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Abstract: We report on the upconversion luminescence of a pure YVO4
single crystal excited by an infrared femtosecond laser. The luminescent
spectra show that the upconversion luminescence comes from the transitions
from the lowest excited states 3T1, 3T2 to the ground state 1A1 of the VO43-.
The dependence of the fluorescence intensity on the pump power density of
laser indicates that the conversion of infrared irradiation to visible emission
is dominated by three-photon excitation process. We suggest that the
simultaneous absorption of three infrared photons promotes the VO43- to
excited states, which quickly cascade down to lowest excited states, and
radiatively relax to ground states, resulting in the broad characteristic
fluorescence of VO43-.
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1. Introduction
Upconversion luminescence offers a simple and effective route for conversion of infrared
irradiation to the visible and near ultraviolet output and has promising applications on fullcolor all-solid state display, high-density optical storage, visible laser, and visible detection of
infrared radiation [1-4]. In the research field of upconversion, luminescent materials
containing active ions have been widely investigated to clarify upconversion processes and to
utilize characteristic luminescence of active ions [5-8]. However, little attention has been paid
to the upconversion luminescence in intrinsic luminescent materials such as YVO4, YNbO4,
CaWO4, and PbWO4 single crystals. These materials belong to a group of so-called classic
phosphors, and the complex of VO43-, NbO43- and WO42- act as luminescent centers [9-12].
The complex of VO43-, NbO43-and WO42- are characterized by lack of absorption bands within
infrared wavelength band, which is not suited for the requirements for upconversion
luminescence from infrared irradiation. There have been no investigations on upconversion
luminescence in YVO4, YNbO4 and CaWO4 single crystals up to now. Recently, we
demonstrated that by infrared femtosecond laser irradiation, Cr3+-doped Al2O2 [13] and
several Ce3+-doped scintillators exhibit strong visible upconversion luminescence. These
upconversion mechanisms can be ascribed to two- or three-photon simultaneous absorption.
In this paper, we report on the three-photon excited upconversion luminescence in YVO4
single crystal by infrared femtosecond laser irradiation. To the authors’ knowledge, it is the
first observation of upconversion luminescence in intrinsic luminescent materials. This
observation is useful for the application of YVO4 single crystal in three dimensional display,
and visible detection of infrared radiation etc.
2. Experiment
Crystal of YVO4 was grown by czochralski method. The starting materials of high purity
Y2O3, and V2O5 were used to synthesize stoichiometric YVO4. The apparatus and detailed
crystal-growth procedure have been described elsewhere [14]. The crystal obtained was cut
and polished into samples with various thickness from 1mm to 4mm for femtosecond laser
irradiation and spectral measurements. The crystal samples were yellow. No inclusions or
other light scattering centers were observed by the optical microscope.
A regeneratively amplified 800 nm Ti: sapphire laser that emits 120 femtosecond, 1 kHz,
mode-locked pulses was used as the irradiation source. To achieve a high power density, the
laser beam was focused into samples by objective lens or optical lens. When using objective
lens, the focal point can be monitored by a confocal microscope system linked to a charge
coupled device system. The position of the focal point was beneath the sample surface. In
fact, the laser beam can be focused into any place within the sample. The spot size can be
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Intensity (a.u.)

controlled at least below several microns by choosing appropriate objective lens or optical
lens and adjusting the power density of laser beam. The fluorescence spectra excited by
focused femtosecond laser were recorded by a spectrophotometer of ZOLIX SBP300. The
scanning rate of this spectrophotometer was 100nm/min. The fluorescence spectra were
measured at ~90o direction with respect to the pump beam. The fluorescence spectra excited
by a 267nm monochromatic light from a xenon lamp were measured by a JASCO FP6500
spectrophotometer. In addition, the absorption spectra were obtained by a JASCO V-570
spectrophotometer. All the measurements were preformed under room temperature.
Under focused femtosecond laser irradiation, strong blue emission was seen near the
focused spot by naked eyes. The emission spectrum irradiated by the femtosecond laser with a
power density of 5.6TW/cm2 is shown in Fig. 1. The laser beam was focused by an optical
lens with focal length of 100mm. The thickness of the sample used was 1.5mm. The Fig. 1
also shows the luminescent spectrum of YVO4 irradiated by 267nm monochromatic light from
a xenon lamp. The inset in Fig. 1 is a photograph of the crystal sample irradiated by focused
femtosecond laser. The brightest spot in the middle of the crystal corresponds to the place
irradiated by femtosecond laser. The two bright spots on the edges of the crystal are the light
scattering spots.
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Fig. 1. Emission spectra of the YVO4 crystal sample under focused femtosecond laser
irradiation and 267nm monochromatic light excitation. The inset was the photograph of the
YVO4 crystal sample irradiated by focused femtosecond laser, which was taken in darkroom.

The spectrum of YVO4 crystal irradiated by the femtosecond laser exhibits a broad emission
band peaking at 438nm and a shoulder peak at 464nm, which is similar to those of YVO4
crystal excited by 267nm monochromatic light. All these peaks can be assigned to the
characteristic emission of YVO4 single crystal.
For vanadate group in YVO4 single crystal, there are one ground state of 1A1 with
configuration t16e0t20, and four excited states of 3T1, 3T2, 1T1, and 1T2 with configuration t15e1t20
[10.11]. The transitions from 1A1 (t16e0t20) to 1T1 (t15e1t20) and 1T2 (t15e1t20) are allowed by an
electric dipole mechanism, which correspond to two absorption bands in absorption spectrum
of YVO4 crystal.
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Fig. 2. Absorption spectrum and the excitation spectrum (the inset) of the YVO4 crystal sample.

Figure 2 shows the absorption spectrum of YVO4 crystal. This spectrum shows a strong
absorption band below 350nm, which is a superposition of the intrinsic absorption of YVO4
crystal and the absorption of vanadate group. To manifest the absorption of vanadate group,
we measured the excitation spectrum of vanadate group by monitoring the fluorescence at
443nm. The excitation spectrum clearly presents two strong absorption bands. These two
bands usually act as efficient pumping bands [12]. Exciting any of these bands produces
electron population in excited states of 1T1, and 1T2. Then, the electrons can nonradiatively
relax to the lowest excited states of 3T1, and 3T2, from which, the characteristic emission
occurs. At room temperature, the fluorescence appears as broad bands from 350nm to 650nm.
From the above results, it seems that the focused infrared femtosecond laser may act as a
spatially confined ultraviolet source in the interior of bulk of YVO4 crystal.
Generally, conversion of infrared radiation to the visible emission can be ascribed to a
multiphoton absorption process. The relationship between the pumping power density and the
fluorescence intensity can be described as [15]:

I ∝ Iinn
Where, I is the integrated intensity of the upconversion luminescence, Iin is the pump power
density of the infrared laser, and n is the photon number. The number of photons must satisfy
that the total energy of n photons exceeds or equals to the excitation energy required by
excited states. The n can be experimentally determined from the slope coefficient of linear
fitted line of logarithmic plot of the pumping power density and fluorescence intensity. The
pumping power density was controlled below 25TW/cm2. No degradation of the PL or
damage to the sample was observed. The log-log relationship between pumping power density
of femtosecond laser and fluorescence intensity of YVO4 crystal is shown in Fig. 3. It can be
seen that the slope coefficient of the fitted line is 2.93. Similar results were obtained by using
the samples with thickness of 2mm; 3mm and 4mm.These results indicate that the
upconversion may be a three-photon absorption process.
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Fig. 3. Fluorescence intensity of the transition from 3T1, and 3T2 to 1A1 of VO43- as function of
the femtosecond laser pump power density.

Upconversion luminescence has been widely investigated for several decades, and the
two-photon excited upconversion luminescence is a ubiquitous phenomenon. The
predominated upconversion processes can be classified into several mechanisms such as
energy transfer, excited-state absorption, cooperative upconversion, and photon avalanche
[5,6,16,17]. These mechanisms operate only on the condition that the active center has
metastable states that are intermediate in energy between the ground state and the emitting
state. Pumping photons are absorbed sequentially rather than simultaneously. For mechanisms
of energy transfer, excited-state absorption, and cooperative upconversion, a rigorous
condition is that the pump photon must be resonant with the transition from the ground state
to the intermediate metastable state. This means that the absorbing centers must have an
absorption band corresponding to the energy of pump photon. However, we found that the
YVO4 single crystal has no any absorption near 800nm, which can be seen in the absorption
spectrum of YVO4. Therefore, these mechanisms can be precluded for the upconversion
processes. In addition, the photon avalanche can also be ruled out, because a characteristic
power threshold for an avalanche process has not been observed in our experiment. Another
possible mechanism may be such a process: first, the VO43- was pumped into a real
intermediate level by simultaneously absorption of two pump photons; then, the VO43- at
intermediate level was promoted to the upper excited states. In this case, the YVO4 should
have an intermediate energy level near 400nm. However, there is a lack of real energy level at
400nm in YVO4 crystal [10,11]. Therefore, this mechanism can also be ruled out. Additionly,
we confirmed that, on this irradiation condition, there was no optical breakdown and no any
absorption change before and after femtosecond laser irradiation. Moreover, we measured the
electron spin resonance spectra of the crystal before and after laser irradiation, and no
apparent peak was observed. Thus, we suggest that the upconversion is not due to the
absorption of the intermediate metable state existed beforehand or induced by the
femtosecond laser irradiation.
Due to the high peak power of the femtosecond laser, the effect of self-focusing should be
taken into consideration when we discuss the dependence between the luminescence intensity
and pump power density. The critical power for causing self-focusing can be estimated to be
~106 W for YVO4 crystal. The peak power of the laser we used for the experiments is almost
107 W, higher than the critical power for self-focusing. However, from our experiments, we
got the similar value of slope coefficient n even when we use various samples with different
thickness and optical lens with focal length of 50mm. It indicates that the effect of surface and
self-focusing which may have influence on the luminescent behavior is not dominant in the
upconversion process.
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A three-photon simultaneous absorption can be responsible for the actual upconversion
processes. Though upconversion luminescence based on two- or three- photon simultaneous
absorption have been investigated in organic materials for many years [18-20], there are few
reports concerning the similar phenomenon in inorganic materials [13,21-24], especially, in
crystals. Previous research shows that the requirements for efficient three-photon excited
upconversion luminescence can be associated to two aspects. First, the active centers should
have excited state that can be excited by three pump photons. In addition, the pumping photon
density must be high, which can be easily reached by using femtosecond laser [22]. In this
experiment, the VO43- has two excited states corresponding to the strong absorption bands
from 240nm to 350nm. Excitation by focused infrared femtosecond laser, the VO43- ions can
be promoted from ground states to excited states, which nonradiatively relax to the lowest
excited states. Thereafter, these ions radiatively relax to the ground state, generating the
characteristic broad band luminescence of VO43-.
4. Conclusions
In summary, we have experimentally demonstrated upconversion luminescence in pure YVO4
single crystal by using focused infrared femtosecond laser irradiation. The relationship
between the fluorescence intensity and the pump power density shows that the pump process
is a three-photon excitation process. The analysis reveals that the absorption of three photons
is simultaneous rather than sequential. This result provides an efficient route to produce
upconversion luminescence in intrinsic luminescence materials, and has potential applications
in visible lasers, optical data storage, three-dimensional displays, etc.
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