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Nonequivalent Yb>"centres in Y,_.Yb Al3(BOj3), laser crystals

K.N. Boldyrev, M.N. Popova, L.N. Bezmaternykh, M. Bettinelli

Abstract. The absorption spectra of nonlinear laser crystals
Y,_.Yb,Al;(BO3)4 grown from bismuth — lithium — molybdate
and potassium —molybdate solution—melts are comparatively
studied by high-resolution Fourier spectroscopy. The differ-
ences observed in the fine structure of the absorption spectra
are correlated with the variations in the solution—melt
composition and in the concentrations of bismuth and
molybdenum impurities in the crystals. It is shown that the
concentration of the molybdenum impurity (the main factor
hindering lasing in the UV spectral region) in the single
crystals grown from the bismuth - lithium —molybdate solu-
tions is more than an order of magnitude smaller than in the
crystals grown using the potassium—molybdate solution—
melt. The described method can be used for express analysis
of the quality of UV laser crystals and for improving the
solution —melt technologies of growth of laser crystals and
crystals used for generation of the fourth harmonic of
Nd:YAG laser radiation.

Keywords: YAl (BO3 ), crystals, ytterbium, high-resolution spect-
roscopy.

1. Introduction

The noncentrosymmetric trigonal aluminum borate crystals
with the structure of the natural mineral huntite doped with
rare-earth (RE) ions have attracted attention as promising
laser materials for a long time. These crystals are
characterised by a high chemical and temperature stability,
high mechanical strength, optical transparency in the range
from UV to mid-IR wavelengths, and a high optical
nonlinearity [1]. Due to the specific structure, in which the
RE—oxygen prisms are isolated from each other, the
luminescence of RE ions is only slightly quenched even
in concentrated crystals. The YAI;(BO;); (YAB) and
GdAl;(BO;), (GAB) crystals doped with Nd** jons were
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used to create compact and efficient lasers, including lasers
with self-frequency doubling [2, 3]. The concentrated
NdAL;(BOj3), crystal is promising for the development of
minilasers [4].

Recently, much attention has been paid to another RE
jon, Yb>", which has only two energy levels in the entire
energy range up to the energies corresponding to the UV
spectral region; these levels are the ground *F, /2 level and
the excited *Fs /2 level with an energy of about 10000 cm™!
(Fig. 1). This level structure allows one to avoid losses
related to the absorption from the excited state and to the
cross-relaxation. These ions can be pumped by inexpensive
industrial diode lasers emitting at a wavelength of about
980 nm. In this case, one obtains a quasi-three-level laser
with a slightly different pump and laser wavelengths, which
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Figure 1. Energy level diagram of the Yb>" ion. The energies and
irreducible representations of levels are given for the YbAI;(BO3),
crystal according to work [5]. The bold arrows indicate the pump and
laser transitions.
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makes it possible to achieve a high efficiency and reduce the
heating of the active medium by pump radiation.

Another important property of the ytterbium ion is the
strong coupling of its electronic subsystem with lattice
phonons (see, for example, [6]). Because of this, the
electronic transition lines are strongly broadened, and the
absorption and emission spectra show broad vibronic bands
[6]. From the viewpoint of laser applications, the broad
emission spectrum makes it possible to create lasers with
ultrashort pulses and to tune the laser frequency within the
vibronic band. The use of nonlinear media (in particular,
aluminum borates) as matrices for Yb** ions allows one to
shift the laser wavelength to the visible spectral region by
frequency self-doubling and self-mixing. For example, in the
Yb: YAIL(BO;), crystal, cw laser radiation was obtained at
a wavelength near 1040 nm [7], as well as in the green
(513—-546 nm) [8] and yellow (560—570 nm) [9] spectral
regions.

Incongruently melting Y,_,Yb,Al;(BO3), single crystals
are grown from solution —melts that, along with the crystal-
forming oxides, contain other components, such as, for
example, potassium trimolybdate [1] or bismuth trimolyb-
date in combination with lithium molybdate [10]. This raises
the important question of whether bismuth and molybde-
num impurities can enter the crystal during crystallisation
and how these impurities can affect the optical and laser
properties of the grown single crystals. As was reported in
[11], the molybdenum impurity is the main negative factor
for generation of the fourth harmonic of Nd:YAG laser
radiation and for UV lasing in YAB crystals.

Previously [5], we found weak satellites of the 0—0 line of
the 2F7/2 H2F5/2 transition in the absorption spectrum of
the YbAIL;(BO3), (YbAB) crystal and suggested that they
are caused by transitions in Yb®' ions whose nearest
environment is perturbed by defects appeared due to the
flux components entering the crystal. The present work is
devoted to the study of defect formation in ytterbium-doped
yttrium aluminum borates grown in two different labora-
tories using different fluxes. In particular, we managed to
identify the spectral lines caused by defects present in the
crystal due to molybdenum impurity. This result can be used
for express analysis of the quality of UV laser crystals.

2. Experiment

The Y;_,Yb,Al3(BOj3), single crystals with different con-
centrations of ytterbium were grown on seeds from
bismuth —lithium —molybdate solution—melts (which, in
addition to the crystal-forming oxides Y,0;3, Yb,O;3,
Al,O3; and B,0;, contained Bi,O3, Li,O and MoOj; oxides)

and from solution—melts based on potassium trimolybdate
(which included K,;Mo030;, in addition to the crystal-
forming oxides). The former were grown at the Institute of
Physics, Siberian Branch, Russian Academy of Sciences
(Krasnoyarsk, Russia) and the latter were obtained at the
University of Verona (Italy). The crystals studied in this
work, as well as the notations of the used solution—melts
are listed in Table 1.

The group of bismuth-—lithium —molybdate solution—
melts was based on a mixture of bismuth trimolybdate and
lithium molybdate,

85 wt. % (Bi,Mo30, + 0.5Li,MoO, + 2B,0;)

+15wt. % Y, Yb,Al;(BO;),. (1)

This solution—melt is denoted in Table 1 as Bi,Mo3;0,
(Nos 1-5). It was prepared by melting (at temperatures of
1000—1050 °C) a mixture of Bi,O3, M0O;, Li,CO;, B,0;,
Y,0;3;, Yb,03, and Al,O; powders in a proportion
determined by the above formula. From this initial
solution—melt, we grew on seeds single crystals No. 1
with x = 0.07, after which we added 0.05 Bi,O3 into the
remaining solution—melt and performed one more crystal-
lisation, thus growing single crystal No. 2. Then, we added
0.3 MoO; to the initial Bi;Mo030,, into the remaining
solution—melt and, after crystallisation, obtained crystal
No. 3. In Table 1, these solution—melts are denoted as
Bi;Mo050;, + 0.05 Bi,O3; and Bi;Mo030;, + 0.15 MoOs,
respectively. On seeds, isomeric single crystals were grown
with dimension up to 12—14 mm. A high optical quality
was achieved at growth rates not exceeding 0.5 mm per day.

Single crystals Nos 6—8 were grown from solution—
melts based on potassium trimolybdate by spontaneous
crystallisation [12]. In these experiments, the initial reagents
included, in addition to the crystal-forming oxides, K,SO,
and MoOs, while the K,Mo030,, ingredient was formed as a
result of the reaction

KZSO4 + 3MOO3 = K2M03010 + SO3T

Therefore, we first melted the K,SO, + 3Mo0O; mixture in a
platinum crucible and then added the crystal-forming
oxides so that their ratio to the melt was 40:60 wt. %.
The proportions between the amounts of Y,03, Yb,03, and
Al,O; corresponded to the stoichiometric composition of
Y _.Yb, Al3(BO3),. The crucible covered by a platinum lid
was returned to the furnace, heated to 1120 °C with a rate
of 300°C h™!, kept at this temperature for three hours, and

Table 1. List of the studied samples and the used solution —melts (see the text). The relative concentration of YbII centres was estimated by the relative
intensities of the satellite (frequency ~ 10200 cm™") and the main electronic line2F;/,(0) — 2Fs,(0) of the Yb>* ion.

Relative concentration of YbII

No. Sample Solution —melt composition centres (%)
1 YAIL;(BO;3)4: Yb (7 %) Bi;Mo;0, < 0.01

2 YAIL;(BO3)y : Yb (7 %) Bi;Mo30; + 0.05Bi,04 < 0.01

3 YAI;(BO3)y: Yb (7 %) Bi;Mo3;0y; + 0.15M00; <038

4 YAIL;(BO3)4: Yb (10 %), Tm (5 %) Bi;Mo;0, <0.1

5 YbAIL;(BO3), Bi;Mo;0, <14

6 YAIl;(BO;3)4: Yb (0.3 %) K,Mo0;0, 1.6

7 YAI;(BO3)s: Yb (2.5 %) K;Mo050,, 3.2

8 YAI;(BO3)s: Yb (8 %) K;Mo030,, <6.5
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then cooled to 850 °C with a rate of 1°C h™'. To detach the
crystals from the solution—melt, the crucible charge was
boiled in concentrated KOH. The largest (5 x 6 mm)
crystals contained solution—melt inclusions. Clear and
transparent crystals with sizes up to 2 mm were used for
optical measurements.

The absorption spectra of Y;_,Yb,Al;(BO;3), single
crystals for the o-polarised light (kL¢, Elc, and k, E are
the wave-vector and the strength of the probing radiation
field and c is the crystallographic axis) were measured at a
temperature of 3.5 K in the region of the 2F7/2 —>2F5/2
transition of the Yb~" jon with a spectral resolution up to
0.1 cm™'. The measurements were performed using a high-
resolution (up to 0.1 cm™') Bruker IFS 125 HR Fourier
spectrometer with a silicon detector and a Cryomech ST403
closed-cycle cryostat. As a polariser, we used a Glan—Tay-
lor prism.

The elemental composition of the samples was con-
trolled by optical emission spectroscopy (OES) using a
Papuas 4DI OES spectrometer (spectral range 240-—
410 nm, spectral resolution 0.09 nm) designed and fabri-
cated at the Institute of Spectroscopy, Russian Academy of
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Figure 2. Atomic emission spectra of yttrium aluminum borates grown
with different fluxes in the regions of 301—303 (analysis of bismuth and
ytterbium impurities) (a) and 201 —-203 nm (analysis of molybdenum and
bismuth impurities) (b).

Sciences. A sample was ground into powder, mixed with
pure carbon (graphite), and placed between the spectrom-
eter electrodes. This allowed us to observe the spectral lines
of the sample atoms in the electric arc passing through the
sample. Important drawbacks of this method are that the
amount of impurities is difficult to determine due to the
nonlinear dependences of the impurity line intensities on the
impurity concentrations and that the detection sensitivity is
different for different atoms (the lighter the atom, the
weaker its line intensity). Despite these drawbacks, normal-
ising an impurity line intensity to the line intensity of an
atom whose concentration is known, one can obtain
information on the relative concentrations of this impurity
in different samples.

Figure 2 shows the optical emission spectra of yttrium
aluminum borate crystals grown using different fluxes. One
can see from Fig. 2 that the bismuth concentration in the
crystal with an excess of MoQOs is smaller than in the crystal
with an excess ofBi,O; and, naturally, the Bi line is
completely absent in the crystals grown with the
K,Mo;0,, flux. Figure 2b clearly shows the molybdenum
lines in the Yb: YAB crystal grown with the K,Mo;0, flux.
These lines are absent in the other compounds, even in the
crystal grown using the Bi,Mo03;0;, flux with an excess of
MoOj;, which, probably, is caused by a low sensitivity of the
OES method to the molybdenum ion.

3. Results and discussion

Figure 3 shows the low-temperature absorption spectra of
different aluminum borates for the o-polarised light. The
effective absorption cross section of Yb>" ions

o = a/nyy

allows one to compare the spectra of aluminum borates
with different ytterbium concentrations (here o is the
absorption coefficient and nyy, is the concentration of
ytterbium ions). The shape of the spectra only slightly
depends on the ytterbium concentration and resembles the
spectra of Yb:YAB (0.3%-9%) [13] and YbDAB [5]
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Figure 3. Absorption spectra of different ytterbium-doped aluminum
borates.
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crystals. On the high-frequency side of the purely electronic
zero-phonon lines 0-0, 0—1, and 0-2 (see Fig. 2), one
observes a vibronic structure caused by the interaction of
ytterbium electronic levels with vibrations of the aluminum
borate crystal lattice.

The spectra of all the studied crystals, as well as the
spectrum of the previously studied YbAB crystal [5], show a
series of narrow lines near the main electronic line 0—0. The
satellites of the 0-0 line in the spectra of different
ytterbium-doped yttrium aluminum borates are shown in
Fig. 4 on an enlarged scale. In [5], we suggested that these
lines belong to the absorption of Yb** ions whose nearest
environment contains defect centres. In the process of
crystallisation, some components of the solution can occupy
the positions of ions in the crystal lattice of yttrium
aluminum borates. Comparing the ionic radii of the RE
[(Y*) =090 A, r(Yb>*)=0.87 A] and aluminum
[(AI’") = 0.57 A] ions with the ionic radii of bismuth
[+(Bi*") = 1.02 A] and molybdenum [r(Mo>") = 0.67 A],
we supposed that bismuth can occupy the positions of RE
ions and molybdenum can occupy the aluminum position
[5]. This defect causes a local deformation of the crystal
lattice and thus leads to a shift of the spectral lines of the
closest Yb*" ions (and to an inhomogeneous broadening of
the lines of more distant ions). We also cannot rule out a
heterovalent substitution, for example, the substitution of
aluminum by the Mo>" ion with a local charge compensa-
tion due to K* or Li™ impurities in the positions of RE
ions.
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Figure 4. Absorption spectra in the region of the 2F7/2(0) H2F5/2(0)
transition in yttrium aluminum borates doped with Yb3* ions with
similar concentrations but grown using different fluxes. The ordinate
scales are significantly different for samples 1, 2 and 3, 8.

Our comparison of the absorption spectra of the crystals
grown with different fluxes (Fig. 4) shows that the integral
intensity of satellites in the case of fluxes based on
Bi,Mo030,, is considerably lower than for the flux based
on K,Mo030,. In the first case, Bi, O3 is more soluble in the
molybdate flux, which reduces the formation of the men-
tioned substitutional defects. The comparison of the spectra
of crystals grown using the flux based on Bi;M0;0;, with an
excess of bismuth with the spectra of crystals grown with the
same flux but with an excess of molybdenum allowed us to

precisely determine which defects are responsible for some
or other satellites. In particular, the previously observed
YbII centre with the 0—0 line frequency near 10200 cm ™!
[13, 5] can be reliably identified as the Yb>" ion in a regular
lattice site whose nearest environment contains a defect in
the form of a molybdenum ion. At the same time, the
analysis of the spectra of crystals grown with the K,Mo50y,
flux (the dot-and-dash curve in Fig. 4) points to a consid-
erable concentration of molybdenum in these crystals.

Summary Table 1 shows the integral intensity of the
YDbII centre line with respect to the main 0—0 transition line
for the studied crystals. This quantity is equal to the relative
concentration of YbII centres and is considerably higher in
the crystals grown with the K,;Mo30;, flux. The sign ‘<’ in
Table 1 means that the main 0—0 line is saturated and the
given value is the upper estimate of the relative concen-
tration of YbII centres. The sign ‘< * used in Table 1 in the
case of YbAI;(BOs), indicates that the main line is strongly
saturated and the real relative concentration for this sample
is considerably smaller than the given value. Note that the
compound grown with the bismuth—molybdate flux using
the calculation formula corresponding to the crystal stoi-
chiometry, nevertheless, contains bismuth (see Fig. 4). This
occurs because the high volatility of MoO; does not allow
one to avoid losses of this component during melting and
successive homogenisation of the solution—melt, and as a
result the final composition has some excess of Bi,O; over
the Bi,Mo030, stoichiometry.

Finally, note that our investigation of the fine structure
of the zero-phonon 0—0 line of the Yb>" ion in the YAB
crystal allowed us to detect the flux impurities contained in
the crystal in very small concentrations, which could not be
detected by optical emission spectroscopy.

4. Conclusions

(1) It is shown that the satellite lines near the optical
absorption line 0(*Fy/,) —0(°Fs),) in the Yb’" ion in
Y, _ Yb,Al;(BO3), (0.03 <x< 1.0) single crystals are
caused by transitions in the Yb>" ions neighbouring the
Bi** and Mo*" impurity ions. The Yb**(Mo) and
Yb**(Bi) centres are separated.

(ii)) The measurement of the fine structure of the zero-
phonon lines of RE ions in aluminum borate crystals can be
a sensitive method for detecting the impurities entering the
crystal during the growth from a solution—melt. In partic-
ular, this method can be used for express analysis of harmful
molybdenum impurities in UV laser crystals.

(iii) From the relative intensity of the satellite lines
related to the molybdenum impurities, it is determined that
the concentration of molybdenum in the Y;_,Yb,Al;(BO;3),
crystals grown from potassium—molybdate solution—melts
is more than 100-fold higher than in crystals grown from
bismuth —lithium —molybdate solution —melts.

(iv) On the whole, the obtained data are of interest for
the growth and characterisation of aluminum borate crystals
that can be used in UV lasers, as well as for the improve-
ment of the growth technology of rare-earth aluminum
borate single crystals for development of different lasers.
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