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Abstract: A transparent Yb:YMgBsOmw single crystal with dimensions up to 25x23x25 mm and
weight of 10.337 g was grown by high-temperature solution growth on dipped seeds technique
using K2MosOw solvent. The Yb3 concentration was calculated to be 4.7 at.% (Nw = 3.71 x 10%
atoms/cm?®) with the distribution coefficient Ki of 0.59. The grown crystal was characterized by
means of PXRD, TGA-DSC and ATR-FTIR techniques. The spectral-luminescent properties of the
Yb:YMgBsOw crystal were studied. Absorption cross-section spectra were determined. The
luminescence spectra of the Yb:YMgBsOu crystal are presented in the range of 950-1110 nm. The
luminescence kinetics was studied, and the lifetime of the 2Fs:2 energy level was determined.

Keywords: ytterbium, spectroscopy, rare-earth pentaborate, flux growth, ATR-FTIR spectroscopy.

1. Introduction

The presence of high-power laser diodes based on InGaAs compounds in the
spectral range of Yb?* absorption (940-980 nm), together with the unique spectroscopic
and laser properties of ytterbium-containing materials, stimulated increased interest in
the study of new crystalline solids with this activator for various types of lasers emitting
near 1 um. A simple two-level energy scheme of Yb* ion provides the absence of losses
due to absorption from the excited state, up-conversion, cross-relaxation, and other
concentration effects, as well as low difference in the energies of pump and generation
photons, which ensures significantly lower heat release in the active laser medium, and
a wide gain band makes it possible to generate femtosecond pulses [1,2].

Since the first demonstration of a diode-pumped Yb:YAG laser [3], a number of
Yb*-doped crystals have been investigated. Spectroscopic and laser properties of Yb -
doped garnets [4-7], tungstates [8-13], vanadates [14-16], aluminates [17-25],
phosphates [26-28], sesquioxides [29-31] and borates [32-38] were reported. Tungstate
crystals such as Yb:KYW and Yb:KGW have high absorption, the stimulated emission
cross sections, and wide emission bands [9, 39], but their thermo-optical properties are
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rather low (thermal conductivity is about 3 W/m-K) [40], which limits the use of these
crystals in lasers with high average power. Yb-doped sesquioxides (Sc20s, Lu20s, Y203)
exhibit high thermo-optical properties (thermal conductivity up to 12 W/m-K [41, 42]),
which makes them attractive active media for high-power lasers. The disadvantages of
these crystals are high melting temperatures in the range above 2400°C, difficulties in
the production of bulk sesquioxide material of satisfactory quality, small absorption
band width (less than 3 nm [41]), and narrow, structured gain spectra [8]. Borate crystals
(CasYO(BOs)s, CasGdO(BOs)s, Sr3Y(BOs)s) with trivalent ytterbium ions Yb** have wide
gain bands and long fluorescence lifetimes of about 2.5 ms, however, these crystals have
low absorption and stimulated emission cross sections [8, 27] and low thermal
conductivity (~2 W/m-'K) [43]. The Yb:YAI3(BOs)s (YAB) crystal combines high
absorption and emission cross sections, broad and smooth gain band with the high
thermal conductivity (~4.7 W/m-K) [44-48]. Borate crystals LaMgBsO1o also have good
thermal conductivity and optical properties [49, 50]. The YMgBsOw (YMBO) borate
crystal is considered as a potential material for manufacturing laser matrices due to its
high thermal conductivity (6.2 = 0.3 W/m-K) and good optical properties [51]. Recently
Yb3*-doped YMBO single crystals were grown using K:0:-MoOs and Li2O- B20s-LiF
fluxes by the top-seeded solution growth method. Their structural, thermal and
spectroscopic characteristics were presented [52].

In this paper, the growth and characterization of Yb:YMgBsO1w (YMBO) single
crystal, as well as results of its spectroscopic investigation are reported. For the first time
ATR-FTIR investigations in the far- and mid-IR ranges have been performed.

2. Materials and Methods

Yb:YMBO bulk crystal was grown by high-temperature solution growth on dipped
seeds (HT-SGDS) technique. Based on the previously obtained results [53], a complex
system of the composition 20 wt.% Yb:YMBO - 80 wt.% KoMosOw was used in the
growing experiment. Yb203 (99.96%), Y203 (99.96%), MgO (A.C.S. grade, produced by
Aldrich), B20s (A.C.S. grade, produced by Alfa Aesar) were used as crystal forming
agents, which were weighed according to the composition of Ybo.osY092MgBsOmw. The
solvent K2MosO1 was a mixture of Kz2MoOs (A.C.S. grade, Chimkraft, Russia) and MoOs
(A.CS. grade, Aldrich production) which was weighed according to the following
equation:

KoMoOs + 2Mo0Os = K2MosOho.

Growth of Yb:YMBO bulk crystal was performed in a vertical resistively heated
furnace, equipped with a Proterm-100 precision temperature controller and a set of S-
thermocouples. The temperature in the working zone of the furnace was maintained
with stability of + 0.1°C.

Weighted materials were carefully mixed, grounded, and then the growth charge
was loaded into a Pt crucible, heated to 1000°C, and held for 24 hours to assure the
homogeneous solution. The choice of solvent composition for single crystal growth
experiments was based on previous results on spontaneous synthesis of YMBO crystals
from KoMosO1wo solvent. Spontaneous YMBO crystals without obvious enclosure and
cracking previously obtained from fluxed melt of similar composition were selected and
used as seeds for growth experiments (Figure 1).
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94 Figure 1. YMgBsO1o spontaneous crystals grown from KaMosOno - based system.

95 The saturation temperature of the high-temperature solution was estimated about
9 880°C by repeated observations of the growth/dissolution trial seed changes upon it
97 contact with the melt surface. The obtained value of saturation temperature for the
98 solute concentration being investigated is in good agreement with the solubility curve of
99 YMgBsO1w in K2Mo3Ono solvent described by the authors in Ref. [53], and is almost 100 °C
100 lower than that reported in Ref. [52]. During growth, supersaturation was maintained by
101 cooling to 800 °C at a rate from 0.7 to 1.2°C/day and followed by cooling to 300 °C at a
102 rate of 10°/day. Finally, the grown crystal was removed from the furnace, cooled to room
103 temperature for several days to prevent cracking due to heat shock, and then washed in
104 hydrochloric acid.

105 Powder X-ray diffraction (PXRD) studies were carried out by means of STOE
106 STADI MP powder diffractometer (STOE &Cie GmbH, Germany). PXRD data set was
107 collected in continuous mode at room temperature using CoKa radiation source (A =
108 1.7903 A) in the range of 26 = 3-90°. Phase identification was performed using ICSD
109 database [54].

110 The chemical composition of the Yb:YMBO single crystal was carried out by
111 analytical scanning electron microscope (SEM) technique using JSM-IT-500 (JEOL Ltd.,
112 Japan), equipped with the energy-dispersive X-ray (EDX) detector X-Max-n (Oxford
113 Instruments Ltd., GB). SEM was operated at an accelerating voltage of 20 kV and a probe
114 current of 0.7 nA in high-vacuum mode. The sample was coated with a thin layer of
115 carbon for SEM investigations. Bk, Mgk, YL and Ybt lines in the EDS spectra were used
116 for the elemental composition studies. The distribution coefficient of ytterbium (Kd) was
117 defined as Kda = Cc /Cq, where C. is the Yb content measured in the crystal and Cu is the
118 concentration of Yb in the starting mixture.

119 Attenuated total reflection (ATR) spectra were measured with a BRUKER IFS
120 125HR Fourier spectrometer in the spectral range of 50 — 5000 cm™ at room temperature.
121 Measurements were made in the two spectral ranges: in the far IR-range of 50 — 650 cm!
122 using a Mylar beam-splitter and in the mid-IR range of 400 — 5000 cm™, with a KBr
123 beam-splitter. In both cases, the Globar was used as the radiation source. DTGS and
124 DLATGS pyroelectric receivers were applied to record interferograms in the far- and
125 mid-IR ranges, respectively.

126 Differential scanning calorimetry (DSC) and thermogravimetry analysis (TGA)
127 were carried out by means of STA 449 F5 Jupiter® equipment (Netzsch, Germany) in the
128 temperature ranges of 50 — 1500 °C with heating rate of 20 K/min. To clarify the thermal
129 behavior of the investigated compound Yb:YMBO crystals were thermally treated at
130 1400 °C during 1 hour in muffle furnace PVK -1.6-5 (Russia) equipped with lanthanum
131 chromite-based heater. Products obtained after thermal processing were investigated
132 using PXRD method.

133 For spectroscopic investigations in polarized light, plates oriented along the three

134 main optical axes of the Ng, Nm, and Np indicatrices were cut from the Yb:YMBO crystal.
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135 For the polarized absorption spectra measurements, the spectrophotometer CARY 5000
136 was used. The spectral bandwidth was 0.4 nm.
137 The absorption cross sections g,;,5(4) were calculated as follows:
kaps (1)
Oaps(A) = QNL' 1)
Yb

138 wherel is the samples’ thickness, Ny, is the ytterbium concentration.
139 The lifetime measurements were performed using the optical parametric oscillator
140 based on a p-Ba:B:04crystal and pumped by the third harmonic of the Q-switched
141 Nd:YAG laser. The fluorescence from the sample was collected on the entrance slit of the
142 monochromator MDR-12 (LOMO, Russia) and registered by the InGaAs photodiode
143 with preamplifier coupled with a 500 MHz digital oscilloscope.
144 The luminescence spectrum was recorded in 950-1100 nm spectral range by exciting
145 the crystals with emission of the laser diode at 960 nm. The Yb% luminescence radiation
146 was dispersed with the MDR-23 monochromator (LOMO, Russia) and detected with the
147 PbS photoresistor supplied with preamplifier connected to the Standford Research Lock-
148 In Amplifier SP830 (Stanford Research Systems, USA).
149 3. Results and Discussion
150 3.1. Synthesis, Structure, and Composition
151 As a result of HT-SGDS experiments transparent, colorless Yb-doped YMgBsO1o
152 crystal with the typically dimensions about 25x23x25 mm and m= 10.337 g was grown
153 (Figure 2).

154 Figure 2. The Yb:YMgBsOno single crystal grown in 20wt.% Yb:YMBO - 80wt.% K2Mo3Omo system (1
155 mm scale).

156 The PXRD pattern of Yb:YMBO fits well with the one of YMgBsOw from ICSD
157 database (ICSD #4489) (Figure 3). Element content of Yb:YMBO single crystal was
158 measured at 11 points. The content of each chemical element is in a good agreement
159 with its stoichiometric ratio in the borate formula. From SEM-EDX analysis Yb
160 concentration in the yttrium position was found to be 4.7 at.% with distribution
161 coefficient Ka=0.59. Therefore, the ytterbium concentration Nv» in Yb:YMBO single
162 crystal was calculated to be 3.71 x 102 ¢cm*? using the measured volumetric density of

163 3.69 g/ecm?[52].
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experimental PXRD pattern

calculated pattern (ICSD 4489)
3
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164 Figure 3. PXRD patterns for Yb:YMgBsOuw (blue) and calculated from cif-file for YMgBsO1o, ICSD
165 4489 (black).
166 According to the structural data from Ref. [55] the unit cell (sp. gr. P2i/c) of
167 YMgBsOw compound contains N = 68 atoms (Z = 4), which corresponds to 3N = 204
168 degrees of freedom. Three of them are associated with vibrations of the cell as a whole
169 and belong to the acoustic vibrations. Based on these structural data a factor group
170 analysis was carried out. All atoms of the investigated compound Y, Mg, B1 — B5, O1 -
171 010 are located in the positions Ci. According to the symmetry of the positions of the
172 atoms mentioned above and Ref. [56] each atom generates the following vibrations: 34,
173 + 3Au + 3Bg + 3Bu. The resulting formula for irreducible representations in the center of
174 the Brillouin zone (I'wt) consists of acoustic (I'acoust), optical (I'opt), Raman active (Raman),
175 infrared active (IR) modes and has the following form:
Ttot = 51Ag +51Au+ 51Bg +51Bu (2)
racoust = Au + 2Bu (3)
ropt = 51Ag +50A. + 51Bg +49B., (4)
Raman = 51Ag + 51Bg (5)
IR =50Au +49B. (6)
176 The ATR-FTIR spectrum of the Yb:YMBO crystal exhibits 37 strong phonons out of
177 99 expected by factor group analysis (Figure 4). On the one hand, the missing phonons
178 may not be resolved due to the large number of lattice vibrations with close frequencies
179 in this complex compound. This scenario is confirmed by the appearance a flat top in the
180 peaks correlated with phonons near 325, 593, 877 cm!. On the other hand, absorption
181 below 250 cm due to intense phonons is observed. An analysis of the IR active phonon
182 modes was previously conducted in Ref. [55]. According to this work, vibrational modes
183 between 1300 — 1500 cm™ correspond to vas vibrations of [BOs]*, vas vibrations [BOa4]*
184 there are in the range of 1000 — 1200 cm, and vs vibrations of [BOs]* are observed in the
185 region 800 — 1000 cm™. However, the authors of the work did not perform a factor group

186 analysis, and IR active phonons below 400 cm™ were not determined.
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187 Figure 4. ATR-FTIR spectrum of Yb:YMBO in the range 250 — 1600 cm™ at room temperature.

188 Data collected during TGA-DSC measurements in the temperature range 50-1500
189 °C are shown in Figure 5 g,b. DSC curve exhibit an endothermal peak at ~1051 °C. The
190 absence of an exothermal peak on the cooling curve (insert on Figure 5a) and sample
191 appearance suggest a different thermal behavior from that described in [52]. Residue in
192 the crucible after TGA-DSC measurements under heating up to 1150 °C is a white,
193 opaque, dense mass. Repeating heating of the sample in the temperature range of 50-
194 1100 C resulted in a small endothermic peak at ~1047 °C (Figure 5b), which may also
195 indicate the decomposition of the studied compound. PXRD analysis revealed the
196 existence of YBOs and Mg2B2Ono.

197
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198 Figure 5. TGA-DSC curves of Yb:YMBO compound: (1) data collected in the temperature range of

199 50-1500 °C and (b) repeating heating in the temperature range of 50-1100 °C.
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3.2. Spectroscopy

The absorption cross-section spectra of the Yb:YMBO crystal in the spectral range
900-1050 nm are shown in Figure. 6.

225 4 ——Nm
——Np
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2
cil

1.75 4

=

1.50 4

125 4
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T T 1
900 950 1000 1050

Wavelength. nm

Figure 6. Polarized absorption cross-sectional spectra of Yb*:YMBO crystal.

Two intensive absorption lines with peaks centered at 937 nm and 975 nm are
observed. These peaks coincide with the emission wavelengths of commercially
available InGaAs laser diodes. The maximum value of absorption cross-section was
determined to be 2.15-102° cm? at 975 nm with the bandwidth (FWHM) of about 3 nm for
polarization E//Ng axis. The narrow absorption band at a wavelength of 975 nm requires
thermal stabilization of the pump laser diode. Note, there is a qualitative difference in
the peaks’ intensities in comparison with previously reported absorption spectra [52].

It is well known that radiation trapping strongly affects the measured luminescence
lifetime of Yb-doped materials because of significant overlap of the absorption and
emission bands [57,58]. Thus, the special methods discussed in the literature [57, 58]
should be used to determine the luminescence lifetime accurately. In our experiments a
fine powder of Yb:YMBO crystal immersed in glycerin was used. The dependence of
obtained lifetimes of 2Fs2 energy level on different weight content of Yb:YMBO
crystalline powders in glycerin suspension is presented in Figure 7.
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Figure 7. The ?Fspenergy level lifetimes of Yb:YMBO crystal.
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220 The decay curve emission was a single exponential one (inset in Figure 7). The
221 fluorescence lifetime decreased with the decreasing of powder concentration in
222 suspension. Starting from a certain powder content, the lifetime remained constant
223 despite further dilution, which indicates negligible reabsorption influence. As a result,
224 the lifetime of 2Fs2 energy level was obtained to be about 580 + 10us (Figure 7). The
225 obtained luminescence lifetime is shorter compared to one presented in [52] that can be
226 explained by usage technique that enables better elimination of radiation trapping.
227 Taking into account the radiative lifetime of 2Fs2 Yb%* level calculated in [52] the
228 luminescence quantum yield was estimated to be about 0.87. The difference of obtained
229 value from 1 that is a usual case for ytterbium doped materials can be explained by the
230 phonon contribution into deactivation the upper ytterbium level, 2Fs2, due to large
231 phonon energy in oxoborate crystals [48].
232 The polarized luminescence spectra of the Yb:YMBO crystal measured at room
233 temperature are characterized by a structured bands in the spectral range 950-1110 nm
234 (Figure 8) and generally are in a good agreement with results presented in [52]. There
235 are two peaks with maximal intensity at 1010 nm and 1040 nm for E//Nm on the
236 measured luminescence spectrum of Yb:YMBO crystal.

—EliNg

——E/Nm

——E/Np

Intensity, arb. un.

T T T T T T T T T T T T T T 1
960 980 1000 1020 1040 1060 1080 1100
Wavelength, nm

237

238 Figure 8. Polarized luminescence spectrum of the Yb:YMBO crystal.

239 5. Conclusions

240 Transparent Yb:YMgBsOw single crystal was grown by high-temperature solution growth on
241 dipped seeds technique using K2MosO1o solvent. The obtained crystal was characterized by means
242 of PXRD, TGA-DSC and ATR-FTIR techniques. The study of the spectral-luminescent properties
243 of the Yb:YMgBsOw crystal was performed. The usage of obtained crystal for mode-locking and
244 regenerative amplification is the forthcoming prosperity task.
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