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Abstract. We report on the growth, structure, polarized spectroscopy and first laser op-
eration of a double molybdate compound featuring a layered structure — the monoclinic
Nd:CsGd(MoOa4)2. Single-crystals of 3 at.% Nd:CsGd(MoOa4): are grown from the flux
using cesium trimolybdate (Cs2Mo03010) as a solvent. They crystallize in the monoclinic
system (sp. gr. P2/c) with lattice constants a = 9.5239(4) A, b = 5.0752(5) A, ¢ =
8.0580(7) A and B = 91.157(9)°. Nd:CsGd(MoO4)2 exhibits a perfect cleavage along
the (100) plane. Polarized absorption and luminescence spectra of the Nd** dopant ion
are measured. The maximum stimulated-emission cross-section is 29.0x102° ¢m? at
1065.9 nm for light polarization E || b. The luminescence lifetime is 145 ps. The transi-
tion probabilities are determined using the modified Judd-Ofelt theory yielding the in-
tensity parameters Q2 = 26.736, Q4 = 12.736 and Qs = 17.771 [102° cm?] and & = 0.122
[10* cm]. Continuous-wave laser operation is achieved in cleaved single-crystal plates
of Nd:CsGd(MoOs4): yielding a maximum output power of 0.54 W at 1066 nm with a
laser threshold of 70 mW, a slope efficiency # of 60.4% and a linearly polarized laser
output (E || b).

Keywords: double molybdate crystals, layered structure, neodymium ions, spectrosco-
py, laser operation.



1. Introduction

The crystal family of alkali (M") rare earth (M*>") double tungstates / molybdates with a
general chemical formula of M*M*(X04)2 (where X = W or Mo, respectively) [1], is known
to be very suitable for doping with active rare-earth ions (RE*") for laser applications [2].
These crystals offer a broad variety of structural types (including disordered materials) [3]
and they possess several important advantages. First, they have a substitutional rare-earth site
(M*") facilitating their doping by the laser-active RE*" ions in high concentrations [4]. Sec-
ond, they typically provide strong anisotropy of the spectroscopic properties for polarized
light [5,6]. Third, relatively large M*" - M*" interatomic distances reduce the energy migra-
tion between the active RE*' ions and impurity centers leading to weak concentration
quenching (moreover, non-radiative relaxations in these crystals can be weak) [7]. Finally,
the considered materials are Raman-active [§].

A prominent example is the class of the monoclinic potassium rare-earth double tung-
states, KRE(WOa)2 (RE = Gd, Y or Lu) [2]. These crystals were extensively studied for dop-
ing with RE3" ions such as Nd** [9], Yb** [10], Tm** [11] or Ho>" [12] giving rise to efficient
laser emissions in the near-infrared (1-2 um). In particular, Nd:KGd(WOa)2 is a very suitable
medium for compact low-threshold and efficient lasers at 1067 and 1351 nm (the *lo2 — *L11/2
and *I132 transitions of Nd*") [13-15]. Self-Raman conversion of the latter transition leads to
eye-safe emission while the frequency-doubling paved the way towards yellow lasers [16-
18]. Note that Gd** has been selected as a host-forming cation for Nd** doping because of the
closeness of their ionic radii and, thus, better crystal quality and higher available doping lev-
els. The drawback of Nd:KGd(WOa4)2 is the strongly anisotropic thermal lensing which is
negative for the conventional crystal cut (along the growth direction) [15].

Among the alkali rare-earth double tungstate / molybdate crystals, cesium (Cs) based
compounds have been rarely studied [19,20]. It is known that such crystals possess “loose”
structures giving rise to such features as strong acousto-optic coupling [21], high magnetic
anisotropy [22] or mica-like natural cleavage [20] which are of interest for multiple applica-
tions. For example, crystals with a layered structure offer strong anisotropy of the spectro-
scopic properties and easy mechanical cleavage being promising for thin-film and microchip
lasers [23,24]. The class of the cesium rare-earth double molybdates, CSRE(Mo00Oa4): is such
an example [1]. These compounds crystallize in the monoclinic system (for RE = Ce — Lu, sp.
gr. P2/c) [19]. As for Nd*" doping, the most attractive representative is CsGd(MoO4)a.

So far, only few studies were dedicated to CsGd(MoOa)2 type crystals. Klevtsova et al.
briefly described the crystalline structure of the stoichiometric CsPr(MoOa4)2 crystal which is
a representative of the structural type for RE = Ce — Lu [25]. Ivannikova et al. reported on the
growth of undoped CsGd(MoOs): crystals by the Kyropoulos and Czochralski (Cz) methods
and discussed the possible solvents to be used [21]. The various structural types of
CsR(Mo00O4)2 (R = La — Lu, In, Sc, Fe, Cr, Al) crystals were summarized by Klevtsov et al.
[1]. Pavlyuk et al. reported on laser emission from a stoichiometric CsNd(MoOa4): crystal un-
der pulsed pumping by a Ruby laser [26]. Only the wavelength of the stimulated emission
(1065.8 nm) and the laser threshold (49 mJ) under ns pulse excitation were provided. The



crystalline structure of this material leading to a weak concentration quenching, allowed for
laser emission with such high Nd*" content (100 at.%). Note that in these early studies, the
structural type of CsPr(MoOs)2 was assigned as orthorhombic.

In recent years, the interest in CsGd(MoOa)2 crystals has increased. Zhao et al. reported
on the growth and polarized optical spectroscopy of Yb**-doped CsGd(MoQ4)2 [20]. The au-
thors also predicted the suitability of CsGd(MoOa)2 crystals for microchip lasers based on
mechanically cleaved crystalline plates; however, no laser operation was achieved. The mag-
netic properties of bulk CsGd(MoOa)2 crystals were studied for application in single ion
magnets [22,27]. The heat capacity and thermal conductivity of bulk CsGd(MoO4)2 were
measured at cryogenic temperatures [28,29]. CsGd(MoO4)2 nanopowders doped with Dy**
[30], Eu** [19] and Er**/Ho*" [31] ions were also studied recently for applications as phos-
phors in light emitting diodes (LEDs).

In the present work, we report on the growth, structure refinement, polarized optical
spectroscopy and continuous-wave laser operation of Nd**-doped monoclinic cesium gado-
linium double molybdate crystal with layered structure - Nd:CsGd(MoOa)s.

2. Crystal growth

CsGd(MoOs4)2 melts incongruently at 1308 K. Although it does not exhibit polymor-
phism, it decomposes at high temperatures according to the equation: 2CsGd(MoOa4)2 —
Gd2MoOeg (s) + Cs2Mo3010 (1) where (s) and (1) stand for solid and liquid phase, respectively.
Consequently, in the present work, bulk Nd:CsGd(MoOa4)2 crystals were grown from the flux
under low thermal gradients (LTG). This method is referred to as modified Czochralski LTG
method in the Russian literature. Cesium trimolybdate (Cs2Mo30O10) was selected as a solvent.
CsGd(MoOs4)2 can be grown using several solvents, i.e., Cs:MoOs, Cs2Mo207 and
Cs2Mo30i0. It has good solubility in all of them. However, according to the phase diagram of
the 2CsGd(Mo0O4)2 — Cs2MoOs4 system [21], the crystallization area of cesium gadolinium
molybdate is limited by the eutectic with only 30 mol% CsGd(MoO4)2 melting at 1023 K.
Among Cs:2Mo0207 and Cs2Mo3Oio, the latter is more favorable for the single-crystal growth.
Both solvents show a similar range of crystallization of CsGd(MoOs4)2, but the latter is less
volatile and provides better crystal quality with less impurities.

The molar ratio of the solute / solvent Nd:CsGd(MoOa4)2 — Cs2Mo3O10 was selected to
be 85 — 15 mol%. The raw materials were Cs2CO3 (purity: 99.995%), Gd203, Nd203 (both
99.999%) and MoO3 (99.9992%). The concentration of Nd** in the solute material was set to
5 at.% (the Nd*' ions replace the Gd*" ones). To ensure the molar ratio, Cs2CO3 and MoOs3
were added in excess to the stoichiometry in such a way that the starting concentration of ce-
sium trimolybdate in the solution (Cs2Mo03010 = Cs2CO3 + 3Mo3) did not exceed 20 mol%.
The raw materials were weighed, mixed and placed in a Pt crucible (diameter: 70 mm, height:
120 mm). The growth was performed in air. First, the crucible was slowly heated up to 1298
K at a rate of 200 K/h and kept at this temperature for 20—25 h under constant stirring to ho-
mogenize the solution. As the used cesium compounds are volatile, higher temperatures are
undesirable. Then, the temperature was reduced down to the saturation temperature of the
solution (1288 K, see Fig. 1). A seed fixed to a Pt holder was lowered towards the surface of



the solution. The rotation speed was 30 rev / min, the pulling rate was 0.5-3 mm/day and the
cooling rate was 1-2 K / day. This led to a growth rate of 1-3 g/day. The temperature gradi-
ents in the solution were as following: <1 K/cm in the radial direction and <5-10 K/cm in the
axial one. After 5-10 days of growth, the crystal was removed from the solution and slowly
cooled down to room-temperature at a rate of 15 K / hour. No post-growth annealing was ap-
plied.

To fabricate the seeds, undoped crystal blocks were grown using a Pt wire. From these
samples, we obtained single-crystalline pieces by mechanical cleavage. They were further
oriented using single-crystal X-ray diffraction along the [100], [010] or [001] axes.

As an example, a Nd:CsGd(MoOa): crystal (further abbreviated as Nd:CsGdMo) grown
using a [001]-oriented seed is shown in Fig. 2(a). It is clear, transparent and free of cracks.
The crystal boule has a cylindrical shape and a slight violet coloration due to the Nd*" doping
(undoped CsGdMo crystals grown by the same method are colorless). The crystals exhibit a
perfect natural mica-like cleavage along the (100) plane. The crystals were optically homo-
geneous, as revealed by their illumination by a He-Ne laser showing no scattering centers.

The segregation coefficient for Nd** ions, KNd = Cerystal/Co, where Cerystat and Co are the
doping levels in the crystal / raw materials, respectively, was estimated using an Electron
Probe Micro-Analyzer (EPMA, JEOL, model JXA-3) and was in the range of 0.6-0.7+0.1,
depending on the growth rate. For the Nd:CsGdMo crystal used for the spectroscopic and la-
ser studies, the actual doping level was 3.0+0.3 at.% (CdGdo.97Ndo.03(M00Qa4)2), or, equivalent-
ly, the ion concentration Nna was 1.51£0.15x10%° ¢cm™. The determined segregation coeffi-
cient for Nd** ions is lower than that for Yb*>" ions in the same host material, Ky» = 0.88 [20],
which is probably due to the different growth conditions.

Due to the layered crystal structure, the thermal conductivity of CsGdMo is anisotropic.
Because of this, the morphological stability of growth along the [010] or [001] directions is
high. If grown along the [100] axis, the crystals exhibit a varying cross-sectional shape,
Fig. 2(b).

For crystals grown along the [010] and [001] directions, the face oriented towards the
flux surface is smooth (circular) indicating a normal growth mechanism. For crystals grown
along the [100] direction, this face is determined by the (100) plane (a mixed growth mecha-
nism). We believe that the latter is the main reason for mechanical stresses and defects during
the growth of doped crystals.

3. Experimental

Structural characterization of Nd:CsGd(MoOs4)2 was carried out by the X-ray powder
diffraction (XRD) technique. The measurements were performed in a 6 - 6 Brag Brentano
configuration using a Siemens D-5000 powder X-ray diffractometer with Cu Ko (1.5406 A)
radiation. For structure refinements, the XRD pattern was recorded in a 26 range from 10° to
70°, a step time of 16 s and a step size of 0.02°. The same XRD equipment with a temperature
chamber (HTK10) was used to collect X-ray powder diffraction data at different temperatures
from 303 K to 823 K in the same 20 range as mentioned above, but with a step time of 5 s, a



step size of 0.03° and a delay of 300 s before each measurement. The heating rate from one
measurement temperature to the next one was 0.17 K/s.

All spectroscopic studies were performed at room temperature (RT, 293 K). The ab-
sorption spectra were measured using a spectrophotometer (Lambda 1050, Perkin Elmer) and
a Glan-Taylor polarizer. The spectral resolution was 0.5 nm. The luminescence spectra were
measured using an optical spectrum analyzer (OSA, Ando AQ6315-E) and a Glan-Taylor po-
larizer. As an excitation source, we used a CW Ti:Sapphire laser tuned to ~0.81 um. The
OSA was calibrated using a 20 W quartz iodine lamp.

The luminescence decay was studied using a 1/4 m monochromator (Oriel 77200) and
an InGaAs detector. The Nd** luminescence was excited by the output of a nanosecond opti-
cal parametric oscillator (OPO, Horizon, Continuum) tuned to ~0.81 um. The luminescence
decay curve was fitted with a single-exponential law, llum(¢) = loexp(—t/tium).

4. Results and discussion

4.1. Crystal structure

The measured XRD pattern of 3 at.% Nd:CsGdMo obtained for the structure refinement
is shown in Fig. 3. First, we tried to perform the Rietveld refinement of the structure with the
TOPAS software considering the preferential orientation of (100). We observed that the
width of the diffraction peaks of different families of planes (namely, the (h 0 0), (h 0 h) and
(2h 0 h) ones) was different. As the CsGdMo crystals are soft (Mohs hardness: <2), this can
be in part explained by their deformation during the growth. Thus, it was not possible to ob-
tain a good Rietveld refinement, even by separate fitting of the different families of peaks that
have different widths.

We could only obtain the unit cell parameters using the Le Bail method [32]. The initial
unit cell parameters for the Le Bail refinement were taken from [19]. Nd:CsGdMo is mono-
clinic (sp. gr. P2/c — C*m, No. 13, point group 2/m). The lattice constants are a = 9.5239(4)
A, b =5.0752(5) A, ¢ = 8.0580(7) A and the monoclinic angle 8 = a*c = 91.157(9)° (the
number of the structural units Z = 2). The theoretical crystal density pcaic = 5.198 g/cm?. The
R-factors were Rexp = 6.54 and Rwp = 8.52 (the reduced chi-squared value %> = (Rwp/Rexp)? =
1.70). No other phases apart from the monoclinic one were found. The XRD pattern is in
good agreement with the ICSD PDF card #01-083-5116 for undoped CsGdMo with mono-
clinic structure (a = 9.5289 A, b =5.0823 A, ¢ = 8.0563 A and = 91.246°) [19]. Note that in
the early papers, the structure of CsGdMo was assigned to the orthorhombic system (sp. gr.
Pbmb = D*xm) probably because of the closeness of S to the right angle. Indeed, Klevtsova et
al. reported the following lattice constants for an isostructural CsPrMo crystal: a = 9.56 A, b
=5.14 A, c=8.26 A and p = 90° [25], with the same assignment of crystallographic axes as
obtained in the present work. Figure 3 shows the observed, calculated (Le Bail method) and
residual powder XRD patterns. The peaks were indexed according to the ICSD PDF card
number 01-083-5116.

The structure of Nd:CsGdMo is shown in Fig. 4 (for the atomic coordinates from [19]).
CsGdMo is an ordered crystal. The Cs* and Gd**[Nd** cations are located in different sites
(Wyckoff symbols: 2f'and 2e, respectively) with VIII-fold oxygen coordination. The Gd|Nd—



O interatomic distances for the [GdNdOs] square antiprisms are in the range of 2.27-2.70 A.
The Mo®" cations are located in distorted [MoQ4] tetrahedra (the Mo—O interatomic distanc-
es: 1.53-2.07 A). The edge-sharing [Gd[NdOs] square antiprisms form layers in the b-c plane
which are connected to the [MoOs4] tetrahedra through the oxygen atoms. In the direction or-
thogonal to the layer plane (along the a-axis), the layers are isolated (separated by the dis-
tance a) and they are connected only by the [CsOs] polyhedra (Cs—O interatomic distances:
2.80-3.39 A). Thus, the stacking of alternating layers — [GdNdOs] - [M0O4] — Cs — [M0O4] -
[Gd|NdOs] — occurs along the crystallographic a-axis. Each layer is parallel to the (100) plane
which explains the cleavage feature. The Nd** ions substitute for the Gd** ones in 2e sites
(local site symmetry: C2). This process is favored by the closeness of their ionic radii, Rnda =
1.109 A and Rca = 1.053 A (for VIII-fold coordination). The shortest GdNd — Gd|Nd intera-
tomic separations are observed in the layer plane: 4.05 A and 5.08 A along the ¢- and b-axes,
respectively. In the orthogonal direction, the shortest separation is 9.52 A. Such long intera-
tomic separations (although not record high for stoichiometric Nd**-doped crystals) greatly
suppress the cross-talk between Nd** ions leading to weak luminescence quenching.

The XRD patterns of Nd:CsGdMo recorded at temperatures from 303 K to 823 K were
used to determine the linear thermal expansion tensor. This study is of great interest to predict
the thermal behavior of this material in laser experiments. The unit cell parameters of
Nd:CsGdMo at different temperatures were refined using the TOPAS software and the Le
Bail method. Figure 5 shows the evolution of the relative elongations AL/Lo (where L = a, b,
c and c* = cxcos(f - 90°)) of Nd:CsGdMo, as a function of temperature, taking as reference
the unit cell parameters at 303 K (Lo). All the unit cell parameters increase linearly with tem-
perature. The monoclinic angle f first slowly decreases in the temperature range of 303 — 773
K and then stabilizes around 90.30° for the high temperatures of 823 — 923 K. Thus, even at
high temperatures, the Nd:CsGdMo crystal preserves its monoclinic structure with the £ an-
gle clearly above 90°. The linear thermal expansion coefficients are calculated in the given
crystallographic direction a = (AL/Lo)/AT [33].

The linear thermal expansion tensor of this material in the crystallo-physical system (X1
|| @, X2 || b and X3|| ¢*) is then obtained:

31.80 0  0.05
a;=| 0 998 0 [x10°K™.
005 0 2670

To obtain the linear thermal expansion tensor in the eigen frame (axes X'i, X2 and X'3), the
previous tensor was diagonalized [34], yielding the following values:

318800
a;=| 0 100 0 [x10°K™".
0 0 267

The orientation of the thermal expansion tensor frame is as follows: X2 parallel to the b-axis
and the other two axes (X'1 and X'3) located in the orthogonal plane (the a-c plane). X' is lo-
cated at 0.54° from the a-axis (clockwise) and X's is located at 0.54° from the c*-axis (anti-
clockwise), with the b-axis pointing towards the observer.



Note that the diagonal values in the two frames are almost equal, because £ in the crys-
tal structure is close to the right angle (90°) and the non-diagonal element 13 of the tensor in
the crystallo-physical system is very small. During the diagonalization, the changes of the
diagonal elements were within the error margin of the same values.

4.2. Judd-Ofelt analysis

The monoclinic Nd:CsGdMo crystal is optically biaxial. However, the assignment of its
optical indicatrix axes is unknown, only a mean refractive index <n> = 1.95 at the wave-
length of 632 nm is known [26]. Thus, in the present work, we will refer to the principal light
polarizations E || a, b, c.

The polarized absorption spectra of Nd** ions in CsGdMo are shown in Fig. 6. The ab-
sorption bands assigned to transitions from the ground-state (*Ioz2) to the excited-states from
*F3/ to 21112 are observed in the spectra. The UV absorption edge is at 328-343 nm, depend-
ing on the polarization (the bandgap E¢ = 3.6-3.8 eV). It was determined from the so-called
Tauc plot, i.e., by plotting (aabsX/Avph)* versus the photon energy Avph and extrapolating the
linear part of the graph to the horizontal axis. This value is slightly smaller than determined
previously for CsGdMo nanopowders (Egz = 4.13 eV) [30].

The transition probabilities of Nd** ions in the CsGdMo crystal were analyzed using the
Judd-Ofelt (J-O) theory [36,37]. The calculations were performed using the standard J-O the-
ory and its modifications accounting for configuration interaction: the modified Judd-Ofelt
theory (mJ-O) [37] and the approximation of an intermediate configuration interaction (ICI)
[38,39]. The reduced squared matrix elements UX, k = 2, 4, 6 for transitions in absorption
and emission were calculated using the free-ion parameters from [40]. The J-O formalism
was applied to electric-dipole (ED) contributions to the intensities of the 4f-4f Nd** transi-
tions. The contribution of magnetic-dipole (MD) transitions with AJ=J—J'= 0, =1 was cal-
culated separately within the Russell-Saunders approximation on wave functions of Nd** un-
der the assumption of a free-ion.

For the standard J-O theory, the ED line strengths of the J] — J' transitions SE(JJ") are
[35,36]:

e )= 3 UM, (la)
k=2,4,6
U =(4f™SLT | U || (4™)S'L'J ). (1b)

Here, U® are the reduced squared matrix elements and Qx are the intensity (J-O) parameters
(for both, k=2, 4, 6).
For the ICI approximation, the ED line strengths are given by [38]:

SEnIn =Y v (2a)
k=2,4,6
O =Q[1+2R (E; + E; —2E)]. (2b)

The J-O (intensity) parameters @f’k are the linear functions of energies of the two multiplets

(Ey and Eyr) involved in the transition, where Ef” is the mean energy of the 4f" configuration



and Rk (k =2, 4, 6) are the parameters representing the configuration interaction. There exist
six free parameters, namely Qk and Rk (k =2, 4, 6).

If only the excited configuration with opposite parity 4f*'5d! contributes to the config-
uration interaction, R> = R4 = Re are constant, defined as a = 1/(2A), and a simpler expression
for the J-O parameters is obtained:

SEN Ty =Y UMy, (3a)
k=2,4,6
& =, [1+2a(E; + E;, —2EQ)]. (3b)

These equations are referred to as the mJ-O theory [37,38]. There exist four free parameters,
namely Q2, Q4, Q6 and a. A means the energy of the excited configuration 4'5d'. Equa-
tion (3) is transformed into Eq. (1) assuming that the excited configuration of opposite parity
has high energy (A — o, a — 0).

For the optically biaxial Nd:CsGdMo crystal, all the calculations were performed by
averaging the polarizations, <X> = (1/3)(Xa + Xb + Xc) where X is the parameter and a, b, ¢
mark the polarization state. The measured and calculated absorption oscillator strengths
(<f*exp> and <f*caic>, respectively) are shown in Table 1. Here, the superscript “X” stands for
the total (ED + MD) value. The root-mean-square (rms) deviation between these values is
minimized when using the mJ-O theory (1.577) as compared to the standard J-O theory
(1.654) and the ICI approximation (1.792). Moreover, the standard J-O theory provides a no-
tably underestimated radiative lifetime of the *Fs.2 state. Thus, we used the mJ-O model for
further calculations. The determined intensity parameters ({Qx} for the J-O model, {Qx and
a} for the mJ-O one and {Qk and Rk} for the ICI approximation) are listed in Table 2. For the
mJ-O theory, Q2 = 26.74, Q4 = 12.74 and Qs = 17.77 [10%° cm?] and o = 0.122 [10™* cm].
Thus, A = 40980 cm™'.

In Table 3, we compare the J-O parameters reported for Nd**-doped complex tungstate
and molybdate crystals [5,41-46]. Kaminski has shown that the luminescence branching rati-
os for the *F32 — Iy transitions of Nd*" ions depend mostly on the Q4 and Qs parameters,
which is expressed by the spectroscopic quality factor X = Q4/Q¢ [47]. Lower X is favorable
for the main transition of interest, *F32 — *l112. In our case, X = 0.72 (for the mJ-O theory).
Previously, for complex tungstate and molybdate crystals, X values were determined in the
0.74-1.42 range.

Using the intensity parameters for the mJ-O theory, we analyzed the transition of inter-
est for Nd*" ions originating from the *F3/ state and terminating at the lower-lying *Ir (J' =
9/2 — 15/2) multiplets. The probabilities of spontaneous radiative transitions A(JJ'), the lumi-
nescence branching ratios B(JJ') and the radiative lifetime of the emitting state zrad are listed
in Table 4. The trd value is 136.86 ms. For the *F32 — *I112 transition giving rise to emission
at ~1 um, the luminescence branching ratio is 52.7%.

4.3. Transition cross-sections and emission lifetime
The absorption cross-sections were calculated from the measured absorption spectra,
Oabs = Olabs/Nnd. For Nd** ions, the transitions attractive for pumping are the “lon — “Fsp +



’Hos2 (at ~0.81 pm) and “F3/2 (at ~0.87 um) ones. The corresponding abs Spectra are shown in
Fig. 7.

The *lo, — “Fsi2 + *Hop absorption band is spectrally matching the emission of com-
mercial AlGaAs laser diodes and is commonly used for pumping of Nd lasers (the so-called
conventional pumping scheme). The maximum cabs = 18.8%102° cm? at 808.8 nm is for light
polarization E || b. The corresponding full width at half maximum (FWHM) of the absorption
peak is 2.9 nm. A strong anisotropy of the absorption cross-sections is observed, i.e., gabs(b) :
oabs(@) = 4.4 and oabs(b) : gabs(c) = 22 at this wavelength.

The *lo2 — *F3/2 absorption band is nowadays attracting attention for the so-called in-
band pumping directly to the upper laser level thus reducing the heat loading. The maximum
oabs = 8.2x1072° cm? occurs at 874.3 nm for light polarization E || 5 (FWHM = 3.2 nm).

The stimulated-emission (SE) cross-sections, osg, for the *Fz2 — Iy (J' = 9/2 — 13/2)

transition of Nd** ions were calculated using the Fiichtbauer-Ladenburg (F-L) equation [48]:

23 W,(A)B(T)
8r<n>"1,c(1/3) Y j AW (A)dA

i=a,b,c

OéE (ﬂ,): (4)

where, 4 is the light wavelength, <n> is the mean refractive index, c is the speed of light, trad
is the radiative lifetime of the emitting state (*F312), Wi(A) is the luminescence spectrum for i-
th polarization (i = a, b, c¢), and B(JJ') is the luminescence branching ratio of the transition.
The results are shown in Fig. 8.

For the *F3/2 — “I11/2 transition, which is the most commonly used one for laser opera-
tion with Nd** doping, the maximum SE cross-section sk is 29.0x102° cm? at 1065.9 nm for
light polarization E || b. The corresponding emission bandwidth (at FWHM) is 3.4 nm. The
Nd:CsGdMo crystal shows a strong anisotropy of the SE cross-sections with polarized light
determined by its layered structure. Indeed, ose(b) : ose(a) = 2.5 and ose(b) : ose(c) = 2.1 at
the above wavelength. Such an anisotropy will determine a linearly polarized laser output.
Other emission peaks are observed at 1056.9, 1074.8, 1083.3 and 1093.1 nm.

For the *F32 — “li32 and “lop transitions, ose reaches 4.82x102° cm? at 1347.3 nm
(FWHM = 23.2 nm) and 3.50x102° cm? at 898.4 nm (FWHM = 13.2 nm), respectively.

The luminescence decay curve for the 3 at.% Nd:CsGdMo crystal is shown in Fig. 9.
The luminescence decay is clearly single-exponential in agreement with a single type of sites
for Nd** ions. The luminescence decay time 7ium is 145+5 ps, in agreement with the calculat-
ed trad value.

A comparison of the spectroscopic properties of Nd** ions in several known double
tungstate (DT) and double molybdate (DMo) laser host crystals, namely CsGd(MoOs4)z,
KY(MoO4)2 [49] and KGd(WOa4)2 [9], is given in Table 5. Among the crystal family of DTs /
DMos, the Nd:CsGdMo crystal features the highest SE cross-section for the *F32 — “I1112 la-
ser transition (for a certain light polarization, E || b). There are two main reasons for the ob-
served strong anisotropy of the transition cross-sections (absorption and stimulated-emission)
of Nd** ions in CsGdMo, namely, (i) the low symmetry of the rare-earth site (C2) and (ii) the
layered structure of this monoclinic host matrix.



4.4. Laser set-up

To fabricate the laser element, we used a crystal boule grown along the [100] direction.
A thin crystal plate (thickness: # = 1.39 mm) was obtained by mechanical cleavage along the
(100) plane. It was consequently oriented for light propagation along the a-axis (a-cut). The
clean aperture of the crystal plate was >1 cm? No polishing or coatings were applied. The
parallelism of the cleaved crystal faces was measured using a goniometer to be about 1" (an-
gular second). The surface roughness of the cleaved faces was below 50 nm. The crystal plate
was fixed on a Cu-holder from below and it was passively cooled.

The plano-plano (microchip) laser cavity, Fig. 10, consisted of a plane pump mirror
(PM) coated for high transmission (HT, 7> 94%) at 0.81 um and for high reflection (HR) at
1.02-1.10 pm, and a set of flat output couplers (OCs) with a transmission at the laser wave-
length Toc of 1%—-15%. Both the PM and OC pressed the crystal plate eliminating the air
gaps. As a pump source, we used a CW Ti:Sapphire laser (3900S, Spectra Physics) delivering
up to 3 W at Ap = 808.8 nm in the fundamental mode (M? = 1). The pump polarization in the
crystal corresponded to E || b. The pump was focused into the crystal through the PM using
an uncoated spherical CaFz lens (f = 40 mm). The pumping was in a single-pass. The meas-
ured pump absorption under lasing conditions #abs was 72+2%.

The laser emission spectra were measured using the OSA. The laser output was filtered
from the residual pump using a long-pass filter (FEL1000, Thorlabs).

4.5. Laser performance

The input-output dependences of the Nd:CsGdMo laser are shown in Fig. 11(a). The la-
ser generated a maximum output power of 0.54 W at 1066 nm (at an absorbed pump power
Pabs of 1.13 W) with a slope efficiency # of 60.4%. The laser threshold was at Pm = 70 mW
and the optical-to-optical efficiency #opt amounted to 47.8% (vs. the absorbed pump power).
These characteristics were measured for 7oc = 10%. For smaller 7oc, the laser efficiency de-
teriorated, however, even lower laser thresholds (down to Pm = 37 mW for 7Toc = 1%) were
observed. No crystal fracture was observed. However, for Pabs > 0.9 W, a thermal roll-over
was observed in the input-output dependences due to the passive cooling of the crystal-plate.
The laser operated for >1 hour without any noticeable degradation of the output performance.
The power fluctuations were <5%.

The laser emission was linearly polarized (E || b) in agreement with the anisotropy of
the SE cross-sections, Fig. 8. Typical spectra of the laser emission are shown in Fig. 11(b).
For small output coupling (7oc = 1%), several emission lines at 1066, 1074 and 1083 nm
were observed, which correspond to the local peaks in the osk spectra for E || b, Fig. 8. For
Toc > 5%, the laser emitted a single line centered at 1066 nm. The emission bandwidth was
~2 nm.

The laser mode profile measured in the far-field is shown in the inset of Fig. 11(a). It is
slightly multi-mode with the measured beam quality parameters M% = 1.8, M%y = 1.2 (for an
intermediate pump power Pabs = 0.6 W). With increasing the pump level, the generation of
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higher-order modes was promoted which is typical for Nd microchip lasers; the measured M
parameters were below 3.

The fabricated laser elements showed high optical homogeneity, as indicated by well-
preserved laser performance while moving the pump spot across the clear aperture of the
sample.

The laser operation in a plano-plano cavity indicates positive (focusing) thermal lens in
a-cut Nd:CsGdMo crystals. Due to its layered structure, the thermal conductivity of CsGdMo
is anisotropic. It is expected to be much higher in the layer plane which is favorable for the
studied laser geometry. Indeed, for relatively short laser elements with longitudinal pumping
and strong pump absorption, the heat transfer is predominantly transversal.

Recently, we studied the laser properties of another molybdate crystal with a layered
structure — orthorhombic Nd:KY(Mo0Oa4)2 [49]. It exhibited negative thermal lens (for the c-
cut orientation) thus preventing the microchip laser design. Using a bulk laser element and a
similar pump scheme, this laser generated a peak power of 0.55 W at 1067 nm with 1 = 64%
and a laser threshold of 50 mW (quasi-CW laser operation). Thus, Nd:CsGdMo provides a
similar behavior while in true CW operation regime. Earlier, we also studied the monoclinic
Nd:KGd(WOa4):2 crystal [7] in a microchip laser cavity using a bulk Ng-cut sample. This crys-
tal provided higher slope efficiency but lower output power (output power: 0.34 W at 1068
nm with 7 = 74% and a laser threshold of 80 mW); it exhibited high risk of thermal fracture
limiting the output power, even under water-cooling.

5. Conclusions

To conclude, the monoclinic (sp. gr. P2/c) Nd:CsGd(MoOs4): is a promising double mo-
lybdate compound for laser applications. This is because of the following advantageous prop-
erties. First, the presence of a single substitutional rare-earth site facilitates its doping. The
stoichiometric composition CsNd(MoOa): is also feasible. Second, it exhibits a perfect cleav-
age along the (100) plane due to the layered crystal structure allowing for simple fabrication
of high optical quality crystal plates and (potentially) crystal films with a thickness down to
hundreds of microns. Third, the layered crystal structure and the low symmetry of the crystal-
field in the rare-earth site (C2) lead to strongly anisotropic spectroscopic properties, namely,
high absorption and stimulated-emission cross-sections with polarized light. This is a prereq-
uisite for linearly polarized laser output. Fourth, relatively long Gd|Nd-Gd|Nd interatomic
distances determine weak cross-talk of the active ions. In addition, this crystal provides high
(close to unity) luminescence quantum yield. Finally, Nd:CsGd(MoOs) possesses a positive
thermal lens.

In the present work, we demonstrated the first laser operation of mechanically cleaved
crystal-plates of Nd:CsGd(MoOs4)2 in a microchip-type laser cavity. The laser delivered up to
0.54 W at 1066 nm with a high slope efficiency of 60.4% featuring low laser threshold of 70
mW and a linearly polarized laser emission. Further studies should focus on diode-pumped
laser operation of Nd:CsGd(MoOs4)2 potentially supporting power scalability. The proposed
concept for fabrication of the laser elements can be used for CsGd(MoQa4): crystals doped
with other rare-earth ions, such as ytterbium (Yb*").
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plate, P — Glan-Taylor polarizer, L — focusing lens, PM — pump mirror, OC
— output coupler, F — long-pass filter.
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Figure 11. Output characteristics of a microchip laser based on a 1.39 mm-
thick cleaved crystal-plate of 3 at.% Nd:CsGdMo: (a) input-output depend-
ences, 77 — slope efficiency, inset — far-field beam profile (Toc = 10%, Pabs =

0.6 W); (b) typical laser emission spectra, Pabs =
tionis E || b. Ap = 808.8 nm.

0.9 W. The laser polariza-
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