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ABSTRACT An Er’T:Bir(MoOy)3 single crystal has been
rown by the Czochralski technique. The Stark sublevels of the
I15/2 and 4113 /2 multiplets of Er*t ions in the crystal were

determined. The polarized absorption spectra, polarized fluores-

cence spectra, and fluorescence decay curve of the crystal were
measured at room temperature and the relevant spectroscopic
parameters, including the Judd-Ofelt intensity parameters,
spontaneous emission probability, fluorescence branching ratio,
radiative lifetime, and stimulated emission cross section, were
estimated. The effect of re-absorption on the spectroscopic
parameters was discussed. When the crystal was excited at

977 nm, up-conversion green fluorescence was observed and

discussed.

PACS 78.20-e; 42.70.Hj

1 Introduction

Er’* is a well-known active ion for a solid-state
laser in the infrared and visible ranges. In recent years, much
attention has been devoted to the research of the Er**-doped
laser materials mainly because its emission around 1.5 pum is
eye-safe and matches the so-called third telecommunication
window very well [1-3].

Bi;(M0Oy)3 (hereafter denoted as BM) crystal belongs
to the monoclinic system with space group P2;/c and
the cell constants are: a = 7.685(6) A, b =11.491(16) A,
c=11.929(10) A, =115.04(2)°, Z=4, and d = 6.26 g/
cm?® [4,5]. In this crystal, there are two different crystallo-
graphic sites for Bi** ions [4, 5], which make the rare earth
ions doped in the crystal have inhomogeneous broadening in
their spectra [6]. Furthermore, since the symmetric vibrations
of the Mo-O band in the (MoQy4)>~ group are strongly Ra-
man active, the BM crystal may be a potential material for
stimulated Raman scattering (SRS) lasers [7].

In this work, an Er**-doped BM crystal has been grown
by the Czochralski method. The Stark sublevels of the s 2
and 4113/2 multiplets of Er** ions in the crystal were de-
termined by the low temperature up-conversion fluorescence
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spectra. The polarized absorption spectra, polarized fluores-
cence spectra, and fluorescence decay curve of the crystal
were measured at room temperature. Based on the Judd—Ofelt
(J-0) theory [8, 9], reciprocity method [10], and Fuchtbauer—
Landenburg (F-L) formula [11], the relevant spectroscopic
parameters were estimated and analyzed. The effect of re-
absorption on the spectroscopic parameters was also dis-
cussed. Furthermore, when the crystal was excited at 979 nm
at room temperature, up-conversion green fluorescence was
observed and discussed.

2 Experimental procedure

An Er**:BM crystal was grown by the Czochral-
ski method in air using a platinum crucible heated by a 2 kHz
radio frequency furnace. In the experiment, the raw materi-
als of Er’**:BM synthesized by solid-state reaction had been
heated at a temperature of about 50 °C higher than the melt-
ing point for 2 h to melt homogeneously. The crystal was
grown at a pulling rate of 0.5—-1 mm/h and a rotating rate of
15-20 r/min. After the growth, the crystal was drawn above
the surface of the melt and cooled down to room temperature
atarate of —10°C/h.

The concentration of Er’* ions in the grown crystal was
measured to be 0.77at. % (6.502 x 10'%ions/cm?) by the
inductively coupled plasma atomic emission spectrometer
method. Taking the 1.0 at. % Er** concentration in the initial
melt into account, the segregation coefficient of Er** in the
BM single crystal was calculated to be 0.77.

The three optical indicatrix axes of Er**:BM crystal was
determined by means of the X-ray diffraction and polarized
microscopy and labeled as X, Y, and Z (the corresponding re-
fractive indices ny < ny < nz). A high optical quality cuboid
sample (2.92 x 3.22 x 4.18 mm?) was cut from the grown
Er**:BM crystal with each face perpendicular to one of the
optical indicatrix axes. All the faces of the cuboid were opti-
cally polished.

The Stark sublevels of the *Iys/, and *1;3,, multiplets of
Er*t ions in the crystal were determined by the 5.6 K up-
conversion fluorescence spectra. In the experiment, the sam-
ple has been cooled to 5.6 K using a He close cycled cryostate.
To distinguish the Er** ions substituting the two different
Bi** crystallographic sites, the exciting wavelengths provided
by a Ti:sapphire tunable laser were carefully selected at 791.4
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and 795.1 nm, corresponding to the */1s5/2 — *Iy, transition
of Er’t ions. Under excitation at the same wavelength, the
excited Er** ions could further transit to the *Hg/, multi-
plet (see Fig. 1a). The up-conversion fluorescence spectra in
the ranges of 540-580 nm and 840-900 nm, corresponding
to the S5, — *Iys)2 and *S3/2 — #113), transitions respec-
tively, were recorded by a spectrophotometer (1000M, Spex)
with an InGaAs detector (IGA020TC, Jobin-Yvon).

The room temperature (RT) absorption spectra in a range
of 400—1700 nm were recorded using the Perkin Elmer UV-
VIS-NIR Spectrometer (Lambda—900) with the polarization
of the incident light parallel to the X, Y, and Z axes of the
crystal, respectively. The RT fluorescence spectra in a range
from 1400 to 1700 nm with polarizations of the emission
light along the optical indicatrix axes were recorded using
a spectrophotometer (FL920, Edinburgh) when the sample
was excited by a Xe-lamp at 979 nm. The fluorescence sig-
nals were detected with an NIR PMT (R5509, Hamamatsu).
The fluorescence decay curves at wavelengths of 1535 and
980 nm, corresponding to the transitions of *Ij3, — *I152
and *I}; 2= s /2, respectively, were recorded by the same
spectrophotometer when a microsecond flash lamp (WF900,
Edinburgh) was used as the exciting source and the exciting
wavelengths were 979 and 523 nm, respectively. Furthermore,
excited at 979 nm by a diode laser, the room temperature po-
larized up-conversion fluorescence signals past a monochro-
mator (Triax550, Jobin-Yvon) were detected with a PMT
(R928, Hamamasu).
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FIGURE 1 Energy level diagram of Er** ions involved in up-conversion

processes: (a) for the up-conversion from the *Io »2 multiplet at 5.6 K while
excited at 791.4 and 795.1 nm; (b) for the up-conversion from the In 2
multiplet at room temperature while excited at 979 nm

3 Results and discussion

3.1 Absorption spectra and J—O analysis

To characterize the electric-dipole transitions for
biaxial crystal, three orientations are needed, i.e., E|X,
E|Y, and E| Z. The RT polarized absorption spectra of the
Er’*:BM crystal are shown in Fig. 2. Only seven absorption
bands of Er’* ions can be distinguished due to the narrow
energy band gap of 3.3 eV for the BM host crystal [12].

The obtained RT absorption spectra were analyzed by
the J-O theory. The detailed calculation procedure is simi-
lar to that reported in [1]. The values of the refractive in-
dices for the three polarizations were taken from [12], and
the reduced matrix elements of unit tensor operators used
in the calculation could be found in [13, 14]. The measured
and calculated oscillator strength, denoted as fex, and fear,
respectively, and the root mean square deviations RMS A f
are listed in Table 1. For the Er** ion, the magnetic dipole
transitions of the *I;s;» — *I3/> transition cannot be ig-
nored [14] and the values of fi,4 are also listed in Table 1. The
calculated intensity parameters £2; are listed in Table 2. For
the biaxial crystal, the effective intensity parameters are de-
fined as 2 = (2, x + 2.y + 2. z/3) [15]. The three effect-
ive phenomenological intensity parameters of Er’*:BM crys-
tal are: 25 =7.58 x 10720, 25 = 1.37 x 102, and 25" =
0.91 x 1072 cm?. On the basis of the calculated intensity pa-
rameters, the values of spontaneous emission probability A,
fluorescence branching ratio 8, and radiative lifetime t; for the
main fluorescence levels of Er’* ions in the crystal could be
calculated and the results are listed in Table 3.

Absorption coefficient (cm'1)
H
1

600 800 1000 1200 1400 1600
Wavelength (nm)

FIGURE 2 Room temperature polarized absorption spectra of the Er’+:BM
crystal
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£ 1075 em?)

_ E|X E|Y E|Z
J'-multiplet Aabs (nm) f exp Seal f exp Seal f exp Seal
4113/2 1525 3.03 2.32 (ed) 2.06 1.36 (ed) 2.22 1.47 (ed)

0.66 (md) 0.67 (md) 0.71 (md)

I 12 977 1.00 1.18 0.89 0.94 0.82 0.81
419/2 806 0.55 0.57 0.50 0.48 0.64 0.52
4F9/2 655 3.73 3.73 2.62 2.62 2.95 2.96
453/2 547 0.74 0.97 0.43 0.48 0.51 0.59
2H11/2 522 17.84 17.83 28.97 28.97 18.58 18.58
4F7/2 490 3.92 4.05 2.13 2.31 2.52 2.82
RMS A f (1077 cm?) 1.61 0.97 1.67
RMS error (%) 2.3 0.88 2.3
TABLE 1 Mean wavelength and polarized experimental and calculated oscillator strengths of Er’t:BM crystal

£ (10720 cm?) E|lX E|lY E|Z

2, 6.40 10.80 5.55

24 1.57 1.30 1.25

$26 1.39 0.66 0.69
TABLE 2  The J-O parameters of Er>*:BM crystal

3.2 Fluorescence spectra and stimulated emission cross

section for *I13 /2 —4 15/2

The 5.6 K up-conversion fluorescence spectra, cor-
responding to the *S3» — *Ij52 and *S35 — *I13)2 transi-
tions, are shown in Fig. 3. Sites 1 and 2 in this figure cor-
respond to the exciting wavelengths of 791.4 and 795.1 nm,
respectively. The positions of Stark sublevels in the I3/, and
*I15/» multiplets of Er** ions at two sites deduced from the
spectra are listed in Table 4. The maximum Stark splittings of

both *Iy3/ and *I;5/, multiplets for site 1 are larger than those
for site 2. In fact, the summations of the Bi-O vectors about
two sites of Bi** ions in BM crystal are about 2.8 and 0.1 A,
respectively [4, 5]. This reveals that one site is more asymmet-
ric, though both sites have the same point symmetry of Cs.
For the important transition channel R 2= s ,2 of
Ert laser, the emission cross section at wavelength A with
different polarizations can be derived from the polarized emis-
sion spectra by the F-L formula [11]. However, due to the
overlap of the absorption spectrum and the emission spectrum
of Er’* ions around 1.5 wm, the measured fluorescence spec-
tra are generally distorted by the re-absorption [16, 17]. Fur-
thermore, since the assumption of average population among
the Stark levels in a multiplet in the spectral analysis on the ba-
sis of the J-O theory is not fully satisfied at room temperature,
the calculated spontaneous emission probability may differ
from the actual one [18]. The emission cross section calcu-
lated by this method would depart from the intrinsic one.

J = E|IX E|lY ElZ 7 (ms)
AG™h B (%) AGh B (%) AT B (%)
3 sy 447.43 100 319.47 100 388.17 100 2.60
hap ‘hap 79.45 13.8 63.47 133 73.37 153 1.96
s 496.43 86.2 415.0 86.7 406.71 84.7
oy hup 5.32 0.9 5.62 0.8 5.91 1 1.85
“hsp 146.15 28.2 75.74 15.6 101.10 17.5
sy 430.13 70.9 378.98 83.6 471.91 81.5
4Fop 4o 22.44 0.5 36.25 0.7 26.97 0.5 0.22
iy 234.01 5.0 189.1 45 192.04 4.1
*hsp 203.51 4.0 193.46 5.1 206.71 4.4
sy 4496 90.5 3298 89.7 4293 91
483 4Py 2.28 ~ 1.17 0.1 1.56 ~ 0.20
o 205.58 3 125.20 3.8 162.50 3.4
ap 118.85 1.8 63.30 1.9 84.68 1.8
“hap 1629 25 832.04 24.6 1136 23.8
sy 4575 70.2 2352 69.6 3384 71
2Hy1 483, 0.10 A 0.09 A 0.78 ~ 0.02
*Fos 94.64 0.3 170.34 0.3 111.85 0.3
o 631.49 1.8 568.68 1.6 741.32 1.8
ap 409.16 1.1 307.86 0.9 496.89 1.2
“hap 439.95 1.3 547.54 1.0 470.79 L1
sy 30970 95.4 52710 96.2 39700 95.6
TABLE 3  Spontaneous emission probabilities A, fluorescence branching ratios 8, and radiative lifetime . for Er3™:BM crystal
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Multiplet Stark sublevels (cm~") was adopted. Since the emission cross sections calculated
Site 1 Site 2 by (1) are from the measured absorption spectra and the Stark
splittings of the related multiplets, they can be treated as the
sy 0 0 intrinsic ones without the influence of re-absorption.
67 63 Figure 4 shows the absorption cross section spectra and
102 79 .. .
164 126 the emission cross section spectra calculated by the F-L
207 144 formula and the reciprocity method. It can be seen that,
273 225 due to the re-absorption effect, the emission cross sections
gg; gfé calculated by the F-L formula are smaller in the shorter
. wavelength region but larger in longer wavelength region
L2 gggg gg;g compared to those calculated by the reciprocity method.
6649 6601 The peak emission cross sections calculated by the reci-
6683 6635 procity method are about 1.56 x 1072°, 1.20 x 1072%, and
6712 6672 1.26 x 1072°cm? for E||X, E||Y, and E|Z, respectively,
6745 6722 which are comparable to those reported for other Er’*-
6776 6750 . 20 .
doped materials, such as 1.1 x 10 (;r-polarized) and
TABLE 4  Stark sublevels for the */;s /2 and s /2 multiplets of Er*ions 0.78 x 10720 cm? (o-polarized) for Er3+:NaY(MOO4)2 [20],
in BM crystal 0.86 x 1072 (;-polarized) and 0.95x10"°cm? (o-

The emission cross section can also be calculated by the
so-called reciprocity method from the absorption emission
cross section by [10, 19]

e—hc/A\
UeRnE/,[q()\) = Uabs,q()\) exp I:kBiT:| s (1)

where ofnlj\f[q and oy 4 are the polarized emission and absorp-
tion cross section, respectively, 4 is Planck constant, kg is
the Boltzmann constant, and ¢ is the net free energy required
to excite one Er’* ion from the *I;5/, to #1132 state at tem-
perature 7 and can be calculated from the formula proposed
in [19]. According to the data listed in Table 4, the calculated
values of ¢ are 6534 and 6528 cm™~! for site 1 and site 2, re-

spectively. In our calculation, the average value of 6531 cm™!

polarized) for Ce’*:Er’t:NaLa(MoOy), [21], 2.56 x 1020
(E|X), 1.65 x 10722 (E||Y), and 1.26 x 1072 cm? (E|| Z) for
Er3T:KGd(WOy,); [22], and 0.45 x 10720 cm? for YAG [23].
Since the Er*" laser via the *Ij3/, — %15, transition op-
erates in a three-level scheme, the possible laser wavelength
can be evaluated by the following gain cross section [24]
Gy,(A) = Pod (\) — (1— Py (V) 2)
where P is the population inversion ratio of Er’* ions. The
relations between the calculated polarized gain cross section
and wavelength with different P values (P =0.3, 04, ...,
0.7) are shown in Fig. 5. The smooth and broad gain curves
indicate the Er**:BM is a good candidate for gain medium of
tunable and ultra-short lasers and therefore it is also beneficial
to the generation of a self-stimulated Raman laser since the
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FIGURE 4 Comparison of the polarized absorption and emission cross sec-
tions versus wavelength calculated by the reciprocity method and the F-L
formula of the Er3*:BM crystal

Raman gain coefficient is proportional to the intensity of the
fundamental laser [25].

33 Fluorescence lifetime and quantum efficiency

The re-absorption also leads to the increase of the
measured fluorescence lifetime [16]. To reduce the influence
of the re-absorption on the measured fluorescence lifetime of
the 4113/2 multiplet, the powder method was adopted [26].
In our work, the powder was a mixture of 2 wt. % Errt:BM
crystal and 98 wt. % pure BM crystal as dilution with diam-
eter of about 80 wm, and the refractive index matching fluid
was monochlorobenzene with refractive index of 1.52. The
measured fluorescence decay curves of the powder sample
immersed in monochlorobenzene fluid and the bulk crystal
sample in air at 1535 nm are shown in Fig. 6 in semilog scale.
The linear relationship in the figure displays single exponen-
tial behavior of the fluorescence decay and the fluorescence
lifetime can be obtained from the slope of the fitting line k,
i.e., iy = —(1/2.303k). By linear fitting, the fluorescence life-
times of the */;3 /2 multiplet are about 2.78 and 5.08 ms for the
powder and bulk crystal samples, respectively. The large dis-
crepancy between the measured fluorescence lifetimes reveals
a strong re-absorption occurred in the bulk sample. In fact,
the re-absorption phenomenon has also happened in some
other Er’*-doped materials, such as Er’T:NaY(MoOy),,
Er3t:LiNbOs, and Er’t:KPb,Brs [20, 27, 28].

The fluorescence quantum efficiency of a multiplet is de-
fined as n = 7¢/ 7. From the values of 7, = 2.60 ms calculated

061 — p=03
0.4] -~~~ P=04

-0.2

0.6-
0.4-
0.2-
0.0

-0.2

Gain cross section (10?2° cm?)

1500 1550 1600 1650

Wavelength (nm)

1450

FIGURE 5 Polarized gain cross sections of the Er’*:BM crystal versus
wavelength

10+
E Bulk sample

Powder sample
2.74 ms

0.1+

Fluorescence intensity (a. u.)

Time (ms)

FIGURE 6 Room temperature fluorescence decay curves of the Er’+:BM
bulk and powder samples at 1535 nm, the exciting wavelength is 979 nm

by the J-O theory and 7y = 2.78 ms measured in the diluted
powder sample, an untrue quantum efficiency larger than one
would be deduced. This is mainly caused by the assumption
of equal population at the Stark levels in the J-O theory [18].
Since the *I}3/, multiplet of Er** ions is the first excited state,
a more reliable result for the spontaneous emission probabil-
ity can be obtained from the emission cross sections calcu-
lated by the reciprocity method using the F-L formula [11]

A 8mren? [ oy (L) dA
T [adg, (M) da

; 3)

where g, (A) is the normalized line shape factor of the calcu-
lated emission cross section. From the A, obtained by this
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method, the radiative lifetime of 4113/2, ie, . =3/(Ax+
Ay + Az), was calculated to be 2.96 ms. Then, the fluores-
cence quantum efficiency of *I;3,, multiplet was estimated
to be 94%. The high quantum efficiency reveals that the
multi-phonon non-radiative transition from the T3 /2 multi-
plet is weak. This is a result of the large energy separation
between the *Ij3/» and *I;5/, multiplets (about 6300 cm™!)
and the low phonon frequency of the (MoO4)>~ group (about
900 cm™ N [7].

In order to evaluate the relaxation rate from the *I;; )2 1o
the 413 /2 upper laser level, the fluorescence lifetime of the
Tu 2 multiplet was measured. The lifetimes measured from
both the bulk and powder crystal samples are about 108 s,
which indicates that the effect of re-absorption is weak for
the emission from the transition of the *I;; 2= s 2. The
lifetime is similar to that of Er**:YAG (100 us) [29] but
longer than those of Er’*:Ca, AL SiO7 (41 us) [30], YVO,
(23 ps) [2], and some phosphate glasses (2—3 us) [31]. As
to be discussed in Sect. 3.4, the longer fluorescence lifetime
and higher quantum efficiency (5.5%) of *I,;,, in Er*":BM
are disadvantageous to the population in the upper laser level
of 41 13/2-

34 Up-conversion fluorescence

In hosts with low phonon frequency the up-
conversion via excited state absorption (ESA) and/or non-
radiative energy transfer (ET) becomes more effective and
reduces the population in the upper laser level of *I;3 ,2- In
Sect. 3.2, the low temperature up-conversion fluorescence
spectra have been used to determine the positions of Stark
levels in the *Iy3/> and *I;s5/, multiplets. At room tempera-
ture, when the crystal was excited at 979 nm, corresponding
to the main pumping channel *I1s5, — *I1/, for Er** ions,
the polarized up-conversion fluorescence spectra in a range
from 500 to 580 nm were recorded and are shown in Fig. 7.
The energy level diagram of Er’* ions in Fig. 1b shows that
the Er*" ions at the *Iy1,, multiplet are further excited to
the *F7/, multiplet and these two up-conversion fluorescence
bands correspond to the 2Hyy/2 — *I15/2 and %S5 — *I15)2
transitions, respectively. To overcome the influence of the up-
conversion on the population in the upper laser level */13,,
when a diode laser at ~ 970 nm is used as the pumping source,
Ce’* ions are generally introduced as deactivators to make the
Er’ ions at the *I}; ,2 multiplet relax to the T3 /2 multiplet
faster [21, 32, 33]. For example, the co-doping of Ce3t jonsin
the Yb3*+:Er**+:Ca, Al,SiO7 crystal makes the threshold lower

1.54 Eix

1.0+

0.5

0.0 — = N
154 ENY
1.0-

0.5

Intensity (a.u.)

0-0 M T T T T T T 1
154 FE/Z
1.0 -

0.5

0.0

T T T 1
520 540 560 580
Wavelength (nm)

FIGURE 7 Room temperature polarized up-conversion fluorescence spec-
tra of the Er>*:BM crystal under excitation at 979 nm

500

and the slope efficiency higher in 1.5 pm laser operation [33].
The BM crystal can be highly doped with Ce** ions [5] and
so efficient 1.5 pum laser emission can be expected in the Ce3*
and Er** co-doped BM crystal and this work is in progress in
our lab.

4 Conclusion

An Er**:BM crystal has been grown by the Czo-
chralski method. In the framework of the J-O theory, the spec-
troscopic parameters were calculated. On the basis of the F-L
formula and reciprocity method, the effect of re-absorption
on the fluorescence spectra of the #1132 — *I5)» transition
was discussed and the peak stimulated emission cross sec-
tions of the transitions were estimated. The gain cross section
curves of the #1532 — *I;5), transition were also provided
and discussed. At last, the powder method was used to elim-
inate the effect of re-absorption on the fluorescence lifetime
and the fluorescence quantum efficiency was estimated to be
94%. The main spectroscopic parameters of some Er**-doped

Crystals 2, (1072 cm?) dem (NM) e (10720 cm?) 7, (ms) Ref.
2, 24 26
Biz (MoO4)3 7.58 1.37 0.91 1532 1.56 (E|| X) 2.60 This work
1.20 (E||Y)
1.26 (E|| X)
KGd(WOy4)> 8.90 0.96 0.82 1548 2.56 (E||X) 5.99 [1,22]
0.17 (E||Y)
1.26 (E||Z)
Ca, Al,SiO7 3.85 1.85 1.0 1535 0.8 6.80 [30,33] i )
YAG 045 098 0.62 1550 0.45 4.06 (23,34] ~ TABLE 5 Comparison of the spec-
YVO, 13.45 223 1.67 1550 1.0 2.30 [35,36] troscopic parameters of some Er™"-

doped laser crystals
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crystals listed in Table 5 reveal that the spectroscopic param-
eters of Er¥™:BM crystal are comparable to those of other
Er**-doped crystals, in which laser action around 1.5 um
have been demonstrated while Yb** ions are co-doped as the
sensitizer [33,36-38]. All of the above results indicate that
the Er’*-doped or Er** /Yb**-co-doped Bi, (M0QO,)3 crystal
may be a candidate for gain medium of tunable and ultra-
short lasers, and furthermore, for a self-stimulated Raman
laser when the Raman active of Biy(Mo0Q,)3; is taken into
account.
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