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Abstract: A transparent Er3+,Yb3+:GdMgB5O10 single crystal with dimensions up to 24 × 15 × 12 mm
was grown successfully by the high-temperature solution growth on dipped seeds technique from
K2Mo3O10-based solvent. The grown crystal was characterized using PXRD, DSC and ATR tech-
niques. Differential scanning calorimetry measurements and SEM analysis of the heat-treated solids
revealed Er,Yb:GdMgB5O10 to be an incongruent melting compound with an onset point of 1087 ◦C.
The absorption edge of the Er,Yb:GMBO sample is located in the region of 245 nm, which approxi-
mates a value of 4.8 eV. Absorption and emission spectra, and luminescence kinetics, were studied.
The energy transfer efficiency from ytterbium to erbium ions was determined. The laser operation in
continuous-wave mode was realized and output characteristics were measured. The maximal output
power of 0.15 W with a slope efficiency of 11% was obtained at 1568 nm.

Keywords: erbium; ytterbium; pentaborate crystal; growth; electronic band; differential scanning
calorimetry; spectroscopy; laser operation

1. Introduction

Borate compounds have been extensively studied over the past few decades due
to their remarkable structural flexibility and potential applications as laser, nonlinear,
scintillation, magnetic and phosphor materials, etc., [1]. The variety of functional properties
of borates is based on the diversity of their structural types: boron atoms can be bonded with
three or four oxygen atoms, forming planar/non-planar triangular BO3 or tetrahedral BO4
fundamental structural units, respectively. These B-O building groups can be connected
to each other by common corners or edges, forming different B-O clusters [2]. Nowadays,
rare-earth metal borates are very attractive objects for the research community because of
their nonlinear optical and laser applications.

Laser radiation in the 1.5–1.6 µm spectral range is extensively used in range finding,
optical locating and telecommunications applications, mainly because of its eye safety,
weak absorption in the atmosphere and low dispersion and absorption of quartz fibers.
This radiation can be obtained using solid-state lasers based on gain media doped with
trivalent erbium ions (transition 4I13/2→4I15/2). However, the main disadvantage of the
Er3+ ions is low absorption in the spectral range of InGaAs laser diode emissions (near
1 µm), which limits pumping efficiency. Ytterbium ions are a good sensitizer due to the
broad absorption band near 1 µm and the large overlap between Yb3+ emissions and Er3+

absorption, which allows for resonant energy transfer from ytterbium to erbium ions [3].
Recently, the spectroscopic and laser properties of different gain media have been

investigated. Among them, phosphate glasses co-doped with Er,Yb ions are the most
widely used, since Er,Yb-phosphate glasses are characterized by spectroscopic properties
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suitable for efficient laser operation (energy transfer from Yb3+ to Er3+ ions of 90% with
a long lifetime of the erbium upper laser level 4I13/2 of 7–8 ms and a short lifetime of
the 4I11/2 energy level of 2–3 µs) [4]. However, phosphate glass exhibits poor thermo-
mechanical properties (a thermal conductivity of 0.85 W × m−1 × K−1) [5], which limits
the average output power of Er,Yb:glass lasers in continuous-wave and Q-switched regimes
of operation due to the thermal effects.

Crystalline laser hosts are characterized by significantly higher thermal conductiv-
ity values than glasses [6,7]. Currently, many crystalline hosts have been investigated
for Er,Yb lasers—aluminates, silicates, vanadates, and tungstates [8,9]—but spectroscopic
properties of these crystals do not fully meet the requirements for achieving an efficient
laser operation. Nowadays, oxoborate crystals are the most important Er,Yb-codoped crys-
talline laser materials because they possess not only high thermal conductivity but also the
necessary spectroscopic properties mentioned above [10,11]. The most efficient laser opera-
tion in continuous-wave mode has been demonstrated for huntite-type Er,Yb:RAl3(BO3)4
(R = Y, Gd, Lu) [12–14] and pentaborate Er,Yb:RMgB5O10 [15–18] (R = Y, Gd, La) crystals.
The pentaborate crystals demonstrate relatively high thermal conductivity and good spec-
troscopic properties [16]. The highest output power of 0.61 W and slope efficiency of 23%
was realized for Er,Yb:LaMgB5O10 [18]. We have recently exhibited a continuous-wave
Er,Yb:YMgB5O10 laser with an output power of 0.2 W at 1570 nm [15]. GdMgB5O10 (GMBO)
crystal also proved to be a good choice for both Er,Yb-codoping and single Yb-doping. The
maximal output power of 0.22 W with a slope efficiency of 14% at 1569 nm was demon-
strated for Er,Yb:GdMgB5O10 [19], while up to 5.35 W and 56% of maximal output power
and slope efficiency, respectively, were demonstrated at 1060.8 nm for Yb:GdMgB5O10 [20].

In the present work, a comprehensive characterization including growth technique,
thermal stability, IR spectroscopy, bandgap transmission spectra, and spectroscopic and
laser properties of as-grown Er,Yb:GdMgB5O10 single crystals was carried out.

2. Results and Discussion
2.1. Growth Technique and Structure Characterization

A transparent macrodefect-free Er,Yb-codoped GdMgB5O10 single crystal with a size
of 24 × 15 × 12 mm was grown by the high-temperature solution growth on dipped seeds
(HT-SGDS) technique (Figure 1). The saturation temperature value obtained was about
∼950 ◦C.
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Figure 1. As-grown Er,Yb:GdMgB5O10 single crystal.

The Le Bail fitting was performed to confirm the structural similarity of Er,Yb:GMBO to
rare-earth magnesium pentaborates. To perform the Le Bail method, the crystal symmetry
and lattice parameters for GdMgB5O10 (database code: ICSD 157426) were used as input
data. Powder X-ray diffraction (PXRD) refinements showed good agreement with the
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theoretical profile. Nevertheless, pattern matching revealed an impurity phase, SiO2, which
appeared after grinding in the agate mortar (Figure 2).
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GdMgB5O10 (ICSD 157426) and the impurity phase of SiO2 (COD 1526860), respectively.

The thermal behavior of the Er,Yb:GMBO compound was determined by differential
scanning calorimetry (DSC). A fragment of calorimetric data in the temperature range
600–1200 ◦C is shown in Figure 3. The heating curve is characterized by a sharp endothermic
peak with an onset temperature of ~1087 ◦C. However, no exothermic peak is observed on
the cooling curve, indicating the incongruent melting of the compound under investigation.

Inorganics 2024, 12, x FOR PEER REVIEW 3 of 13 
 

 

profile. Nevertheless, pattern matching revealed an impurity phase, SiO2, which appeared 
after grinding in the agate mortar (Figure 2). 

 

 
Figure 2. Diffraction profiles showing observed (black crosses) and calculated (red continuous line) 
profiles, and the difference curve (blue continuous line) between observed and calculated spectra. Green 
and orange vertical markers represent Bragg reflections corresponding to the main phase of GdMgB5O10 
(ICSD 157426) and the impurity phase of SiO2 (COD 1526860), respectively. 

The thermal behavior of the Er,Yb:GMBO compound was determined by differential 
scanning calorimetry (DSC). A fragment of calorimetric data in the temperature range 
600–1200 °C is shown in Figure 3. The heating curve is characterized by a sharp endothermic 
peak with an onset temperature of ~1087 °C. However, no exothermic peak is observed on 
the cooling curve, indicating the incongruent melting of the compound under investigation. 

 
Figure 3. DSC curves of Er,Yb:GdMgB5O10 crystal in the temperature range of 600–1200 °C. 

Similar thermal behavior has been previously described for TmMgB5O10 and YMgB5O10, 
which undergo incongruent melting to form RBO3 and Mg2B2O10 phases [21]. Spontaneous 
Er,Yb:GMBO crystals from the crystallized (after cooling) molten bath were annealed in an 
alundum crucible at 1050 °C and characterized using the SEM/EDXS technique. The residue 
in the crucible after heat treatment was a white, translucent, dense mass containing mostly 

Figure 3. DSC curves of Er,Yb:GdMgB5O10 crystal in the temperature range of 600–1200 ◦C.

Similar thermal behavior has been previously described for TmMgB5O10 and YMgB5O10,
which undergo incongruent melting to form RBO3 and Mg2B2O10 phases [21]. Spontaneous
Er,Yb:GMBO crystals from the crystallized (after cooling) molten bath were annealed in
an alundum crucible at 1050 ◦C and characterized using the SEM/EDXS technique. The
residue in the crucible after heat treatment was a white, translucent, dense mass containing
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mostly partially melted pentaborate crystals (Figure 4). SEM/EDXS data revealed the
existence of two phases other than Er,Yb:GMBO.
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Figure 4. SEM image of the Er,Yb:GMBO spontaneous crystals heat-treated at 1050 ◦C .

The distribution patterns of the elements in the X-ray characteristic radiation show
that the bright phase formed is enriched in the rare-earth component and the darker one is
enriched in magnesium (Figure 5). It is impossible to determine the distribution of boron
in the newly formed phases from the SEM data, but it can be assumed that the first phase
is represented by rare-earth orthoborate RBO3 (due to the high stability of this phase in a
wide temperature range), and the secondby the magnesium phase. Considering previous
studies on the thermal properties of Tm and YMg pentaborates, the thermally induced
process can be described by the following reaction:

2RMgB5O10→ 2RBO3 + Mg2B2O5 + 3B2O3, where R = Er, Yb, and Gd.
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Figure 5. SEM/EDXS patterns of the decomposition products after annealing Er,Yb:GMBO sponta-
neous crystals.

Figure 6 shows the ATR spectrum of Er,Yb:GdMgB5O10. Factor-group analysis for
RMgB5O10 compounds was performed in RMgB5O10 compounds [21]. According to it, the
GdMgB5O10 compound exhibits 201 optically active modes, of which 99 are IR active. The
ATR spectrum contains 40 modes. The smaller number of observed modes is explained by
the fact that they cannot be resolved due to the large number of lattice vibrations with close
frequencies, and that below 250 cm−1 there is strong absorption, associated with intense
modes [21].
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Figure 6. ATR spectrum of Er:Yb:GdMgB5O10.

Figure 7a demonstrates the transmission spectrum of Er,Yb:GdMgB5O10 crystal in the
range of 220–300 nm. The absorption edge of the Er,Yb:GMBO sample is located in the
region of 245 nm, which is about 30 nm larger than for YMgB5O10 [22]. The optical band
gap (Eg) obtained from transmission spectra approximates a value of 4.8 eV (Figure 7b)
according to methodology from [23]. The formulas for indirect gap semiconductors were
used to calculate the band gap.
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2.2. Spectroscopy

The room-temperature polarized absorption cross-section spectra of the Er,Yb:GMBO
crystal in the 850–1100 nm spectral range are shown in Figure 8. The peak absorption cross-
sections around 976 nm (the wavelength is close to the emission wavelengths of commercial
InGaAs laser diodes) corresponding to the 2F7/2→2F5/2 transitions of Yb3+ ions are about
1.5 × 10−20 cm2 for E//Ngpolarization. Therefore, the polarization of the pump beam that
matches the Ng axis of the crystal is preferred.The FWHM near 976 nm is ~2 nm, which
imposes additional requirements for the wavelength stabilization of laser diodes.

Figure 9 shows the polarized absorption cross-section of the Er,Yb:GMBO crystal at
room temperature near 1.5 µm. Structured spectra with several narrow bands related to
the 4I15/2→4I13/2transition of Er3+ ions are observed in the 1400–1650 nm spectral range.
Multiple peaks in the absorption cross-section spectra correspond to transitions between
the stark sublevels of the lower and upper multiplets. One can note the similarity with the
data presented for Er,Yb:YMBO in [15].The maximum absorption cross-section does not
exceed 1.1 × 10–20 cm2 at the wavelength of 1530 nm.
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The decay curve of the 1.5 µm emission is shown in Figure 10. It was approximated
by a single exponential function, and the 4I13/2 energy level of Er3+ was found to be
430 ± 20 µs. We can note that the influence of reabsorption is not significant for the 4I13/2
erbium energy level measurements. The emission lifetime was calculated using the Judd–
Ofelt method and amounted to 6.30 ms (the corresponding data are given in [16]). Thus,
the quantum yield of luminescence does not exceed 7%, which is comparable to values
demonstrated previously for other oxoborate crystals with high phonon energy [13].

To calculate energy transfer efficiency from ytterbium to erbium according to Equation
(1), the lifetime of the 2F5/2energy level of Yb3+ in Yb single-doped crystal and the Er,Yb-
codoped one was measured. The dependence of the measured 2F5/2-energy-level lifetime
of Yb3+on ytterbium content using Yb:GMBO powder in glycerin is presented in Figure 11.
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Figure 11. Lifetime of the 2F5/2 Yb3+ energy level measured using Yb:GMBO crystalline powder
in glycerin.

The measured lifetime decreased with decreasing powder content in the suspension.
Starting from a certain powder content, the lifetime did not change despite further dilution,
suggesting a negligible influence of reabsorption. The lifetime of the Yb3+

2F5/2 energy level
in the Yb(1 at.%):GMBO crystal was 650 ± 30 µs. The measurement of the Yb3+2F5/2-energy-
level lifetime of Er,Yb:GMBO was similar to above and the 2F5/2-energy-level lifetime of
Er,Yb:GMBO crystal was determined to be 60 ± 5 µs. Thus, the calculated energy transfer
efficiency in the Er,Yb:GMBO crystal doped with 2 at.% Er3+ and 11 at.% Yb3+ was close
to 90%. These results show that the almost all of the absorbed energy may be efficiently
transferred from the 2F5/2 energy level of the Yb3+ion to the 4I11/2energy level of the Er3+

ion by a non-radiative resonant energy transfer process. It is also worth noting that the
energy transfer efficiency in Er,Yb:GMBO crystals is similar to that of Er,Yb:RAl3(BO3)4
and Er,Yb:YMgB5O10 [15].

The stimulated emission cross-section spectra of Er,Yb:GMBO crystal in the 1400–1650 nm
range are presented in Figure 12. The emission cross-section is 0.7 × 10–20 cm2at a laser
wavelength of 1568 nm for the polarization of E//Np. The inset shows the gain cross-section
spectra of the Er,Yb:GMBO crystal for different inversion parameters β ranging from 0.2 to
0.8 in the 1480–1600 nm spectral range for E//Np polarization.
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2.3. Laser Operation

The continuous-wave Er,Yb:GMBO laser operation was realized for output couplers
(OCs) with transmissions of 1%, 2% and 5%. The maximal output power and slope
efficiency was obtained for OCs with a transmission of 2% at the laser wavelength. The
input–output characteristics of a continuous-wave Er,Yb:GMBO laser with a 2% OC is
presented in Figure 13. The maximum output power of 0.15 W at 1568 nm with a slope
efficiency of 11% was achieved at an absorbed pump power of 3.3 W. Degradation of the
output characteristics was observed with increasing incident power, which may be due to
the influence of thermal lensing. The laser threshold was approximately 1.8 W of absorbed
pump power. The laser radiation was linearly polarized (E//Np). The spatial profile of the
output beam was TEM00 mode with M2 < 1.2 during all laser operations (inset in Figure 13).

Inorganics 2024, 12, x FOR PEER REVIEW 8 of 13 
 

 

fer efficiency in Er,Yb:GMBO crystals is similar to that of Er,Yb:RAl3(BO3)4 and 
Er,Yb:YMgB5O10 [15]. 

The stimulated emission cross-section spectra of Er,Yb:GMBO crystal in the 1400–1650 
nm range are presented in Figure 12. The emission cross-section is 0.7×10–20 cm2at a laser 
wavelength of 1568 nm for the polarization of E//Np. The inset shows the gain cross-section 
spectra of the Er,Yb:GMBO crystal for different inversion parameters β ranging from 0.2 to 
0.8 in the 1480–1600 nm spectral range for E//Np polarization. 

 

 
Figure 12. The stimulated emission cross-section spectra of the Er,Yb:GMBO crystal. The inset shows the 
gain cross-section spectra of the Er,Yb:GMBO crystal. 

2.3. Laser Operation 
The continuous-wave Er,Yb:GMBO laser operation was realized for output couplers 

(OCs) with transmissions of 1%, 2% and 5%. The maximal output power and slope efficiency 
was obtained for OCs with a transmission of 2% at the laser wavelength. The input–output 
characteristics of a continuous-wave Er,Yb:GMBO laser with a 2% OC is presented in Figure 
13. The maximum output power of 0.15 W at 1568 nm with a slope efficiency of 11% was 
achieved at an absorbed pump power of 3.3 W. Degradation of the output characteristics was 
observed with increasing incident power, which may be due to the influence of thermal 
lensing. The laser threshold was approximately 1.8 W of absorbed pump power. The laser 
radiation was linearly polarized (E//Np). The spatial profile of the output beam was TEM00 
mode with M2<1.2 during all laser operations (inset in Figure 13). 

 

 
Figure 13. The input–output characteristics of Er,Yb:GMBO laser; the inset shows the spatial profile of 
the output beam. 

Figure 13. The input–output characteristics of Er,Yb:GMBO laser; the inset shows the spatial profile
of the output beam.

3. Materials and Methods

(Er,Yb):GdMgB5O10 bulk crystal was grown by the HT-SGDS technique from K2Mo3O10
solvent in the temperature range 870–830◦C. Previously, experiments on GMBO sponta-
neous crystallization were carried out to estimate acceptable fluxed melt composition, tak-
ing into account the peculiarities of phase formation in other RMBO-K2Mo3O10 systems [24].
Based on the results obtained, a complex system of the composition 20 wt.% Er,Yb:GMBO–
80 wt.% K2Mo3O10 was applied in growth experiments. The R2O3/MgO/B2O3 (where
R = Yb, Er, Gd) ratio was set according to the pentaborate formula (1:2:5 in molar fractions).
Er2O3 (99.96%), Yb2O3 (99.96%), Gd2O3 (99.96%), MgO (A.C.S. grade, by Aldrich), and B2O3
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(A.C.S. grade, by Alfa Aesar) were used as crystal-forming agents, which were weighed
according to the composition of Er0.02Yb0.11Gd0.87MgB5O10. The solvent, K2Mo3O10, was
prepared from a mixture of K2MoO4 (A.C.S. grade, Chimkraft, Kaliningrad, Russia) and
MoO3 (A.C.S. grade, Aldrich), compounded in a molar ratio of 1:2.

The starting chemicals were carefull y ground, mixed, and in the 250 mL platinum
crucible placed into the furnace at a position that could be adjusted for an optimum temper-
ature gradient. Then, the initial load was heated to a maximum temperature of 100–150 ◦C
above the expected saturation temperature (Tsat). After solution homogenization for 24 h,
the system was cooled to 5–10 ◦C above the expected Tsat. The saturation point was
then precisely confirmed by dipping a trial GMBO seed in the solution and observing the
growth/dissolutionprocesses of the crystal faces at different temperatures. Er,Yb:GBMO
bulk crystal was obtained using a well-faceted spontaneous crystal. A GBMO seed was
dipped into the solution and overheated by 2–3 ◦C above the fluxed melt saturation temper-
ature to slightly dissolve the outer surface and ensure defect-free nucleation. Subsequently,
the temperature was lowered to the Tsat in 1 h. During crystal growth, supersaturation was
maintained by cooling down from 0.5 to 2 ◦C per day. At the end, the crystal was extracted
and cooled down to room temperature for several days to prevent cracking due to the
thermal shock. All experiments were carried out in a vertical tube furnace, equipped with
a CrNi alloy resistive heater and a Proterm-100 precision temperature controller connected
with a set of Pt-Rh/Pt thermocouples. The temperature in the furnace working zone was
kept with a stability of ±0.1◦C.

PXRD studies were performed on a Rigaku MiniFlex-600 powder diffractometer
(Rigaku Corp., Tokyo, Japan). PXRD data sets were collected in continuous mode at
room temperature (CuKα radiation) in the range of 2θ = 3–70◦, and a scan speed of 5◦

per minute. The PXRD data were analyzed using the model-biased Le Bail fitting with
Yana2006 software [25]. Phases were identified using the Match! software package, version
3.8.1.143 [26], the Crystallographic Open Database (COD) and the ICSD inorganic crystal
database [27].

The composition and homogeneity of the Er,Yb:GdMB crystal were studied using
the analytical scanning electron microscope (SEM) Leo 1420 VP equipped with the energy
dispersive X-ray spectrometer (EDXS) INCA 350. Qualitative analysis was performed
on the as-grown face. The sample was fixed on a conductive carbon adhesive tape and
covered with a thin layer of carbon to prevent charge accumulation on the crystal during
interactions with an electron beam. The Er3+ and Yb3+ distribution coefficient (Kd) was
defined as Kd = Ccryst/Cs, where Ccryst is the Er3+ and Yb3+ content in the crystal and Cs is
the nominal concentration of rare-earth oxides in the initial load.

DSC analysis was performed on a STA 449 F5 Jupiter® (Netzsch, Selb, Germany) to
investigate the thermal behavior of the Er,Yb:GMBO crystal. DSC measurements were
performed in the temperature range of 50–1200 ◦C at a heating rate of 20 ◦C/min under
argon gas flow. PtRh20 crucibles with a volume of 85 µL were used for the experiments.
The melting point was determined based on the onset temperature of the melting process,
with an estimated uncertainty of ±5 ◦C. To further investigate the thermal behavior, crystals
obtained were heat-treated in the range of 1050 ◦C. The products after annealing were
analyzed using the SEM/EDXS method to identify any changes in the phase composition.

Spontaneous Er:Yb:GdMgB5O10 crystals were ground into powder in a corundum
mortar to record attenuated total reflection (ATR) spectra. The measurements were carried
out on a Fourier spectrometer Bruker IFS 125HR at room temperature in the spectral range
50–2000 cm−1 with a resolution of 2 cm−1. In this case, a Mylar beamsplitter and a DTGS
receiver were used in the far-infrared(IR) range (50–700 cm−1). A KBr beamsplitter and a
DLaTGS receiver were used in the mid-IR range (400–2000 cm−1). In both cases, the source
was a Globar.

Transmission spectra in the ultraviolet (UV) range were recorded on an Ocean Insight
OCEAN-HDX-UV-VIS spectrometer at room temperature in the spectral range 200–800 nm
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with a resolution of 0.73 nm. A deuterium lamp was used as a source, and a CCD detector
served as a receiver. The measurements used a fragment of a small crystal.

Er,Yb:GMBO is a monoclinic crystal, it is optically biaxial and its optical properties
are described along the three main optical axes of the Ng, Nm, and Np indicatrices [28].
For spectroscopic investigations in polarized light, plates oriented along Ng, Nm, and Np
indicatrices were cut from the Er,Yb:GMBO crystal. The polarized absorption spectra
were measured at room temperature by using spectrophotometer Agilent Cary 5000. The
absorption cross-section spectra were calculated according to (1):

σabs(λ) =
kabs(λ)

N
(1)

where kabs(λ) is the absorption coefficient, N is the concentration of ytterbium for near-1
µm spectra or erbium for near-1.5 µm spectra.

For lifetime measurements, a parametric oscillator based on β-Ba2B2O4 crystal pumped
by a 355 nm Nd:YAG laser (third harmonic) was used as an excitation source. Lumines-
cence of the sample was collected from its surface irradiated with an excitation beam,
passed through an MDR-12 monochromator, and recorded by an InGaAs photodiode with
a preamplifier coupled to a 500 MHz digital oscilloscope.

The energy transfer efficiency was calculated according to (2) [29]:

η = τ(1/τ − 1/τ0) (2)

where τ is the ytterbium 2F5/2-level lifetime in Er,Yb-codoped crystal, and τ0 is the yt-
terbium 2F5/2-level lifetime in Yb single-doped crystal. For Yb3+ lifetime measurements,
luminescence kinetics were registered by using immersed Er,Yb:GMBO fine powder that
enables minimizingreabsorption influence [30].

The calculation of the stimulated emission spectra in the range near 1.5 µm (transition
4I13/2→4I15/2) was performed by using the integral reciprocity method according to (3) [31]
and radiative lifetime of the 4I13/2energy level obtained from the Judd–Ofelt theory in [17].

σα
em(λ) =

3 exp(−hc/(kTλ))

8πn2τradc∑
γ

∫
λ−4σ

γ
abs(λ) exp(−hc/(kTλ))dλ

σα
abs(λ) (3)

where σem(λ) is the stimulated emission cross-section; α, γ denote the polarization of light;
h is Planck’s constant; c is the speed of light in a vacuum; k is the Boltzmann constant; T
is the temperature of the environment; n is the refractive index of the crystal; τrad is the
radiation lifetime of the 4I13/2 energy level of erbium ions; and σabs(λ) is the absorption
cross-section.

The gain cross-section spectra g(λ) were calculated for different inversion parameters
β by using the following Equation (3):

g(λ) = β σem(λ) − (1 − β)σabs(λ) (4)

where β = Nex/Ntot is the ratio of the population of excited Er3+ ion manifolds to the total
erbium ion concentration.

The experimental setup provided in Figure 14 was used to study the laser properties
in acontinuous-wave mode of operation. A plane–plane Nm-cut Er,Yb:GMBO crystal with a
length of 1.5 mm was used as a gain medium. It was coated with anti-reflection coatings at
the pump and laser wavelengths and mounted on an aluminum heat sink kept at 20 ◦C. A
continuous-wave fiber-coupled laser diode (Ø 105 µm, NA = 0.22) emitting at a wavelength
of 976 nm was used for the longitudinal pumping of the gain medium. The plano–plano
cavity with a geometrical cavity length of 4 mm was applied. A single-lens focusing
system focused the pump beam into a 120µm spot inside the laser crystal. Three output
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couplers with different transmission coefficients at laser wavelengths were used in the laser
experiments.
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