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ABSTRACT NaGd(WOy4),: YD, Ho’" single crystals have
been grown by the Czochralski technique along the (0 0 1)
orientation. Conversion of the infrared (IR) radiation at 980 nm
into the visible emission in NaGd(WQ4), crystals containing
several different concentrations of Yb>T and Ho’t has been
investigated. The NaGd(WOy4),: 8at. % Yb’T, 4at. % Ho’*
system exhibits intense red upconverted emission originating
from the >Fs

level. The upconversion mechanism in a Ho3t-Yb3t sys-
tem under near infrared excitation is discussed. It is concluded
that the green emission is excited by energy transfers from Yb>*
to Ho®t, whereas excited state absorption is involved in the
excitation of red emission. The emission cross-section of the
Fs — SIg transition at about 660 nm was estimated by using
the Fiichtbauer-Ladengurg formula.

PACS 78.55.Hx; 78.20.-¢

1 Introduction

The process of conversion of infrared (IR) radia-
tion into visible radiation is of great interest, due to the poten-
tial applications in upconversion lasers [1, 2], which produce
radiation at wavelengths shorter than that of a pump light.
Investigations of upconversion phenomena motivated us to
search for new light sources emitting in the visible. Keeping
with this motivation particular attention has been paid to crys-
tals and glasses co-doped with ytterbium ions which exhibit
strong and broad absorption bands matching the emission
wavelength of powerful commercial laser diodes. The lack of
pump bands at emission wavelengths of available laser diodes
is a disadvantage of the NaGd(WOQy), ‘Ho?t system, therefore
co-doping with ytterbium is expected to provide an efficient
excitation channel. Yb3*, Ho>* upconversion energy transfer
is relatively simple compared to upconversion involving other
rare-earth ions. The first Yb** sensitized Ho** green upcon-
version laser has been realized at 77 Kin a BaY,Fg crystal [3].
Numerous published papers were devoted to upconversion
phenomena and upconverted laser emission in crystals and
glasses doped with Yb** and Ho’* [4-6].
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The NaGd(WO4), (NGW) single crystal belongs to the
scheelite (CaWOy,) structure with the space group of 714, /a.
It is a uniaxial crystal. The cell parameters are as follows:
a=b=5243Ac=11384A[T],a=B=y =90°, Z =4,
d =7.2g/cm? [8]. The crystal is structurally disordered due
to the random distribution of the Gd** and Na* cations. Rare-
earth activators entering the NGW lattice, substitute possible
positions: Na*, Gd** or interstitial positions, all having iden-
tical S4 local symmetry [9].

Na-based double tungstates have less destructive phase
transitions than those observed in K-based double tungstates.
Due to this reason the crystal growth of NaRE(WOQ,), (RE is
the rare-earth) compounds by the Czochralski (CZ) method,
which allows to obtain crystals of large sizes at rather high
growth-rates, have attracted attention in the last few years in
RE-doped systems [10] and [11].

In this work, a detailed characterization of the upconver-
sion luminescence properties of NGW:Yb**, Ho** crystals
containing several different concentrations of dopants is de-
scribed. The mechanism involved in the excitation process
and the assessment of laser potential associated with upcon-
verted red emission are presented.

2 Experimental

Because of its congruent melting, Yb’*, Ho’*-
doped NGW crystal can be grown by the Czochralski tech-
nique. The growth procedure is similar to that of Tm**: NGW
crystal described in our previous publication [12]. Single
crystals of NGW, containing 4 at. % of Ho**, 4 at. % of Ho**
and 8 at. % of Yb3*, 1 at. % of Hot and 8 at. % of Yb>t, have
been investigated. The samples used for spectroscopic meas-
urements were optically polished to flat and parallel faces.
The thickness of the samples was measured to be 0.26 cm.
Room temperature polarized absorption spectra of the crystals
were recorded by a Perkin-Elmer UV-VIS-NIR Spectrometer
(Lambda-900). The polarized emission spectra of the crys-
tals were recorded at room temperature by an Edinburgh In-
struments FL.S920 spectrophotometer. The emission spectra
(Fig. 1) were performed using a continuous wave xenon arc
lamp as a pump source centered at 488 nm. The polarized up-
converted emission spectra (Figs. 2 and 3) were performed
using a pulsed semiconductor laser diode as a pump source
at 980 nm. The composition of the diode is In;_,Ga,As with
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FIGURE 1 Room temperature emission spectra of the NGW: 8 at. % Yb>*,

4 at. % Ho®* crystal, excited by 488 nm pumping light
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FIGURE 2 Room temperature emission spectra of the NGW: 8 at. % Yb3+,
4.at. % Ho>* crystal, excited by 980 nm pumping light

the linewidth of 10 nm. The highest peak power for the laser
diode is 251 mW and the average power is 6 mW. Film plating
is used to make the center frequency maintained at the desired
wavelengths. To define the polarization of the irradiation, we
used the Glan—-Thompson prism to collimate the beam. The
fluorescence emission was analyzed with a monochromator
Acton Pro 500i and a photomultiplier tube from Hamamatsu.
The resolution of both the absorption and fluorescence spectra
is 1.0 nm.

3 Results and discussion

3.1 Spectroscopic analysis

Figure 1 shows the polarized emission spectra of
the NGW crystal containing 8 at. % of Yb** and 4 at. % of
Ho?", excited by 488 nm pumping light at room temperature.
Two emission bands were observed, and correspond to 4 f—
4 f transitions according to the energy diagram of the Ho**
ion [13]. The green band centered at 540 nm is assigned to
the S, — °I; transition and the red band centered at 660 nm
is assigned to the 3F5 — SIg transition. The ratio of inte-
grated intensities of the green to red emission is roughly 10 : 1.
Figure 2 shows the room temperature upconversion emission
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FIGURE 3 Room temperature emission spectrum of the NGW: 8at. %
Yb3*+, 1at. % Ho** crystal, excited by 980 nm pumping light

spectra of the NGW crystal containing 8 at. % of Yb** and
4 at. % of Ho**, excited by 980 nm pumping light. With this
excitation the ratio of the intensities of the green to red emis-
sion is 1 : 10 and a bright red emission is seen with the naked
eye at an excitation power as low as several milliwatts. The
most remarkable feature of the red emission band is the inten-
sity distribution in the spectra: two intense lines are centered
at 647 and 660 nm. They are related to SFs — °I3 transi-
tions ending at the highest crystal-field components of the 3Ig
terminal level. Such distribution of emission band intensity
is favorable for laser performance. Moreover, it is important
when the ground multiplet is the terminal level of laser transi-
tion [14]. It implies that the NGW: 8 at. % Yb3*, 4 at. % Ho**
crystal may be a good candidate as a medium for solid-state
red lasers.

We also obtained the emission spectrum of the NGW crys-
tal containing 8 at. % of Yb®" and 1 at. % of Ho** excited
by 980 nm pumping light. However, the sample containing
8at. % of Yb** and 1at. % of Ho*" shows much stronger
green emission. The ratio of integrated intensities of the green
to red emission is roughly 3 : 2. The room temperature upcon-
version emission spectrum is presented in Fig. 3.

3.2 Upconversion mechanism

The possible upconversion mechanism of the vis-
ible upconversion emission of Ho**-Yb3* systems upon ex-
citation at around 980 nm including energy transfer is shown
in Fig. 4. The Yb*" ion is excited from the ground state
2p, /2 level to the excited state 2Fs s2 level, and then transfers
its energy to a nearby Ho* ion populating the I excited
level. This is a phonon-assisted energy transfer process be-
cause of energy mismatch between the 2Fs), level of Yb**
and 34 level of Ho** [15]. The highest phonon energy of the
(WO4)?~ group is about 900 cm~! [16] and the energy separa-
tion between the 2Fs ), and °I¢ manifolds is about 1536 cm™!,
so the multiphonon relaxation from the 2Fs ; level to the level
>[5 is possible. The population in the I level is promoted to
3S, level either by the absorption of a pump photon excited
state absorption, or by energy transfer from another excited
Yb** ion decaying to the ground state. It is supposed that the
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FIGURE 4 Scheme of energy levels for NGW:Ho?*-Yb** upon excita-
tion at around 980 nm. Solid arrows indicate transitions with absorption or
emission of photons. Dotted arrows indicate nonradiative transitions

3F;s level is populated exclusively by excited state absorption
from the 7 level, which is fed by multiphonon relaxation
from 1. Finally, the °Fs or 35, level is populated and part of
the excited ions relax to the ground state producing the red or
green emission.

33 Assessment of laser potential associated with the
upconverted red emission

The most intense lines in the emission spectra
shown in Fig. 2 correspond to transitions ending at the high-
est crystal-field components of the ground 313 state [17]. This
feature is extremely advantageous for potential laser opera-
tion since the °F5 — I3 transition considered corresponds to
quasi-four-level operation in which the terminal level popula-
tion is a critical factor [14].

The most important parameter influencing the potential
laser performance of a material is the emission cross-section.
The emission cross-section can be obtained by using the
Fiichtbauer—Ladengurg (F-L) formula [18]:

2B 31, 2(M)

Oem) = g entn, [ 12050 + L) TrdA

(1)

Here 1, (%) is the experimental emission intensity for o or
7 polarization spectrum, c is the light velocity, n is the in-
dex of the refraction (here n = 1.945 [19]), B is the branching
ratio, and ; is the radiative lifetime. The values of 8 and 7,
obtained from our previous publication [20] are 0.772 and
172 ps, respectively. The emission cross-sections were cal-
culated for the 3Fs — I3 transition and the shapes of 0,
and o, curves derived are presented in Fig. 5. The maximum
emission cross-section is 2.3 x 1072 cm? for 7 polarization
spectrum at 660 nm and 2.0 x 1072° cm? for o polarization
spectrum at 659 nm. These values are comparable with those
of LiYF4:Ho* laser material (2.6 x 1072° cm? for the 7 po-
larization spectrum at 657 nm and 2.2 x 1072° cm? for the o
polarization spectrum at 659 nm [18]). It should be noted that
the calculated emission cross-sections should be treated as es-
timated values to be verified by laser experiments, because
of the uncertainty of radiative transition rates and lumines-
cence branching ratios, derived from a fitting procedure of the
Judd—Ofelt theory. Efficiencies of absorption of IR light at
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FIGURE 5 Emission cross-sections corresponding to >Fs — >Ig transition

of the NGW: 8 at. % Yb3*, 4 at. % Ho* crystal

980 nm and of the Yb-Ho energy transfer in this system may
be tailored by appropriate choice of donor and acceptor con-
centrations.

4 Conclusion

NaGd(WOy),:Yb3*, Ho®* single crystals were
grown successfully by the Czochralski technique. Conver-
sion of the infrared (IR) radiation at 980 nm into the visible
emission in NaGd(WOy); crystals containing several differ-
ent concentrations of Yb3* and Ho®>* has been investigated.
The NaGd(WOy): 8 at. %Yb3*+, 4 at. % Ho* system exhibits
intense red upconverted emission originating from the Fs
level with 980 nm excitation. The ratio of the red to green
emission intensities is 10 : 1 at room temperature. The mech-
anism for the conversion of IR radiation into red emission
centered at 660 nm in a NaGd(WOy),:Yb**, Ho’* system
was reported. It is concluded that the green emission is ex-
cited by energy transfers from Yb** to Ho®*, whereas excited
state absorption is involved in the excitation of red emission.
The emission cross-section of the Fs — I transition in the
NaGd(WOy),: 8at. %Yb**, 4at. % Ho’* crystal was esti-
mated to be 2.3 x 1072 cm? for the 7 polarization spectrum
at 660 nm and 2.0 x 1072° cm? for the o polarization spec-
trum at 659 nm by using the Fiichtbauer-Ladengurg formula.
The upconversion described may be of interest in design-
ing solid-state laser sources in the red. Results show that
NaGd(WOy),:Yb**, Ho** system may be a potential candi-
date for an upconverted red laser.
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