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A B S T R A C T   

Photoinduced valence state conversion in lanthanide-doped solid materials can find significant applications in 
areas like optical storage, opto-electronic devices and has been attracting great research efforts. Here, we 
experimentally demonstrate that trivalent samarium ions contained in the BaFCl nanocrystals can be efficiently 
reduced to divalent ones under 800 nm fs laser field. The dependences of the luminescence intensity of the 
photoinduced divalent ions on the femtosecond laser power, central wavelength and polarization are investi-
gated in detail, respectively. Theoretical fits of the experimental observations indicate that a resonance-mediated 
(2 + 2) four-photon absorption is most probably involved in the multiphoton induced photoreduction process.   

1. Introduction 

Due to its potential application in high-density three-dimensional 
(3D) optical storage, laser induced valence state conversion in 
lanthanide-doped solid materials has aroused strong research interest 
over the past decades [1,2]. In comparison with data storage using other 
laser induced local modifications, such as spectral hole burning, 
refractive index change, nanocrystal precipitation, metal cluster or 
nanostructure formation, and selective spectral response of nano-
particles [3–13], the valence state conversion can offer advantages of 
high signal-to-noise ratio, high stability, and easy reading. Among all the 
materials, trivalent samarium (Sm3+) or europium (Eu3+) ion doped 
ones are attracting the most attention, since they can provide stable 
electron traps with the resulted ground state divalent ions lying below 
the conduction band of the host materials [14,15]. Over the years, a 
series of studies have been reported, exploring the influences of 
co-doped metal ions, charge compensation defects or laser parameters 
on the valence state conversion [16–19], demonstrating the prototype 
data storage applications [20–22], etc. Meanwhile, in search of new 

lanthanide-doped materials with higher valence state conversion effi-
ciency is also of great significance for real applications. Recent studies 
indicated that photoreduction in BaFCl: Sm3+ nanocrystals can occur 
with rather high efficiency under excitation of X-ray, deep UV single 
photon or visible multiple photons with its potential applications for 
multilevel optical data storage being demonstrated [23–27]. In terms of 
3D optical storage application, multiphoton excitation is more favor-
able, since the photoinduced valence state conversion can take place 
only in the tightly focused laser spot where the laser intensity is strong 
enough to meet the multiphoton excitation threshold. And this well 
localized valence state conversion can offer much better spatial resolu-
tion and thus much higher optical storage density. Infrared femtosecond 
laser field, featuring high peak intensity and broad spectral bandwidth, 
has been considered as a good source for multiphoton excitation. 

In this paper, infrared multiphoton induced photoreduction in BaFCl: 
Sm3+ nanocrystals, prepared by chemical coprecipitation method, is 
intensively studied. Under excitation of 800 nm fs laser field, highly 
efficient photoreduction of Sm3+ to Sm2+ has been observed to occur in 
the sample. The dependences of the luminescence intensity of the 
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photoinduced Sm2+ ions on the excitation laser power, central wave-
length and polarization status are investigated in detail. A multiphoton 
absorption model is also introduced to explain the experimental obser-
vations. And theoretical fits of the experimental results indicate that a 
resonance-mediated (2 + 2) four-photon absorption is mainly respon-
sible for the photoreduction process. 

2. Materials and methods 

The BaFCl: Sm3+ nanoparticles were prepared by chemical copreci-
pitation in aqueous solution, which is similar to that of [28]. All the raw 
chemicals (BaCl2⋅2H2O (99.9% trace metals basis), SmCl3⋅6H2O (99.9% 
trace metals basis) and NH4F (ACS reagent, ≥98%) were purchased from 
Sigma Company without further purification. At room temperature, 
0.01 mol BaCl2⋅2H2O (99.5 mol%) and 0.05 mmol SmCl3⋅6H2O (0.5% 
mol%) were added in 25 mL of water and mixed under vigorous stirring. 
After the solution became transparent, let the resulting mixture sit for 
about half an hour. Then 0.01 mol of an aqueous solution of NH4F was 
added to the solution under vigorous stirring. The obtained nano-
crystalline precipitate was separated from the solution by centrifuga-
tion. The final product was dried at 50 ◦C for 12 h. 

The transmission electron microscopy (TEM) and X-ray diffraction 
(XRD) of the prepared nanoparticles are shown in Fig. 1(a) and (b), 
respectively. For the TEM measurement, part of the prepared sample 
was distributed in ethanol and ultrasonicated. The particles have an 
average size of less than 500 nm from analysis of the TEM image. The X- 
ray diffraction (XRD) of the sample was performed on a Rigaku Ultima 
IV X-ray diffractometer with Cu Kα radiation (λ = 1.5406 nm), and the 
corresponding result is shown in Fig. 1(b) with comparison of the 
pattern from the standard BaFCl data (PDF#97-000-2350). All promi-
nent peaks could be indexed to the pure tetragonal BaFCl structure with 
the space group of P4/nmm. 

The schematic diagram of our experimental setup is shown in Fig. 2. 
Femtosecond laser pulses (central wavelength 800 nm, FWHM band-
width ~30 nm, repetition rate 1 kHz) from a Ti-sapphire mode-locked 
regenerative amplifier (Spitfire, Spectra Physics) is used as the excita-
tion source. The laser pulse is linearly polarized and has a time duration 
of about 50 fs. The laser pulse is first guided via a reflective mirror (M1) 
into a 4f configuration pulse shaper, which consists of two cylindrical 
mirrors (C1, C2), two gratings (G1, G2) and a liquid-crystal spatial light 
modulator (SLM-S320d, Jenoptik). Amplitude modulation of the laser 
pulse can be conveniently realized by programming the voltages applied 
on the liquid crystals of the SLM with the combination of a polarizer. The 
laser exiting the pulse shaper passes through a quarter wave plate (λ/4), 
a reflective mirror (M2), a beam splitter (BS, ratio of R/T = 50/50) and a 
long-wave pass dichroic mirror (DM, cutting wavelength 550 nm), and 
then focuses on the sample via an objective lens (OB, 10x). The fluo-
rescence from the sample passes through the OB, the DM, the BS, a 
focusing lens (F1, focal length of 75 mm), a long-wave pass filter (LP, 
cutting wavelength 550 nm), a short-wave pass filter (SP, cutting 

wavelength 710 nm), a focusing lens (F2, focal length of 25 mm) and 
enters into a fiber spectrometer (Ocean optics MayaPro). Signal from the 
fiber spectrometer is transmitted to a personal computer (PC) for post 
processing. A cw 532 nm laser is also used to help ascertain the presence 
of photoreduced samarium ions and oxidize them back to trivalent 
counterparts. The 532 nm laser is guided via a reflective mirror (M3) and 
beam shaped by a telescope (consisting of a pair of concave (L1) and 
convex (L2) lenses), then passes through the DM, the OB and reaches the 
sample. 

3. Results and discussion 

To confirm the occurrence of photoreduction, the luminescence 
spectra of the sample under 532 nm cw laser irradiation before and after 
800 nm fs laser field excitation were first compared and are shown in 
Fig. 3(a). It is worth pointing out that excitation of the photoreduced 
ions (Sm2+) at shorter wavelengths like 420 nm is much more efficient, 
however only a 532 nm laser is available for use in current study. Be-
sides, the resolution of the spectra is instrumentally limited, since our 
fiber spectrometer has a spectral resolution of ~2.0 nm. The black solid 
curve (lower) shows the spectrum of the sample before femtosecond 
laser irradiation. There are four obvious luminescence peaks near 560, 
600, 640 and 700 nm, which can be attributed to the characteristic state 
transitions of the Sm3+ ion: 4G5/2 → 6H5/2, 4G5/2 → 6H7/2, 4G5/2 → 6H9/2, 
4G5/2 → 6H11/2 [29]. The red solid curve (upper) shows the corre-
sponding spectrum after femtosecond laser excitation. In addition to the 
original peaks of Sm3+ ion, there appear new luminescence peaks at 
about 632, 642, 665, 688, 700 and 730 nm, which are characteristics of 
Sm2+ ion and can be assigned to state transitions of 5D1→7FJ = 0,1,2 and 
5D0→7FJ = 0,1,2 [30,31]. The overlap of luminescence from both Sm3+

Fig. 1. (a) TEM image and (b) XRD pattern of the prepared sample.  

Fig. 2. Schematic diagram of the experimental setup. SLM spatial light 
modulator; C1, C2 cylindrical mirrors; G1, G2 gratings; M1, M2, M3 reflective 
mirrors; L1, L2 concave and convex lenses; DM dichroic mirror; OB objective 
lens; BS beam splitter; F1, F2 focusing lenses; LP long-wave pass filter; SP short- 
wave pass filter; λ/4 quarter wave plate. 
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and Sm2+ ions at some wavelengths is worth noting, like the peak 
centered at about 640 nm (Sm3+: 4G5/2 → 6H9/2/Sm2+: 5D1→7FJ = 0,1,2). 
Fig. 3(b) gives the luminescence spectrum of the sample under direct 
femtosecond laser pulse excitation. Luminescence from both Sm3+ and 
Sm2+ ions can be clearly seen and is assigned appropriately. The intro-
duction of the short-wave pass filter (cutting wavelength ~710 nm) for 
suppressing the strongly scattered signal from femtosecond laser pulse 
(central wavelength ~800 nm) cuts off the luminescence peak of Sm2+

ion at 730 nm (Sm2+: 5D0→7F2). The peaks centered at 600 nm (Sm3+: 
4G5/2 → 6H7/2/Sm2+: 5D2→7F2) and 640 nm (Sm3+: 4G5/2 → 
6H9/2/Sm2+: 5D1→7FJ = 0,1,2) contain major contributions from state 
transitions of both Sm3+ and Sm2+ ions. The peak centered at 688 nm is 
solely contributed by the Sm2+ ion and strong enough to serve as its 
indicator. 

Fig. 4 shows the energy levels of the Sm3+ and Sm2+ ions together 
with possible state transitions involved in the processes of excitation, 
luminescence emission and valence state conversion. For the Sm3+ ion 
there is no real energy state for absorption of a single femtosecond laser 
photon (central wavelength ~800 nm) from the ground sate 6H5/2. 
However, non-resonant absorption of 2 fs laser photons can bring the ion 
to excited states of higher energy. Since the femtosecond laser has a 

spectral bandwidth of ~30 nm, a few neighboring states of higher en-
ergy might be populated [32]. For ease of description, we just denote 
them as state 6P3/2 here. The ions of state 6P3/2 decay via 
phonon-assisted relaxation to state 4G5/2, from which the characteristic 
luminescence emissions centered at about 560, 600, 640 and 700 nm are 
produced. Due to the ultra-high peak intensity of the femtosecond laser 
pulse, the Sm3+ ion of state 6P3/2 can absorb more photons and be 
excited into the charge transfer band (CTB). After trapping an electron 
from the neighboring donor, reduction of Sm3+→Sm2+ can occur [24]. 
The photoinduced Sm2+ ion can decay down to states like 5D2, 5D1, and 
5D0, from which luminescence emissions centered at about 605, 632, 
642, 665, 688, 700 and 730 nm are observed. Since the temporal 
duration of the femtosecond laser pulse (~50 fs) is too short to excite the 
photoinduced Sm2+ ion for secondary luminescence. The observed 
luminescence in Fig. 3(b) should be from direct radiation decay of 
multiphoton excited Sm3+ ion and multiphoton induced Sm2+ ion. 

To understand the physical mechanism for the photoreduction of 
Sm3+→Sm2+ under 800 nm fs laser excitation and identify the number of 
photons involved in the process, we first studied the dependences of the 
luminescence intensities on the femtosecond laser power. Usually 
luminescence intensity (I) and laser power (P) have the relationship of I 

Fig. 3. (a) The luminescence spectra of the sample under 532 nm cw laser irradiation before and after 800 nm fs laser excitation. (b) The luminescence spectrum of 
the sample under direct 800 nm fs laser excitation. 

Fig. 4. Energy levels of the Sm3+ (a) and Sm2+ (b) ions together with possible state transitions involved in the processes of excitation, luminescence and valence 
state conversion. 
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∝ PN, where N is the number of absorbed photons involved in the pro-
cess. The integer value of N is only for ideal limit situation. In real cases, 
a number of factors affect the value of the slope fit and its exact value is 
usually smaller than the integer N [33]. The measurement was per-
formed in such a way: The sample spot was first probed using the 532 nm 
cw laser (~30 mW) to make sure that there were no signals of Sm2+ ions. 
Then, with the help of an optical shutter 5000 fs laser pulses were 
allowed to hit the sample spot each time. The stable spectrum of the 
sample under femtosecond laser field was recorded. Before making a 
new measurement, the 532 nm cw laser was used again to irradiate the 
same sample spot. It was found in the experiment that strong lumines-
cence signal from photoinduced Sm2+ ions could be observed at first but 
its intensity decreased dramatically upon continuous irradiation. Fig. 5 
shows the spectra of the sample spot under continuous irradiation of the 
532 nm cw laser at time instant of ~1 and ~60 s, respectively. As one 
can see, the signal of photoreduced ions can be well “erased” by the 532 
nm cw laser. This kind of “erasing” signal of photoreduced ions had been 
observed and reported in previous studies [20,24]. 

The measurements were performed with the femtosecond laser 
power being increased from 20 to 100 mW. The area integrated signal 
intensities of peak 600 and 688 nm were calculated. Fig. 6 shows the 
corresponding results as a function of the femtosecond laser power using 
a log-log plot. The linear fit slopes for peak 600 (solid squares) and 688 
nm (solid circles) are about 2.5 and 3.0, respectively. Since peak 688 nm 
is only contributed by Sm2+ ion, the slope of 3.0 indicates that at least 
three photons are involved in the photoreduction of Sm3+→Sm2+. Peak 
600 nm, however, contains contributions from both Sm3+ and Sm2+

ions, and thus has a relatively smaller slope of 2.5. 
After that, the dependence of the Sm2+ luminescence intensity on the 

central wavelength of the femtosecond laser field was studied. With 
amplitude modulation of the pulse shaper, the femtosecond laser pulse 
irradiating the sample had its central wavelength shifted from 785 to 
815 nm step by step. Both the step interval and the FWHM spectral 
bandwidth were selected to be about 5 nm. Fig. 7 shows the spectral 
distribution of the amplitude modulated laser pulses with the central 
wavelength being 785, 790, 795, 800, 805, 810 and 815 nm, respec-
tively. The average power of the femtosecond laser pulses was fixed at 
about 30 mW. Similarly, for each new measurement, the sample spot 
was first irradiated by the 532 nm cw laser to “erase” the Sm2+ ions. The 
luminescence spectra of the sample under the above shaped 

femtosecond laser pulses were recorded and plotted in Fig. 8(a). The 
area integrated signal intensity of peak 688 nm was calculated and 
presented in Fig. 8(b) (solid squares). The solid line is a Lorentz fit of the 
experimental data with the peak center appearing at about 802 nm. As 
the laser central wavelength is tuned away from 802 nm, the signal 
intensity of peak 688 nm decreases dramatically. This central laser 
wavelength dependence of the Sm2+ luminescence intensity can be 
explained as follows: when the laser central wavelength is tuned at 
about 802 nm, the non-resonant two-photon absorption is centered at 
about 401 nm, and the intermediate state 6P3/2 of the sample can be 
most effectively populated with the corresponding photoreduction effect 
being the best. 

For further exploring the underlying mechanism of the photoreduc-
tion, a λ/4 wave plate was used to change the polarization state of the 
femtosecond laser pulse, and the dependence of the photoreduction on 
the laser polarization was studied. While keeping the output laser power 
constant, the polarization state can be changed by varying the angle θ 
between the linear polarization direction of the input laser and the op-
tical axis of the λ/4 wave plate. The polarization of the laser field is 
linear for θ = mπ/2 (m = 0, 1, 2 …), circular for θ = (2 m + 1) π/4 (m =

Fig. 5. Spectra of the sample spot under continuous “erasing” of the 532 nm cw 
laser (~30 mW) at time instant of ~1 and ~60 s, respectively. The sample spot 
was first excited by 5000 fs laser pulses. 

Fig. 6. The laser power dependences of peak 600 and 688 nm intensities under 
800 nm fs laser field excitation. 

Fig. 7. The spectral distribution of the amplitude modulated laser pulses with 
the central wavelength being 785, 790, 795, 800, 805, 810 and 815 nm (from 
left to right), respectively. 
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0, 1, 2 …) and elliptical for θ of other angles. 
The luminescence spectra of the sample under 800 nm fs laser field of 

various polarization state were recorded. Similarly, for each new mea-
surement the sample spot was first “erased” by the 532 nm cw laser. 
Fig. 9 shows the luminescence spectra with the angle θ changing from 
0◦ to 180◦. As one can see, the heights of the luminescence peaks vary 
dramatically with changing θ. The area integrated signals of the peaks 
centered at 600 and 688 nm are calculated and presented in Fig. 10(a) 
and (b) (solid squares), respectively. Periodic variation of the peak sig-
nals with changing θ can be clearly seen. For θ = 0◦, 90◦ and 180◦, the 
output laser is linearly polarized and the maximal peak intensities are 
obtained; For θ = 45◦ and 135◦, the output laser is circularly polarized 
and the minimal peak intensities are obtained; For other θ values, the 
output laser is elliptically polarized and the peak intensities are in be-
tween. The ratio of the minimal signal value to the maximal signal value, 
defined as polarization modulation depth here, is about ~0.34 and 
~0.25 for the peak 600 and 688 nm, respectively. The black dotted line, 
red solid line and blue solid line are theoretical fits from the expressions 
of I1 = [cos4(θ) + sin4(θ)], I2 = [cos4(θ)+sin4(θ)] × [cos4(θ)+sin4(θ)]
and I3 = [0.3 ∗ I1 + 0.7 ∗ I2], respectively. As one can see, the experi-
mental data for peak 688 and 600 nm can be well fitted by the expres-
sions of I2 and I3, respectively. 

To further understand the polarization dependences of the Sm3+/ 
Sm2+ luminescence intensities under femtosecond laser field and 
ascertain the number of photons involved in the process, let us turn to 

the theoretical model of multiphoton absorption. Fig. 11 shows a sche-
matical diagram of the resonance-mediated (n + m) multiphoton ab-
sorption process in the ion system excited by the femtosecond laser pulse 
E(t), where |g>, |i> and |f > represent the ground state, the interme-
diate state and the final state, respectively. Ion of state |g> is first 
excited to state |i > by absorbing n photons and then further excited to 
state |f > by absorbing m more photons simultaneously. When the in-
termediate state |i> is real, the transition probability from state |g > to 
state |f > will be greatly improved, corresponding to the so-called 
resonance mediated (n + m) multiphoton absorption. In theory, the 
multiphoton absorption in the broadband absorption system can be 
considered as a sum of each individual transition. On the basis of the 
theoretical model of the atomic system with a narrow absorption line 
limit [34,35], the transition probabilities to states |i> and |f>, denoted 
as Ai and Af, can be approximated in the frequency domain as 

Ai =
1

ℏ2n

∫ +∞

− ∞
D(ωi)

⃒
⃒
⃒
⃒

∫ +∞

− ∞
μg→i E

⇀n
(t) × exp(iωit)dt|2dωi (1)  

Af =
1

ℏ2(n+m)

∫ +∞

− ∞
D
(
ωf

)
⃒
⃒
⃒
⃒

∫ +∞

− ∞
D(ωi)μg→iμi→f ×

∫ +∞

− ∞

×

∫ t1

− ∞
E
⇀m

(t1)E
⇀n
(t2)exp

[
i
(
ωf − ωi

)
t1
]
× exp(iωit2)dt2dt1dωi|

2dωf (2) 

Here ℏ is the Planck constant，D(ωi) and D(ωf) are the ion absorp-
tion line-shape function in the |i > state and |f > state, μg→i and μi→f 
are the effective dipole coupling for the state transitions |g>→|i> and | 
i>→|f>; ωi and ωf are the frequencies for the state transitions |g>→|i>
and |g>→|f>. 

When a linearly polarized laser field, E
⇀
(t) = E0(t)cos(ωt)e⇀x, is inci-

dent into a quarter wave plate (λ/4 wave plate), the output laser field 
can be written as 

E→λ
4
(t)=E0(t)

[

cos(θ)cos(ωt) e→x + sin(θ)cos(ωt+ π / 2) e→y

]

(3) 

With θ being the angle between the polarization direction of the 
input laser field and the optical axis of the λ/4 wave plate. For the 
resonance-mediated (n + m) multiphoton absorption process, all the n 
(or m) photons involved in the nonresonant absorption should have the 
same polarization direction, but their polarization direction may be 
different from that of the m (or n) photons. Thus, Ai and Af of equations 
(1) and (2) can be further written as 

Ai =
[
cos2n(θ) + sin2n(θ)

] 1
ℏ2n

∫+∞

− ∞

D(ωi)

Fig. 8. (a) Luminescence spectra of the sample and (b) corresponding signal intensities of peak 688 nm under direct femtosecond laser field with central wavelength 
being 785, 790, 795, 800, 805, 810 and 815 nm, respectively. 

Fig. 9. Spectra of the sample under 800 nm fs laser field of various polariza-
tion state. 
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Af =
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cos2n(θ)+ sin2n(θ)
]
×
[
cos2m(θ) + sin2m(θ)

]}

×
1

ℏ2(n+m)

∫+∞

− ∞

D
(
ωf

)
×

⃒
⃒
⃒
⃒
⃒
⃒

∫+∞

− ∞

μg→iμi→f D(ωi)

×
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− ∞

∫t1

− ∞

E→
n
(t1)E→

m
(t2)exp

[
i
(
ωf − ωi

)
t1
]

×exp(iωit2)dt2dt1dωi|
2dωf (5) 

As can be seen from above equations, both Ai and Af have a strong 
dependence on the laser polarization. Ai is proportional to the value of 
expression [cos2n(θ) +sin2n(θ)] and Af is proportional to the value of 
expression [cos2n(θ) + sin2n(θ)] × [cos2m(θ) + sin2m(θ)]. When θ = mπ/2 
(m = 0, 1, 2 …), the maximal value of unity is obtained for both ex-
pressions; when θ = mπ/4 (m = 0, 1, 2 …) the minimal value is obtained 
for both expressions. For the case of photoreduction of Sm3+→Sm2+

under 800 nm fs laser field here, the above states |g>, |i> and |f >
correspond to the real energy states 6H5/2, 6P3/2 and CTB of the Sm3+

ion, respectively. Since state 6P3/2 can be approached by two photons, 
the value of n is 2. The signal intensity of peak 688 nm, an indicator of 
photoinduced Sm2+ ions, is proportional to the value of Af. As shown in 
Fig. 10(b), the experimental data for its laser polarization dependence is 
well fitted using the expression [cos2n(θ)+sin2n(θ)] × [cos2m(θ)+sin2m(θ)]
with n = 2 and m = 2, and the corresponding polarization modulation 
depth is 0.25 in theory, rather close to the experimental value of ~0.25. 
This indicates that a resonance-mediated (2 + 2) four-photon absorption 
process should be mainly involved in the photoreduction of 
Sm3+→Sm2+ here. One thing worth pointing is that a resonance- 
mediated (2 + 1) three-photon absorption process might contribute 
somewhat to the photoreduction. However, with n = 2 and m = 1 the 
corresponding polarization modulation depth is only 0.5 in theory, 
which is far from the observed value of ~0.25. Therefore, even if there 
exists some kind of resonance-mediated (2 + 1) three-photon absorp-
tion, its contribution to the photoreduction of Sm3+→Sm2+ should be 
rather small. The signal peak of 600 nm, however, contains lumines-
cence contributions from both Sm2+ and Sm3+ ions. As discussed above, 
the luminescence contribution of Sm2+ has a polarization modulation 
depth of 0.25 in theory. The luminescence contribution of Sm3+, how-
ever, can come from two channels. One channel is: 6H5/2 (non-resonant 
two-photon absorption) → 6P3/2 (phonon-assisted relaxation) → 4G5/2 
(luminescence)→ 6H7/2. The luminescence involves non-resonant two- 
photon absorption and has a polarization modulation depth of 0.5 in 
theory. Another channel is: 6H5/2 (non-resonant two-photon absorption) 
→ 6P3/2 (non-resonant two-photon absorption)→CTB (phonon-assisted 
relaxation back to)→4G5/2 (luminescence)→6H7/2. Since not all the 
Sm3+ ions excited into the CTB can succeed in trapping an electron and 
being photoreduced to Sm2+, some of them can decay back via phonon- 
assisted relaxation to low-lying 4G5/2 states and emit luminescence. The 
corresponding luminescence involves resonance-mediated (2 + 2) four- 
photon absorption and share the same polarization modulation depth of 
0.25 as that from Sm2+ in theory. And this explains the observed po-
larization modulation depth of ~0.34 for the signal peak of 600 nm. 

4. Conclusion 

In summary, we have studied the photoreduction in BaFCl: Sm3+

nanocrystals under 800 nm fs laser field. Highly efficient photoreduction 
of Sm3+→Sm2+ can occur under infrared multiphoton excitation. For 
deep understanding the mechanism behind the photoreduction process, 
the dependences of the luminescence intensity of the photoinduced 
divalent ions on the excitation laser power, central wavelength and 
polarization were carefully investigated. Experimental results indicate 
that the photoreduction process has a strong dependence on the central 
wavelength of the femtosecond laser and confirm the direct involvement 
of the intermediate 6P3/2 state of the Sm3+ ion. A resonance-mediated 
multi-photon absorption theoretical model was introduced to help 
explain the laser polarization dependences of the Sm3+/Sm2+

Fig. 10. The laser polarization dependences of peak 600 (a) and 688 nm (b) intensities under 800 nm fs laser field, respectively.  

Fig. 11. Schematical diagram of the resonance-mediated (n + m) multiphoton 
absorption model. 
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luminescence intensities. Theoretical fits of the experimental data 
indicate that the resonance-mediated (2 + 2) four-photon absorption 
should be the most probable channel exciting the ground state Sm3+ into 
the charge transfer band, leading to the photoreduction of Sm3+→Sm2+. 
Our studies show that BaFCl: Sm3+ nanocrystals under infrared multi-
photon excitation can be a good potential candidate for 3D optical data 
storage. Besides, compared to UV single photon excitation, infrared 
multiphoton excitation can bring much higher spatial resolution, 
particularly in the direction of laser propagation, which is of great sig-
nificance for practical 3D optical storage of ultrahigh density. 
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