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DISORDERED Nd-DOPED CRYSTALS
FOR DIODE PUMPING

W. RyBA-ROMANOWSKI
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Okdlna 2, 50-950 Wroclaw, Poland

Some interest has been directed recently to neodymium doped crystals
with strong inhomogeneous broadening of absorption bands which are be-
lieved to be better suited for diode pumping than the crystals with ordered
lattice. The disordered Nd-doped crystals may be obtained in two ways. The
first one is to introduce a structural disorder in ordered lattice by substitut-
ing partially one or more cations by cations with different charges. Alterna-
tively, the compounds with inherently disordered structure are synthesized
and doped with Nd. We consider two wide families of compounds of general
formulae ABC307 and ABCO, where A stands for Ca, Sr, Ba, Bis Y or
rare earth and C stands for Ga or Al. Both the families form the crystals
with inherently disordered structure and can accept an appreciable amount
of Nd. Results of structural and spectroscopic investigations are used to de-
termine material’s parameters relevant to laser performance. Comparison of
several disordered crystals is made and their suitability for diode pumping
is discussed.

PACS numbers: 78.45.+h, 78.55.Hx

In the past few years a considerable progress has been made in the field of
laser diodes. Powerful laser diodes are now easily available and they are replacing
the conventional broad band sources of optical pumping for rare earth doped laser
materials, In particular, the emission of the AlGaAs laser diode matches perfectly
the absorption band of neodymium situated at about 800 nm and corresponding
to the 4fy/s —*% F5)9, 2Hy) transition.

The energy level scheme for trivalent neodymium in dielectric crystals is
shown in Fig. 1. It can be seen that the pump level and the upper laser level are
separated by small energy gap of about 2000 cm™?, thus the excitation decays
quickly by multiphonon emission to upper laser level. Since the wavelength of
laser transition is close to 1.06 um and the wavelength of the pump transition is
about 808 nm, the energy loss due to photon decrement is only 24%. As a result,
the heating of laser active material is considerably less important than in the case
of broad band pumping to higher lying levels. There are however some charac-
teristic properties of laser diode which should be taken into account. First, the
spectral bandwidth of laser diode emission is relatively broad. Second, the wave-
length of laser diode emission depends strongly on diode temperature, typically
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Fig. 1. Energy level scheme for Nd®* in dielectric crystals.

0.2-0.3 nm deg~!. These properties may influence the performance of a diode
pumped solid state neodymium laser.

In the upper part of Fig. 2 the emission band of a commercial AlGaAs laser
diode is shown. Below there is an absorption band of neodymium doped yttrium
aluminum garnet (YAG:Nd), the crystal widely used as a laser material. Two
vertical lines in the figure indicate positions of maxima of laser diode emission
at 18°C and 30°C and these values are real ambient temperatures. It has been
shown experimentally that the change of temperature within these limits results in
significant variation of laser output power in the case of yttrium aluminum garnet
[1]. Of course, the laser diode temperature may be and actually is controlled but
thermocoolers are highly expensive and power consuming devices. The overall cost
of a diode pumped laser is therefore high and its efficiency is reduced. That is why
some interest has been directed recently to laser active materials characterized
by strong inhomogeneous broadening of absorption bands. An example of such a
band is shown in the bottom of Fig. 2. In this case a temperature control is less
stringent, thus the wavelength shift due to ageing of a diode laser will affect laser
performance in more moderate manner.

Neodymium doped laser glasses would be materials of choice but they have
important disadvantage, namely the poor thermal conductivity, which limits seri-
ously the laser power levels. Thus, the group of materials called disordered crys-
tals are considered. The notion “disordered crystals” is used to denote crystalline
materials characterized by certain structural disorder which results in strong inho-
mogeneous broadening of spectral bands corresponding to electronic transitions of
rare earth ions. Essentially, disordered crystals may be obtained in two ways. The
first one is to induce a structural disorder in ordered lattice by substituting par-
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Fig. 2. Emission band of a commercial AlGaAs laser diode and absorption bands of
YAG:Nd and BaLaGasO7:Nd.

tially one or more cations by cations with different charges. In this way a number
of so-called substituted garnets has been obtained. The second way is to synthesize
compounds with inherently disordered structure. Up to now, several compounds
has been obtained and studied as potential laser materials. Chemical composition

of the crystals of both the groups are listed below. '

Substituted  garnets:  Bag.2sMg2 75Y2Ge3O1s 4], GGG(Ca,Zr),
GGG(Ca,Mg,Zr) [2, 3], Cag(Nb,Gaz)GazO12 [5].

Inherently disordered structures: 7Ln;Ogs - 9SiO; where Ln = La or Gd[6],
CazGa28107 [7] LaSl‘zGaquo [8] Sr1 sz Mg,,Allz :,;019 [9], BaLaGa307 [10]
SrLaGagzO7 [11], CaNdAlOQ, [12], StLaAlQ;,.

Let us have a look at the structural features which give rise to inhomogeneous
broadening. We will consider first the compounds ABC307, where A stands for
Ca, Sr, Ba, B stands for Y or rare earth from La to Gd and C stands for Al or Ga.
These compounds form tetragonal crystals belonging to the space group P42;m.
Lattice constants are a = 8.05 A and ¢ = 5.16 A for BaLaGagO7 and they are
very similar for other compositions.

The primitive cell and the c-axis projection of the ABC3O7 structure is shown
in Fig. 3. The crystal structure is built up from the layers of CO4 polyhedra. There
are two types of tetragonal sites T3, T5 and T3—Ts. Between the layers the A and
B cations are located in sites of very distorted square antiprism configuration.
In Fig. 3 the shaded areas are four edge faces of square antiprism facing the
observer. There are similar faces at the other side of the layer. Above the layer,
at the top of shaded area, the divalent A cations and trivalent B cations are
randomly distributed in the sites of C, symmetry. Disparity of size and of charge
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Fig. 3. C-axis projection (a) and primitive cell (b} of ABC307 crystals.

of ions in neighbouring sites gives rise to random distortion of crystal field acting
on activating neodymium ions which substitute partially La in the structure. The
primitive cell of this structure contains two formula units and the minimal distance
between two neodymium ions is inferior to 4 A, thus the ion—ion interactions are
expected to be considerable.

Another example of disordered structure is formed by ABCO4 compounds.
In this general formula A stands for Ca, Sr, Ba, B stands for Y or for rare earth
ions and C stands for Al, Ga. The crystals are also tetragonal but they belong to
the space group I4mmm. Lattice parameters for CaNdAlOy4 are ¢ = 3.68 A and
¢ = 12.11 A and they do not differ significantly for other compositions. In Fig. 4
we present the positions of ions and the polyhedra forming the ABCO4 structure.
The crystals are built up from AlQg layers formed in the ab plane. Between the
layers the divalent A cations and trivalent B cations are randomly distributed in
the sites of C4, symmetry. Minimal distance between neodymium ions is inferior
to 4 A like in the former structure. :

In both the groups of compounds the structure is very sensitive to the size
of ions A and B. The lower the difference between ionic radii of A and B, the
more stable is the structure. As was said, the strong inhomogeneous broadening
of absorption bands is advantageous for optical pumping. There are however other
consequences which are not necessarily favourable for laser application.

Let us try to assess the laser performance of disordered crystals. In practical
application the low threshold pumping power will be requested. Threshold pump-
ing power is a function of several factors and may be expressed by the following
formula [1]:

_ Lhv,Vem 1
" 2oTnefs’ : (1)

where L is the round trip cavity loss, I is the cavity length, Vg is the effective
mode volume, 7, is the absorption efficiency, o is the laser emission cross-section,
7 is the fluorescence lifetime, fp is the fractional Boltzmann distribution. In the
formula the effective mode volume and the cavity length are the design parameters

Py
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Fig. 4. The position of ions (lower part) and polyhedra (upper part) forming the
ABCOy structure.

whereas the lifetime of upper laser level, stimulated emission cross-section and
the Boltzmann distribution factor are material parameters. The round trip loss L
accounts for both the losses in active material and the output mirror transmission.
Absorption efficiency takes into account-the fraction of laser diode power absorbed
and the loss due to photon decrement and may be approximated by the following
formula [14]: ‘

R SEJE 2PO)F(O,4)[1 — exp(—B(A)])] sin ©dOdgdA
B 22 [E [E PO)F(O, 4)sin 0d0dgdA

where P()) is the spectral distribution of laser diode radiation, F(©,¢) is the
angular distribution of laser diode radiation, B(A) is absorption coefficient, J; is
the laser wavelength. This parameter may be adjusted by appropriate doping,
provided the host crystal accepts desirable amount of neodymium ions. Since the
disordered crystals considered here may be heavily doped, the absorption effi-
ciency is not a limiting factor. However, two other material parameters, namely
the lifetime of upper laser level and the stimulated emission cross-section cannot
be adjusted. Stimulated emission cross-section is related to spectral properties of
laser material according to the formula
2 .
AW, 3)

o= —-"
8men?Aver

) . (2)
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where X denotes the wavelength of laser transition, W; is the rate of spontaneous
radiative transition from upper laser level to lower laser level, n is the index of
refraction, Aveg is an effective bandwidth of luminescence associated with laser
transition. Two methods are commonly used for the calculation of this parameter.
The first one makes use of relation (3) and the rate of radiative transition is de-
termined on the basis of the Judd—Ofelt theory. The second method is based on
measurements of threshold pumping power for different output mirror transmis-
sions. In this case the relation (1) is used. Both the methods rely on approximations
and the errors of calculation may exceed even 50% and this should be taken into
account when any comparison is made. Stimulation emission cross-section is in-
versely proportional to bandwidth of transitions, thus disordered crystals will not
show high values of this parameter.

For comparison in Fig. 5 the luminescence bands corresponding to laser tran-
sition in different crystals are presented. Bandwidths of the *F3/; — *I11/5 transi-

— = Srla ALO, : Nd
-~~~ 5rlaGa30,Nd
—— YAG:Nd

Luminescence intensity
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Fig. 5. The luminescence bands corresponding to laser tramsition in YAG:Nd,
SrLaAlO4:Nd, StLaGasO7:Nd.

tion of Nd3t+ are about 6 cm~! in YAG, 160 cm~1! in BaLaGagO7 and about 220
em™! in SrLaAlOy. Lifetime of upper laser level influences the threshold value but
also the amount of energy stored in the upper laser level during pulsed operation.
Assuming a square pumping pulse, the storage efficiency, that is the fraction of
stored energy which is available in the time of @-switching may be approximated
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ms = (1= exp(n/m)], (4)

where 7 is the lifetime of upper laser level, 7 is the length of pumping pulse. Long
lifetime is thus advantageous in pulsed operation.

Now, we can compare the available data relevant for laser performance of
some disordered crystals. In Table the lifetimes r, stimulated emission cross-sections
o and the products o7 are presented.

. TABLE
Luminescence lifetimes 7 and laser emission cross-sections o for
Nd3+ in disordered crystals.

Host crystal 7 [us] | o x 1020 | o7 x 1023 | Ref. No.
[em?] [em? §]

GGG(Ca,Zr) 230 7.0 1.61 [15]
GGG(Ca,Mg,Zr) 260 | 4.9 1.27 [15]
SI‘l_dezMngllz_xO]_g 230 4.8 1.10 [15]
CazGaZSiO7 280 5.3 1.48 [13]
LasrzGanOzo 220 5.5 1.21 [13]
BaLaGasO7 300 5.0 1.50 [16]
SrLaGazO7 300 6.01 1.79 [16]
SrLaAlOy 140 5.9 0.83 this work

It can be seen that the values of stimulated emission cross-section are of
the same order. The products show more significant differences, but still they
are roughly one order of magnitude lower than that for YAG:Nd. Thus, the gain
in overall laser efficiency resulting from the elimination of the cooling device is
counterbalanced to some extent by higher threshold pumping powers. It seems that
disordered laser crystals are particularly suited for high power and very short pulse
operation where the effects of spontaneous amplified emission limit the efficiency
of high gain ordered crystals like YAG:Nd. Because of the similarity of values in
Table, the choice of a crystal for practical application will rely on no spectral
parameters, such as thermal conductivity, attainable optical quality or the cost of

production.
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