-photon PLE experiment has not been extended
across the 2-photon (2P) resonance of NV0 and NV−.
It is important to note that multiple-photon excitation
is extremely advantageous for biological imaging and
quantum information processing as it widely separates

the signal fluorescence from excitation.

In this work, we report our PLE measurement of NV
photoluminescence using multi-photon excitation with
pulsed light in the near-infrared range, 1050-1300 nm
(0.95-1.18 eV). We discuss the different PL yields of NV
at these excitation wavelengths. We also compare the
time-resolved fluorescence decay of the NV excited states
at various excitation energies and pump powers to shed
light on the important features of the defect states.

EXPERIMENTAL SETUP

The sample in our experiments is micro-diamond crys-
tals (High pressure high temperature synthesized 10-100
µm from Columbus Nanoworks. Nitrogen concentration:
∼ 100ppm). The NV ensembles investigated in these
crystals are produced by electron irradiation and sub-
sequent annealing. A laser pump, illuminating about 1
µm spot size on these crystals, yields sufficient fluores-
cence signal to noise ratio despite of an inherently low
multi-photon excitation efficiency. An Optical Paramet-
ric Amplifier (Coherent OPA 9400) pumped by an am-
plified Ti:Sapphire laser system is used to provide 200
ps pulses, about 30 nm FWHM bandwidth at 250 kHz
repetition rate, in the wavelength range used for the ex-
periments. The “signal” output of the OPA can be tuned
from 500 to 700 nm for non-resonant single-photon exci-
tation while the “idler” covers the excitation wavelengths
between 1000 to 2000 nm. A 0.8NA objective is used
to both focus the pump beam onto the sample and col-
lect the diamond fluorescence. The samples were glued
onto a translation stage and the fluorescence from the
NV centers were collected by either a spectrometer for
time-averaged spectroscopy or a Single Photon Counting
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Figure 1. An OPA system served as a tuneable light source,
providing 200 ps excitation pulses at 250 kHz repetition rate.
The “signal” and “idler” outputs of the OPA were directed
onto the sample optical path using dichroic beam splitters
(DBS1 and DBS2). Additional bandpass filters and longpass
filters were placed along the “signal” and “idler” paths re-
spectively to get rid of any light leaking from the OPA’s own
pump source (800 nm). Laser paths for the different wave-
length regions were blocked or opened as needed in the ex-
periments. The photoluminescence can be directed unto a
spectrometer or a Single Photon Counting Module (SPCM)
for lifetime measurements.

Module (SPCM) for time-correlated measurements. The
trigger of the single photon counter was sourced from the
250 kHz repetition rate of the OPA pump and counts
were recorded by a (Picoharp 300) dual-channel counter.
A bandpass filter centered at 582 nm wavelength with
a 75 nm bandwidth and a 650 nm longpass filter were
placed along the collection path when distinguishing be-
tween the NV0 and NV− photoluminescence respectively.

RESULTS

Power Dependence

To identify multi-photon excitation generated PL from
NV centers, we compared the power dependence of col-
lected PL with pulsed excitation centered at 535 nm with
excitation centered at 1276 nm, half the NV− ZPL en-
ergy in Figure 2(a) and (b). The integrated counts from
the spectrally resolved fluorescence for NV0 (550-620 nm)
and NV− (650-800 nm) as a function of power is fitted
with a power law to the nth power. The emission inten-
sity from the 535 nm excitation as a function of pump
power yields a clear linear dependence (n=1.01±0.05 for
NV− and n=1.13±0.07 for NV0) as shown in Figure 2(a).
The NV− fluorescence follows mainly a quadratic depen-
dence n=2.10±0.18 while the NV0 fits a cubic power law
n=3.00±0.34 for 1276 nm excitation. The uncertainty
δn of the nth power is the standard deviation of several
trials for the corresponding excitation wavelength.

Figure 2. Power dependence of NV0 and NV− fluorescence in-
tensities at (a) 535nm and (b) 1276nm excitation wavelengths.
The solid lines are power law fits with n as the power param-
eter.

Figure 3 looks at how the near-infrared excitation af-
fects the spectral profile of the NV system. NV fluo-
rescence spectrum and corresponding NV− to NV0 ratio
under 1060 nm or 1210 nm excitation have been displayed
in a series of excitation powers. At 1060 nm excitation,
two photons have enough energy to excite both the NV−

and NV0 charge states, while past 1150 nm, e.g. 1210
nm, an additional photon is needed to reach the excited
state of NV0. Figure 3(a),(b) shows an increase in NV0

component, or equivalently a decrease in NV− to NV0 ra-
tio, with increasing excitation power. Longer excitation
wavelengths past 1210 nm show more NV− than NV0.
It is clear that irrespective of excitation wavelength, the
NV0 component increases with pump power, e.g. Fig-
ure 3(c), albeit at lesser rates for longer wavelengths.
Our multi-photon data indicates an increased ionization
of NV− due to a higher illumination power, which pushes
the dynamic balance between two NV charge state pop-
ulations towards NV0. The result is in agreement with
the previous reports for single photon excitation [10].

Figure 3. Fluorescence of NV diamond at various pump pow-
ers for (a) 1060 nm excitation, (b) 1210 nm excitation and
their corresponding NV− to NV0 ratio (c).
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Spectrum and Lifetime

Following the same diamond centers, we looked at
the wavelength dependence of the spectral profile. Fig-
ure 4(a) shows representative room temperature fluores-
cence spectra of the NV centers at various excitation
wavelengths. Our results indicate that NV centers can
be excited continuously from 1050 nm to 1300 nm with
varying efficiency for each of the different charged states.
Using appropriate bandpass filters, we collect the inte-
grated fluorescence intensity of the NV− charge state
(750-800 nm) and the NV0 charge state (550-620 nm)
separately as a function of pulsed excitation wavelength.
The integrated intensity for each charge state and the
ratio between them is shown in Figure 4(b). If an en-
ergy equivalent of two excitation photons is assumed, the
emission intensity at these excitation wavelengths is con-
sistent with the characteristic absorption cross-sections
or photoluminescence (PLE) spectra of NV− with con-
ventional single-photon excitation [11]. For example, in
our data the intensity in fluorescence emission peaks at
around 1070 nm corresponding to twice the wavelength
where single photon absorption peaks (535 nm) in di-
amond NV [12]. The inefficient pumping of the NV0

charge state with wavelengths longer than the ZPL of the
NV0 (575 nm), is reflected in the decrease in fluorescence
intensity as function of pump wavelength across 1150
nm towards longer wavelengths shown in Figure 4(b).
The fluorescence intensity of the NV0 charge state en-
semble goes down as well but, nonetheless, remains non-
zero. A notable feature is the increase in intensity ratio
(NV−/NV0) of the charged states toward longer wave-
lengths. Within the excitation wavelength range in our
experiments, the relative NV− emission and excitation is
much more efficient at wavelengths beyond 1150 nm.

Figure 4. (a) Representative PLE spectra of NV centers at
1050 nm, 1090 nm, 1150, and 1280 nm. The fluorescence
spectra are normalized to maximum intensity. (b) Integrated
intensity of NV0 (550-620 nm) and NV- (650-800 nm) from
spectra, e.g. Figure 4(a), versus excitation wavelength. The
ratio between NV− and NV0 intensities is also shown in the
graph.

We also compared the NV ratio between single photon
(510 nm, 550 nm) and two-photon excitation (1060 nm)

as shown in Figure 5(a). Due to the laser light’s prox-
imity to the fluorescence region, a long pass filter with
cut-off at 600 nm is placed in the collection path to filter
out the laser reflections from the sample when exciting at
550 nm. The effect of the long pass filter is manifested in
the loss of fluorescence information below 600 nm for the
550 nm excitation. Nonetheless, the reduction of NV0

with respect to NV− is qualitatively apparent compared
to 510 nm or 1060 nm excitation. Within the single pho-
ton excitation range, longer wavelength yields increasing
NV− intensity with respect to NV0 as seen when com-
paring 510 nm excitation with a 550 nm excitation which
is consistent with the absorption spectra of the charged
states [12]. Also, one can clearly see from Figure 5(a) that
near-IR excitation contains relatively more NV0 compo-
nent than NV−.

Figure 5. (a) Fluorescence comparison of single photon ex-
citation (510 nm and 550 nm) with multi-photon excitation
(1060 nm). Graph (b) compares the lifetime when exciting
with single photons and multiple photons. The top axis cor-
responds to one-photon (1P) excitation wavelength while the
bottom axis corresponds to the two-photon (2P) excitation
wavelength. For the multiple-photon excitation, the NV− flu-
orescence is taken at two wavelength windows for comparison.
The fluorescence decay is fitted with a bi-exponential func-
tion. The longer lifetime or slower decay component is plotted
for various excitation wavelength. Not included in the figure
is the shorter lifetime or faster decay component, also ob-
served, in single photon excitation which is simply consistent
at around 7 ns. Representative decay plots and bi-exponential
fits for (c) NV− and (d) NV0 fluorescence comparing 510 nm,
1060 nm, and 1276 nm excitation wavelengths are also shown
above.

The decay of the fluorescence is also recorded at various
wavelengths. A bi-exponential function provides a better
fit to our data than a single exponential and takes into
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account the presence of any extraneous, short-lived lumi-
nescent defects. The lifetime of the long-lived component
is plotted in Figure 5(b) showing both the NV charged
state lifetime at various frequencies of multi-photon (MP)
excitation in as well as a control measurement using one-
photon (1P) excitation. Note that there is a notice-
able change in the lifetime from shorter to longer exci-
tation wavelength which eventually flattens beyond 1150
nm excitation or its single-photon equivalent. Although
the downward trend is not universally reported by other
groups so far, our findings are not unique. Reference [13]
reported a similar downward trend in 30% of their inves-
tigated nanodiamonds using conventional single-photon
excitation. To rule out the possibility of leakage from
strong NV0 emissions at shorter wavelength excitation,
the multi-photon excitation NV− fluorescence is taken at
two wavelength windows for comparison, one in the 650-
800 nm interval and the other at 750-800 nm interval.
The consistently higher time constant of the 650-800 nm
fluorescence window of the NV− at excitations shorter
than 1150 nm is indicative of some NV0 fluorescence
leaking into the NV− collection window. Beyond 1150
nm, the NV0 emission is less intense minimizing possible
leakage effects. We then can take the time constant be-
yond this excitation wavelength to be the NV0 lifetime
16.5 ± 0.6 ns and NV− lifetime 11.1 ± 0.4 ns, which
are within the range reported by other groups. Com-
pared to the measurements from 1P experiments, the 1P
lifetime tends to agree with 2P result at long excitation
wavelength. In addition, an interesting observation is the
slow downward trend of lifetime as a function of excita-
tion wavelengths for 1P case compared to 2P case. This is
possibly why the observation of the downward trend was
not universally reported before. Our result strongly sug-
gests other mechanisms are involved in multiple-photon
excitation that leads to a dependence of lifetime in exci-
tation wavelength.

The faster decay component has a lifetime around ∼ 7
ns for both 2P and 1P excitations. The fast decay does
not vary much with excitation wavelength. One explana-
tion for the fast decay can be another luminescent defect
as mentioned before. Another explanation can be the
quenching effect of NV PL due to nearby neutral sub-
stitutional nitrogen defects N0

s [14, 15]. The N0
s can be

located at a range of distances around NV centers. If one
thinks of the NV center and N0

s as a donor-acceptor pair,
the energy transfer rate between the pair will depend on
the distance between them [16]. Such phenomena leads to
non-single exponential decay. These non-single exponen-
tial decays are also observed in nanodiamonds, e.g.[17].

DISCUSSION

Experimentally, the two-photon absorption (2PA)
cross-section is related to the detected PL counts [18]

σ2 ≈ Ffτ

1.28φCηnλP 2
(1)

where F is in units of photon/s; φ is the PL collection
efficiency of the experimental system; η is the quantum
yield of the defect; C is the density of the defects, λ is
the excitation wavelength in vacuum; n is the refractive
index of the media; P is the average laser power; τ is
the pulse duration; f is the repetition rate; and σ2 is the
2PA cross-section in units of GM , where 1GM = 10−50

cm4· s/photon.
The NV− 2PA cross-section σ2(λ) from 1050nm to

1280nm excitation can be estimated from our PLE data.
Considering our laser linewidth is ∼ 30nm, we use the
measured 2PA cross-section at 1064nm from reference [6]
as our calibration for the 1060nm excitation such that
σ2(1060) ≈ 0.45 ± 0.23GM . Assuming the experimental
conditions remained fixed during the PLE measurement
as the excitation wavelength is changed, then the 2PA
cross-section σ2(λ) can be simplified to

σ2(λ) =
1060

λ

F (λ)

F (1060)
σ2(1060). (2)

Figure 6 shows our estimate of the 2PA cross-section for
NV− center at different excitation wavelength based on
our PLE measurements. The 2PA cross-section agrees
with the reported one-photon absorption(1PA) by ref-
erence [12] at room temperature. The missing reso-
nance at 1150nm is possibly due to the our broad laser
linewidth. Low temperature experiment and narrower
laser linewidth will help to explore the resonance in the
future.

Figure 6. NV− 2PA absorption cross-section calculated from
our PLE data based on the measured 2PA cross-section and
error at 1064nm excitation from reference [6].

The schematic of the negative and neutral state shown
in Figure 7 maps our understanding of the behavior of
the system. The energy level of the states and band
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offsets follows reference [12] which is the most consistent
with our results. From the schematic, we can see that
an excited negatively charged state NV−∗ could absorb
another photon, 0.65 eV or higher, to raise the electron
out to the conduction band. Hence, if an NV− state
absorbs three photons, each photon at half the energy
of the NV− ZPL, it can be converted into the excited
state of NV0. If the total transition energy is attained, a
direct three-photon absorption of an NV0 electron from
the ground state will also get the system to its excited
state (NV0∗).

Figure 7. A two-photon, three-photon excitation of NV− and
NV0 respectively leaving them in their excited states (∗). An
excited negatively charged state NV−∗ could absorb another
photon to raise the electron out to the conduction band. If an
NV− state absorbs three photons with a total energy of 2.60
eV, it is converted into the excited state of NV0. A direct
three-photon absorption of an NV0 electron from the ground
state will leave it in its excited state (NV0∗) if the total photon
energy is greater than or equal to 2.16 eV.

The power dependence of the NV− and NV0 charged
states with 1276 nm excitation provides evidence for a
multi-photon procedure or a series of pathways for the
NV electronic transitions. For the negatively charged
state, a two-photon excitation or absorption is the most
straightforward interpretation based on its quadratic
power dependence. The cubic dependence of the NV0

PL intensity on the other hand may have two possibili-
ties. The mechanism for these is illustrated in Figure 7.
The first is a direct absorption of three photons 1276
nm photons to reach the excited state. Note that three
times the energy of a 1276 nm photon, for a total of 2.92
eV, is more than enough to reach the 2.16 eV needed
to excite the NV0. The second possible explanation is
an NV− to NV0 conversion. One such conversion mech-
anism was proposed by Beha et al.[12] and Shiyushev
et al.[5] whereby an excited NV− state absorbs another
photon into the conduction band followed by an Auger
process that releases enough energy to remove the defect
charge. Later work, e.g. [12], on photo-induced ioniza-
tion dynamics did not invoke the Auger process. The

NV− ionization energy was concluded, per Ref.[12], to be
only 2.6 eV. We point out that the three 1276 nm photons
have more than enough energy required for an NV− elec-
tron to reach the conduction band from the NV− ground
state.

We also point out that the two-photon process is more
efficient for exciting the NV0 state than the NV− com-
pared to excitation at the single photon equivalent en-
ergy (Figure 5(a)). This is likely due to excitation
pulses which have higher peak power inducing faster
charge state conversion from NV− to NV0 compared with
continuous-wave (CW) pumping.

CW, green laser in tandem with a 650nm long pass
filter is often used for NV−, single-photon related exper-
iments. However, this strategy is not effective in filtering
out the NV0 emission as demonstrated in Figure 5(b).
A longpass filter with a much longer wavelength cutoff
is needed to significantly reduce the fluorescence overlap
between the two charge states. Alternatively, our multi-
photon experiment showed that the NV− charge state
can also be prepared with higher fidelity using excitation
wavelength >1150 nm compared to shorter, near-infrared
wavelengths at the same illumination power.

The NV−’s slower or longer decay component, Fig-
ure 5(b), shows a decreased lifetime when excited at
wavelengths greater than 1150 nm compared to when ex-
cited at wavelengths shorter than 1150 nm. In part, this
can be attributed to some NV0 fluorescence leaking into
the NV− collection window. The leakage effect is sup-
ported by a consistently longer time constant for NV−

fluorescence collected at 650-800 nm as compared to a
750-800 nm collection window. The effect can partially
explain the leveling of the time constant at >1150 nm
pumping due to an inefficient two-photon excitation of
NV0 at these wavelengths. Less NV0 leaks into the NV−

collection window, unless the pump power is increased
whereby 3-photon processes starts to dominate and NV0

population recovers.

The longer lifetime component for NV0 decay for ex-
citation wavelengths shorter than 1150 nm is indicative
of multiple processes feeding into NV0 population. Di-
amond fluorescence in a series of excitation powers and
wavelengths and their corresponding NV− to NV0 ra-
tio also show that there is a significant number of carri-
ers feeding into the NV0 states at higher powers and for
wavelengths shorter than 1150nm (half the energy of NV0

ZPL). It is possible that this may be due to conversions
from NV− to NV0, excitation of defects and quenching of
PL due to other defects in the vicinity. The dependence
of the lifetime with wavelength would be better under-
stood using a streak camera which is within purview of
future work.
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CONCLUSION

We have shown that near-IR excitation of NV centers,
resonant at half the energies of the NV states and wave-
lengths within the vicinity (1050 to 1300 nm) is allowed
through a multi-photon process. Preferential population
of NV− or NV0 is achieved by tuning to an appropri-
ate wavelength or excitation power. In general, longer
wavelength and lower power is required to have more
NV− population and vice versa for populating NV0. We
note that excitation at low energy is extremely useful for
biomedical imaging applications since infrared light can
penetrate deep into biological tissues with little scatter-
ing or damage [19]. Another important application is in
spin-photon entanglement experiments. NV centers can
be prepared in an entangled state between a single pho-
ton and the ms = ±1 electronic spin of an NV center [20].
Following selective resonant excitation to the A2 state,
the system decays into one of the spin states, simulta-
neously emitting a circularized polarized photon which
is orthogonal to the photon emitted when an electron
decays to an opposite spin state. Isolating this photon
emission is significantly challenging due to the difficulty
in extinguishing the resonant excitation pulse back into
the detector. A near-IR excitation would widely separate
the excitation and emission wavelength, thereby increas-
ing signal contrast for the entangled photon emission.
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