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Detailed polarized spectral properties of a 0.685 at. % Nd3+:Sr;Yy(BOj3), crystal grown by the
Czochralski method have been investigated, including the absorption cross section, the emission cross
section, and the fluorescence lifetime. The anisotropy of the spectral properties in different polarized
directions was discussed thoroughly. The absorption and emission spectra of Nd3* are found to be in-
homogeneously broadened due to its internal disordered lattice. Additionally, the CW laser operation at
1.06 pm was also demonstrated for the first time. The maximum output power of 905 mW was achieved,
with corresponding optical conversion efficiency of 10.8% and slope efficiency of 12.8%. © 2012 Optical

Society of America
OCIS codes:  140.3380, 160.1190, 300.0300.

1. Introduction

Recently, the rapid development of ultrashort laser
pulse technology has triggered great progress on
the frontier of many fundamental sciences. It has
now been found that ultrashort laser pulses have got
wide applications in telemetry, microcosmic explora-
tion, high-temperature plasma generation, etc.
Therefore, many new ways to search for favorable
solid-state laser materials have been explored to
achieve efficient and compact high-energy ultrafast
laser sources. Among these methods, disordered
Nd3*-doped crystals have attracted much attention
as a new type of medium for ultrafast lasers at
1.06 pm. Compared to traditional Nd3*-doped crys-
tals, disordered host crystals will induce broad
absorption and emission spectra due to their differ-
ent crystal fields, which are caused by the random
distribution of activator ions at the substitutional
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lattice sites. The broad absorption and fluorescence
spectra of the disordered crystals thus favor efficient
diode pumping and ultrashort pulse generation
[1-4].

In this paper we focus on a new class of laser gain
media with the general formula M3Rey(BO3),, where
M = Ca, Sr, or Ba and Re = Y, La, or Gd. In the past
decades rare-earth-doped MsRey(BO3), crystalline
materials have attracted a great deal of research in-
terest. Several members of rare-earth (Yb3+, Nd3*,
Er3*)-doped M3Re;(BO3), (M =Ca, Sr, Ba;
Re =Y, La, Gd) were investigated earlier [5-11],
and the corresponding growth experiments showed
that large-sized rare-earth-doped M3Re,(BOj3), laser
crystals can be grown well by using the Czochralski
method, and the absorption and emission spectra are
strongly inhomogeneously broadened due to the dis-
ordered lattice. The broad spectrum features a very
efficient pumping and the production of ultrashort
pulses [12,13].

Sr3Y,(BO3), belongs to the family of M3Res (BO3),
crystals, which crystallizes in the orthorhombic



system with space group Pnma. The unpolarized ab-
sorption and emission spectra of Nd3*:Sr3Y,(BOs),
were investigated before; the results show that
Nd3+:Sr;Y,(BOs), crystal is a potential laser
material for diode laser pumping [5]. However, in
those works the spectral information is limited by
its unpolarized spectra and, most importantly, the la-
ser performance has not been evaluated so far. Thus,
in this work, a detailed polarized spectral measure-
ment has been conducted and the laser demonstra-
tion of Nd3*+:Sr;Y,(BOs3), crystal are reported for
the first time, to our knowledge.

2. Experiment Procedure

A. Measurement of Effective Segregation Coefficients

The concentrations of elemental Nd, Sr, and Y in the
crystal were measured using an x-ray fluorescence
spectrometer (Primus II) with which the relative
standard deviation is less than 1%. Based on the
measurements, the effective segregation coefficients
of elemental Nd, Sr, and Y in the crystal growth pro-
cess were calculated. The measured sample, cut from
the as-grown Nd3*:Sr3Y,(BOs), crystal, was ground
into powder for use in an x-ray fluorescence analysis
apparatus (Primus II). The polycrystalline material
used for growing the Nd3+:Sr;Y,(BOj3), crystal was
employed as a comparison sample.

B. Spectral Measurement

A rectangular prism with dimensions of 5.44 mm x
6.30 mm x 7.00 mm (a xbxc) was cut from the
as-grown crystal. All the surfaces of the sample were
polished for the spectroscopy experiments. The polar-
ization spectrum of the crystal was measured with
incident light polarization parallel to the a, b, and
¢ axes using a JASCO V-570 ultraviolet/visible/near-
infrared (UV/Vis/NIR) spectrophotometer at room
temperature over the wavelength range of 350-—
1000 nm. The fluorescence spectra from 850 to
1500 nm at room temperature and 77.3 K were
recorded by a spectrofluorimeter (Edinburgh Instru-
ments, FLL.S920). The excited source is a 450 W stable
xenon lamp with a wavelength of 355 nm. The fluor-
escence decay curve at 1064 nm was measured with
the same spectrofluorimeter, which was pumped by a
10 ns pulsed optical paremetric oscillator laser (Opol-
ette 355 II) with a wavelength of 355 nm.

C. Laser Performance

With the laser sample cut along the b axis, CW laser
operation was demonstrated by using a plano-
concave resonator. The experimental laser setup is
shown schematically in Fig. 1. The pump source
was a fiber-coupled laser diode (LD) with the emis-
sion wavelength centered at 808 nm. The output
beam of the LD was focused onto the
Nd3*:Sr3Y,(BOs), sample with a spot radius of
about 0.2 mm and a numerical aperture of 0.22,
achieved by using a focusing lens. The length be-
tween M1 and M2 is about 22 mm. M1 is a plane

M1 M2

]

Nd3*:Sr3Y,(BOs)s

LD Focusing Power
Optics meter
Fig. 1. Schematic diagram of the experimental laser setup.

mirror that is antireflection coated at 808 nm on
the pump face, high reflectance coated at 1.06 pm,
and high-transmittance coated at 808 nm on the
other face. The output coupler M2 is a concave mirror
with a radius of curvature of 200 mm, and the output
transmission is 2.0% at 1.06 pm. The sample was cut
to the dimensions 3 mm x 3 mm x 5 mm, and the
3 mm x 3 mm faces that are perpendicular to the
b axis were polished. During the experiment, the
crystal was wrapped with indium foil and mounted
on a copper block cooled by water. The cooling water
was maintained at a temperature of 6 °C.

3. Results and Discussion

A. Effective Segregation Coefficients

Table 1 shows the effective segregation coefficients of
elemental Nd, Sr, and Y in the Nd?*:Sr3Y,(BOs)4
crystal, which were calculated according to the fol-
lowing equation:
c

ko = - (1)
where ¢; and ¢y are the respective concentrations of
the ions in the crystal and raw materials. From
Table 1, it can be seen that the effective segregation
coefficients of elemental Sr and Y in the
Nd3+:Sr3Y,(BOs), are close to 1 on the whole, which
means that the elemental concentrations in the crys-
tal are approximately equal to the elemental concen-
trations in the raw materials. Thus, the components
of elemental Sr and Y in the Nd3*:Sr3Y,(BOs),
crystal growth process are uniform. The effective
segregation coefficient of the Nd?t ion in
Nd3*:Sr3Y4(BOs), is 1.375. It is higher than 1, which
indicates that Nd3* ions are comparatively easily
doped into this crystal, and the Nd3* ion con-
centration was determined to be 0.685 at. %
(0.532 x 102 ions/cm?).

B. Spectroscopic Characteristics

The polarized absorption spectrum of the 0.685 at. %
Nd3*-doped Sr3Y,(BOs), crystal over the range of

Table 1. Effective Segregation Coefficients
in Sr;3Y,(BO3),:Nd3t Crystal

Standard (wt %) Sample (wt %) Koy
Nd 0.213 0.293 1.375
Sr 38.858 38.508 0.997
Y 26.154 25.021 0.957
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Fig. 2. Polarization absorption spectrum of Nd?*:Sr5Y,(BOj3),.

330-1000 nm is shown in Fig. 2. E represents the
electric field of the incident light. Figure 3 shows
an enlargement of the 720-910 nm region for clarity.
Obviously, the polarization spectrum helps to gain a
better understanding of the optical properties of
Nd3*:Sr3Y,(BOs), in contrast with the previously
measured unpolarized spectrum. It can be seen from
the two figures that the absorption spectrum shows a
relatively strong directional dependence of the polar-
ization due to the effect of anisotropy. From Fig. 3, it
can be seen that the absorption is strong for E||a po-
larization, and the peak absorption cross section at
806 nm is about 2.605 x 1072° cm? with a broad band-
width (FWHM) of about 16 nm. For the E||6 and
E||c polarizations, the maximum absorption cross
sections near 805 nm are 2.531 x 1072° cm? and
2.394 x 10720 cm? and the bandwidths (FWHM) are
17 and 16 nm, respectively. The wide bandwidth sig-
nifies that Nd3+:Sr;Y,(BO;3), is quite suitable for
diode pumping and indicates inhomogeneous broad-
ening behavior [14], which is probably due to the
structural disorder of the crystal.

Absorption cross sections 10%%em?

T T T
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T
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Fig. 3. Polarization absorption cross section of Nd3+:Sr3 Y, (BOs) 4
over the range of 720-910 nm.

The Judd-Ofelt (J—O) theory is applied to analyze
the room temperature absorption spectra [15,16],
since the J-O theory and its extension have become
the most widely used method for the analysis of spec-
troscopic properties of rare-earth-ion-doped crystals
and glasses. Thus, only the calculational results are
presented; the detailed calculation procedure is simi-
lar to that reported in [1]. The reduced matrix ele-
ment of the unit tensor operators used in the
fitting can be found in [17]. The refractive index used
for the calculation was taken to be roughly 1.74 [5].
The measured transition-line intensity and oscillator
strength, denoted by Sey, and P.,, respectively, are
listed in Table 2. The calculated J-O intensity para-
meters (; (¢t = 2, 4, 6) are listed in Table 3. For a biax-
ial crystal, the effective J-O intensity parameters
are defined as in [18], and their values are also listed
in Table 3. Table 4 shows the Q; (¢ = 2, 4 and 6) va-
lues for Nd3*:Sr3Y4(BOj3), obtained in this work and
makes a comparison with the same parameters for
other Nd-doped crystals [1,19-22]. It is known that
the value of the intensity parameter (), depends
on the structure and the coordination symmetry of
a crystal. Generally, the higher the value of Q,, the
larger the fraction of covalent bonding the compound

Table 2. Experimental Transition-Line Intensity Parameters and Oscillator Strengths of the Polarization Absorption Spectrum of Nd3+:Sr;Y,(BO3),

E|la E|b E|lc
Transition Final State Sexp( = J') Po(J = J) Sexp(J = J') Pop(J = J") Sexp(J = J) Pep(J = J")
4f "y’ (10720 ¢m?2) (107°9) (10720 ¢m? (1079) (10720 ¢m? (1079)
‘Do 2.51 12.31 2.11 9.71 2.26 10.38
4P1ss 0.19 0.77 0.15 0.55 0.16 0.61
4Graye 0.56 2.07 0.57 1.96 0.49 1.69
4Gyys 2.06 6.84 2.04 6.37 2.19 6.82
4Gz 4.87 14.56 4.50 12.61 5.29 14.84
‘Foso 0.25 0.64 0.28 0.67 0.25 0.60
4855 3.38 7.93 3.93 8.63 3.15 6.91
‘Hy)o 3.64 7.90 3.88 7.90 3.52 7.18
4Fs 1.05 2.10 0.93 1.73 1.08 2.03
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Table 3. Judd-Ofelt Intensity Parameters of Nd3t in Sr;Y,(BO3),

Intensity Parameters

(Qx 10720 cm?) E|la E|b Ellc Effective
Qg 2.21 2.31 2.89 2.47
Q4 5.48 4.25 5.04 4.92
Qg 6.28 7.72 5.80 6.60

contains; that is, if the crystal has a relatively high
value of Q,, the crystal may exhibit a glasslike beha-
vior. We believe that the high (), parameter is one of
the possible factors that can prove the glassy
behavior of the materials. From Table 4 one can con-
clude that Nd3*:Sr;Y,(BO3), has a large fraction
of covalent bonding because of the high Q, value
[8,23]. In addition, the thermal conductivity of
Nd3¥:Sr;Y,(BO3), was measured in our group, and
similar to Nd?+:Gd;Cay(BOs),, it increases with
increasing temperature, which indicates a glass-
like behavior [8]. Thus, considering the two beha-
viors shown above, we can further conclude that
Nd3+:Sr;Y,(BOs3), indeed exhibits a glasslike behav-
ior, which conforms to the disordered structure of the
crystal. In addition, we know that the value of the
parameter (), has no practical effect on the emission
properties of the crystal from the *F3 5 state, as they
mainly depend on the Q4 and Qg parameters. The
spectroscopic quality parameter X = Q,/Qq is 0.75
is less than 1 and thus indicates that emission to
the *Io/, manifold is more feasible than to the Iy,
manifold.

Using the calculated J-O intensity parameters,
the radiative transition rate A ;_ ) and fluorescence
branching ratio f;.; of Nd3+:Sr;Y,(BOs), are calcu-
lated, and the results along the three polarization
directions are listed in Table 5.

The radiative lifetime 7,,q of the *F5 5 manifold is
the reciprocal of the total spontaneous emission
probability from the manifold. For an anisotropic
crystal, the total spontaneous emission probability

220 AJ =)

ATotal( ”) = 3 . (2)

So, the radiative lifetime of the “F3,, manifold for
Nd3* in Sr3Y,(BOs), is estimated to be 208.17 ps.
The fluorescence decay curve of *F3/9 is shown in
Fig. 4. By linear fitting, the fluorescence lifetime
is found to be 75.8 ps, so the radiative quantum
efficiency of the *Fj ,2 manifold is about
n = 75.8/208.17 = 36.41%. We noticed that the fluor-
escence lifetime measured in our paper is signifi-
cantly longer than that published in [5]. We
believe that the fluorescence lifetime decreases when
the concentration of Nd3* ions increases because of
the concentration quenching of Nd3+.

The stimulated emission cross section ¢, can be es-
timated from the measured fluorescence spectrum by
the Fiichtbauer—-Ladenburg method:

BAWJ" = IHI(A)

0elh) = g 2 TAG)dr

3

where I(1) is the fluorescence intensity at wave-
length 4 and n is the refractive index, which was
taken to be roughly 1.74 [5]. The room temperature
and low temperature (77.2 K) fluorescence spectra
are shown in Fig. 5, and the emission cross-section
values at the peak fluorescence wavelength are listed
in Table 5. The peak wavelength in the room tem-
perature fluorescence spectrum for E||c is located
at 1064 nm and differs from the values obtained
for E||a and E||b, which are shifted to 1063 nm, even
though the FWHM at peak wavelength for the differ-
ent polarization directions has the same value of
30 nm. Additionally, compared with the room tem-
perature fluorescence spectra, the value of FWHM
at 1063 nm in the 77.2 K unpolarized spectrum is
29 nm, showing a very small change. The broad
bandwidth is similar to Nd:glass (20-30 nm), which
can support pulses of less than 100 fs [24,25].

is given as Thus, such a large bandwidth shows that
Table 4. Comparison of Judd-Ofelt Parameters for Nd®+:Sr;Y,(BO3), with Other Nd-Doped Crystals
Crystals Qo x 10720 cm? Q4 x 10720 cm? Qg x 10720 cm? X Reference
Nd3+:Sr3Y,(BOs), 2.47 4.92 6.60 0.75 (This work)
Nd?+:SrGdGas O, 1.88 ~2.94 444 ~6.33 2.96 ~ 6.96 091~15 (1,19]
Nd3+:YAG 0~0.37 2.29 ~ 3.2 4.6 ~5.97 0.38~0.70 [20-22]
Nd3+:GGG 0~0.02 3.3~6.7 3.7~6.7 0.89~1 [20,22]
Table 5. Luminescence Parameters of Nd3+:Sr,;Y,(BO;), for the Radiative F;/, — I, Transition
E|la E||b E|lc
Final S = J") AWJ" > J) fyy  6.()  Seald” =d) AT =) gy 0.(D) S =J) AJ" > J) By  0.(4)
State (10720 cm?) (s (%) (1072° cm?) (10720 cm?) (s (%) (1072° cm?) (10720 cm?) (s (%) (10720 cm?)
419/2 1.61 1903.56 39.05 0.25 141 1659.24 32.86 0.31 1.48 175232 39.06 0.32
4111/2 3.33 2453.69 50.33 2.98 3.75 2756.47 54.59  3.46 3.08 2257.56 50.32  2.87
4113/2 1.33 494.64 10.15 1.01 1.64 605.34 11.99 1.21 1.23 454.79 10.14 0.93
4115/2 0.18 23.39 048 0.22 28.76  0.57 0.16 21.60 048
20 October 2012 / Vol. 51, No. 30 / APPLIED OPTICS 7147
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Nd3*:Sr3Y4(BOs),, may also possibly be used in laser
systems to produce femtosecond pulses [26]. It can be
concluded that the broad room temperature absorp-
tion and emission bands together with the 77.2 K
fluorescence spectrum show an inhomogeneous
broadening behavior of the Nd3+:Sr3Y,(BOs), crys-
tal. Generally, the major broadening mechanisms
at room temperature are homogeneous broadening
from the thermal vibration of the lattice and inhomo-
geneous broadening from a disordered crystal lattice.
While at a low temperature, the inhomogeneous
broadening dominates due to the weakening of lat-
tice vibration. Here we can find that the inhomoge-
neous broadening behavior plays a decisive role,
not only at room temperature, but also at low tem-
peratures. We know that Nd3*:Sr;Y,(BOj3), crystal
is a homology of Nd3*:Ca;Gdy(BOs3)s, and the
inhomogeneous broadening behavior in the
Nd3*:Ca3Gdy(BOs), crystal has been discussed in
our previous paper [8]. Thus, we believe that the in-
homogeneous broadening of the Nd3+ lines is also at-
tributed to the variation of the local crystal field
surrounding the Nd?* ions resulting from the high
degree of structural disorder, in that Nd3+, Sr?*,
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Fig. 5. Fluorescence spectra of Nd3*:Sr3Y,(BOs),: (a) room
temperature polarized emission cross sections and (b) 77.2 K
unpolarized emission cross section.
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and Y3+ ions are randomly situated at three different
symmetry sites in the Nd®*:Sr3Y,(BOs), structure.
In addition, from Table 5, the emission cross-section
values for the three polarization directions at
1.06 pm are 2.98 x 1072 cm?, 3.46 x 10~2° ¢cm?, and
2.87 x 10720 ¢cm?, respectively. Though the emission
cross-section values of Nd?+:Sr;Y,(BOs), are rela-
tively smaller than other Nd-doped crystals, we still
believe that Nd3+:Sr;Y,(BOj), is a good candidate as
a laser medium, especially in the femtosecond pulse
field because of its very broad emission band.

C. Laser Performance

CW laser performance at 1.06 mm was demonstrated
for the first time (to our knowledge). The output
power under various incident power values was mea-
sured using a power meter, and the results are shown
in Fig. 6. The pump threshold of Nd?*:Sr3Y,(BO3), is
1.35 W, and a maximum output power of 905 mW at
1.06 pm was achieved at a pump power of 8.36 W. An
optical-to-optical conversion efficiency of 10.8% and a
slope efficiency of 12.8% were derived from the linear
part of the curve. It can be seen in Fig. 6 that the out-
put power is not saturated when the incident power
is 8.36 W, so higher output power may be achieved
when the pump power is increased. In addition,
the sample used in the laser experiment was not
coated, and only one output coupling with 2.0%
transmission was used in the experiment. Therefore,
more efficient laser output can be realized if the sam-
ple and the transmission output coupling are opti-
mized. With a spectrum analyzer, the emission
spectrum was recorded and is shown in the upper left
of Fig. 6. From Fig. 6, it can be seen that the laser
band is centered at 1064 nm.

4. Conclusions

A large-sized and high-quality Nd3*:Sr3Y,(BO3),
crystal was grown by the Czochralski method.
The complete set of spectral and laser performance
has been characterized in detail. The effective



segregation coefficient of Nd®>* was determined to be
1.375, which indicates that Nd* ions are compara-
tively easily doped into this crystal. The polarized ab-
sorption spectra, fluorescence spectra, and decay
curve of Nd?*:Sr3Y,(BOs), were measured. The re-
sults show that the absorption and emission spectra
of Nd3+ have been inhomogeneously broadened,
which is attributed to its inner disordered structure.
For suitability as a match to LD pumping, the
width of the absorption band around 808 nm is
about 16 nm. The broad emission spectrum
(FWHM = 30 nm) shows that Nd3*:Sr3Y,(BOs),
can potentially be used to yield femtosecond laser
pulses. From the J—O theory, the spectral parameters
along different polarization directions were also
calculated, showing anisotropic behavior. The radia-
tive lifetime of the *F5, manifold for Nd?* in
Sr3Yo(BO3), is estimated to be 208.17 ps. From
the fluorescence decay curve, the fluorescence life-
time is found to be 75.8 us, giving a radiative quan-
tum efficiency of about n = 75.8/208.17 = 36.41%.
The laser operation under LD end pumping at
1.06 pm was demonstrated for the first time, to
our knowledge. A maximum power of 905 mW was
obtained with an optical conversion efficiency of
10.8% and slope efficiency of 12.8%. Therefore, all of
these properties show that Nd3+:Sr;Y,(BO3), is a
very promising crystalline laser material.
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