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ABSTRACT 

Solid-state lasers are of great interest and importance in infrared 

sensing and imaging devices as well as in other applications. The 

objective of this research was to study the synthesis, crystal growth, and 

optical characterization of a material recently discovered for its potentially 

useful optical properties: lanthanum magnesium aluminate (LMA). In 

these experiments, samples of LMA were grown by the vertical gradient 

freeze (VGF) technique. This technique has most recently been used to 

grow high quality titanium doped sapphire crystals mainly due to the 

inherent stability of this system in providing a stationary heat zone during 

growth runs. The furnace used for this growth technique also has the 

advantage of requiring a reducing atmosphere which may be used, if 

desired, to maintain reduced valence states of the dopant ions. This 

thesis discusses tunable lasers, crystal growth techniques, and the 

results of the study on LMA. 



INTRODUCTION 

Solid-state lasers are of great interest and importance to infrared 

sensing and imaging devices as well as in other applications. The desire 

for such devices warrants a need for the study of materials which 

possess the optical and materials characteristics appropnate for these 

applications. Some desired materials characteristics, as given in Table 

1, would be: a large band gap, a mechanically, thermally and chemically 

stable material, a simple crystal structure (for ease in optical 

characterization), and an economically feasible system, both in 

components and in growth systems. Some well-known and desired 

spectral characteristics would be: strong broad-band absorption and 

fluorescence at typical pump wavelengths and lifetime longevity. 

Table 1 
Desired Materials Properties 

• Large band gap 

• Stable Material 
-mechanically 
-thermally 
-chemically 

• Simple crystal structure 

• Economically feasible system 
-components 
-growth systems 

• Spectral characteristics 
-strong broad-band absorption/fluorescence 
-lifetime longevity 

The objective of my research was to study the synthesis and crystal 

growth of a material recently discovered for its potentially useful optical 

properties: lanthanum magnesium aluminate (LMA). Following the 



synthesis, I was able to measure and observe transmission and 

fluorescence spectra and measure the lifetime of certain transitions in 

this material doped with cobalt and titanium. From this data we have 

begun to form a comparison of its structural character to that of other well-

known solid-state laser materials. 

In these experiments, samples of LMA were grown by the vertical 

gradient freeze technique. This technique has recently been used to 

grow high quality Ti sapphire crystals1 mainly due to the inherent stability 

of this system in providing a stationary heat zone during growth runs. 

The furnace used for this growth technique also has the advantage of 

requiring a reducing atmosphere which may be used, if desired, to 

maintain reduced valence states of the dopant ions. The heating 

elements and the heat shields in this system require and maintain such a 

reducing atmosphere. The VGF technique is a "modified Bridgman" 

technique which will be described shortly. 

1. TUNABLE LASERS 

1.1. THEORY OF OPERATION 

In order to describe the operation theory of tunable lasers, some 

background information on how other laser systems operate will first be 

discussed. 

The letters of the word LASER stand for the words Light 

Amplification by Stimulated Emission of Radiation. In the simplest 

1 Strauss, A.J. , R.E. Fahey, et. al., "Growth of Laser Quality TMAI2O3 Crystals by a Seeded 
Gradient-Freeze Technique." MIT Lincoln Laboratory. 



model, we have light which is moving through a cavity and becomes 

coherent and amplified when it is emitted. The cavity consists of two 

parts: (1) an amplifying medium, and (2) an oscillator which allows the 

beam to pass through the amplifying medium many times. (Fig. 1). 

partially 

mirrored mirrored 

Amplifier 

Oscillator 

Fig. 1. Laser Cavity 

1.1.1. Amplifier 

In a solid state system, the amplifying medium will often have the 

characteristic of being transparent in the infrared and visible regions of 

the EM spectrum until it is doped or "contaminated" with a metal ion. 

Host materials for solid state systems are often single crystal oxides or 

fluorides, and the dopants are usually rare earth or transition metal ions. 

Some typical dopants are italicized in Table 2. 



Table 2 
DOPANTS 

Rare Earth (15) 
Sc Y La Ce 

PrNd Pm Sm Eu 
Gd Tb Dy Ho Er 

7m Yb Lu 

Transition Metals (d5) 
Ni TiCoVCr 

Within the crystalline lattice, a metal ion has a discrete number of 

energy levels which an electron can occupy. Crystal Field theory is often 

used to describe the energetics of a metal ion in a crystalline lattice. Fig. 

2 shows how the energy levels of the electrons of a metal ion can be split 

by the ligands of a crystal field. 

A e 
g _ 

<b 2g w 

Crystal field 
splitting 

LU 

d orbitals in a 
free metal ion 

d orbitals in 
an octahedral 
complex ion 

Decreasing distance between the metal ions & ligands 

Fig. 2. Crystal Field Splitting 

An electron can be excited into a higher energy (E2) level from the 

lower energy (E1) level by the absorption of incident light, e.g. by being 



"pumped" into the higher energy state by another light source such as a 

flashlamp or another laser. If enough electrons (N) are excited into this 

state, a "population inversion" occurs. Then there are more electrons in 

the higher E state than in the stable ground state (N2>Ni), Fig. 3. 

Electrons may then spontaneously fall from the higher state emitting the 

absorbed energy in the form of a randomly directed photon. There is no 

phase relationship between or among successive spontaneously emitted 

photons, and the emitted light is incoherent. 

Electrons may also be stimulated to fall by an incident electro

magnetic field created by one of the spontaneously emitted photons. In 

this case, the emitted light is in phase with, has the same polarization 

and the same direction of propagation as the stimulating radiation. 

Lasers operate by this type of stimulated emission and, if a population 

inversion is maintained, a coherent laser beam can be maintained. 

Amplifying medium ( N 7 > N I )  
Output w;i\e 

Input wave 

(a )  

Absorbing medium (/VjOV,) 

Input wave 
Output wave 

(b) 

Fig. 3. Amplification of a traveling electromagnetic wave in (a) an inverted population (N2>Ni), and 

(b) its attenuation in an absorbing (N2<N-|) medium.1 

1Yariv, Amnon. Optical Electronics. 3rd, ed.. Holt, Rinehart, and Winston: New York, 1985, pg. 
133. 



1.1.2. Oscillator 

The resonant cavity plays a significant role in laser operation. In the 

early stages of the laser process, photons are emitted in all directions. 

Those photons that are not along the axis pass out of the cavity and are 

not amplified. The mirrored surfaces composing the oscillator allow the 

beam to build up, effectively turning the light into a collimated beam. 

The cavity will support only an integer number (m) of half wavelengths 

of light (*72) spanning the length of the cavity (L): 

In other words a standing wave condition must hold, with a node at each 

mirror. L must be a whole number multiple of *72. 

The cavity can support an infinite number of longitudinal cavity 

modes, each with frequency Vm, as given by the following, where v is the 

velocity of the light in the medium: 
mu 

vm 2 L 

Each mode is separated by a constant distance A v j given by: 

These cavity modes are narrower in frequency than the bandwidth of a 

normal spontaneous atomic transition. In other words, out of a broad 

range of frequencies available, the cavity will select and amplify only a 

few. (Fig. 4). 



Atomic 
transition 

Cavity modes 
o!2L 

A AA ATvA 

Fig. 4. Comparison of the broad atomic emission spectrum with the narrow cavity modes.1 

A v can be chosen such that only a single mode may fit within the 

transition range. By changing the cavity length, one can effectively tune 

over a range of frequencies. The cavity length can be changed by 

varying temperature or pressure or by application of external electro

magnetic fields. 

1.1.3. Background 

In 1960, the ruby laser was first put into operation. A schematic 

diagram is shown below in Fig. 5. The active medium in this system is a 

small cylindrical crystal of alumina doped with 0.05 % chromium oxide. 

This crystal is polished and silvered on both ends, one end only partially, 

to form the resonant cavity. A flashtube surrounds the active medium and 

acts as a pump for the laser. The original device is small enough to fit in 

the palm of one hand. 

1Hecht, Eugene, Optics. Addison-Wesley: Reading, MA, 1987, pg. 582, Fig. 14.27 b. 



.Flashtube 

'Beam 
Trigger 

electrode 

Fig. 5. Schematic diagram of the first ruby laser 

1.1.4. 3-level laser 

The ruby laser is an example of a 3 level laser. Ruby is red because 

it absorbs light in the blue and green regions of the spectrum. The 

flashlamp excites the electrons of the chromium ions into the absorption 

band. (Fig. 6) The electrons rapidly relax to a metastable state and 

remain there about 3 ms until they spontaneously relax to the ground 

state. This relaxation is accompanied by the emission of a photon of 

694.3 nm wavelength. The light emitted is incoherent until a population 

inversion occurs and is maintained, and when the spontaneously emitted 

photons stimulate a chain reaction. The resonant cavity increases the 

intensity of the light with each successive pass. 

The emitted pulse of red laser light lasts about 0.5 ms and has a 

linewidth of 0.01 nm. The three levels of this system are composed of 1) 

the absorption bands, 2) the metastable state, and 3) the ground state. 

Today the ruby laser is a high power source used in interferometry, 

plasma diagnostics, and holography. The ruby laser has coherence 

lengths (the extent in space over which the wave is nicely sinusoidal so 



that its phase can be predicted reliably1) ranging from 0.1 to 10 m. As an 

oscillator, one can generate millisecond pulses ranging from 50 to 100 J 

of power and, with a special amplifier setup, greater than 100 J can be 

obtained. What is surprising, however, is that even the best ruby laser 

system has an overall efficiency of less than 1%.2 

> 
<i> 

E-<i> 

(100 ns) 

Metastable 
states (3 ms) 

Nonradiative 
transitions 

green 

Stimulated 
emission 

photon 
694.3 nm Absorption 

PUMP 

Ground State 

300 ' 400 500 600 

Wavelength (nm) 

Fig. 6 Ruby Laser, 3-level system3 

700 

1.1.5. 4-level laser 

In the 4-lever laser system, Fig. 7, the number of ions needed in the 

metastable level to create the population inversion is lowered by the 

1lbid. pg. 264. 
2lbid. pgs. 578-582. 
3lbid. pg. 581. 



addition of a terminal level. Unlike the ground state in the 3-level system, 

this level is relatively unpopulated. The metastable level lies at a 

wavelength of about 1000 cm1, which is a greater energy than the 

energy available to thermally excite an electron into this level at room 

temperature.1 Nd:YAG is an example of such a system.2 

•• 
x-x-xyxyx*:-:-:-:-; 3 111 

Very fast 
transition 

Pump 

transition LASER 

E » k T  
Ground state 

0 

Fig. 7. 4-level laser3 

The theory of operation of tunable lasers is quite standard for a 

number of systems. The materials used in these laser arrangements 

then becomes the issue. Because tunability is desired in different 

regions of the EM spectrum, different materials are needed. There are 

10£. CiL, Yariv, pgs. 155-5. 
2Fishlock, David, Ed., A Guide to the Laser. MacDonald:London, 1967, pgs. 33-8. 
3Qp. Cit.. Yariv, pg. 155. 



some characteristics which are desired by all materials, however. These 

characteristics are described in the following section. 

1.2. MATERIALS CHARACTERISTICS 

Some of the desired materials characteristic were listed in Table 1 in 

the introduction. 

First, the material must have a large band gap. A large band gap 

means that the material will be transparent in the visible regions of the 

spectrum. Transparency may also be desired in the infra-red or where 

the laser activity is desired. 

Second, the host material must be stable in many ways. It must be 

mechanically stable to withstand handling and preparation with 

abrasives. It must be thermally stable from low liquid helium 

temperatures for optical characterization to whatever temperature is 

required by its application. Or, if it requires heating or annealing 

treatments, it should withstand these temperature variations. 

Characteristically, many oxides have very high melting points, so gradual 

heating is not usually a problem for these materials. Large temperature 

gradients, however, may cause any material to fracture if it is prone to 

cleavage or has any inherent stresses created by its growth or 

processing techniques. Thermal gradients may also be produced by 

heating due to laser pumping. The material must also be chemically 

stable and insoluble in water, alcohol or acetone, since all are widely 

used in the preparation of these materials. 



Third, the material of choice should have a simple crystal structure. 

There may be a variety of cation sites in which to place an active metal 

ion. Complex crystal structures may be difficult to fabricate and to 

characterize. The search for materials to cover laser operation in many 

regions of the spectrum has made it necessary to go to more complex 

structures. Complex structures pose problems for growth- in maintaining 

stoichiometry, for doping- in creating a variety of sites, and for optical 

analysis- in requiring more detailed calculations and more analytical 

techniques. 

Fourth, the system must be economically feasible, both in 

components and in growth systems if it is to be produced on a larger 

scale. 

Finally, some desired spectral characteristics for a tunable laser 

material would be strong broad-band absorption and fluorescence for a 

large tuning range, and significant longevity of the laser or fluorescence 

transition. From absorption, fluorescence data, important information 

may be obtained about the band structure of the metal ion in a host 

lattice. Lifetime data can give information on band structure, ion 

coordination and whether laser activity might be possible. 



1.3. APPLICATIONS 

Tunable lasers find use in many applications and in many sectors of 

society. Some uses are listed here in Table 3.1 

Table 3 
Tunable Laser 
APPLICATIONS 

MILITARY 
• infra-red imaging, detecting 
• range-finding 
• telecommunications 
MEDICAL 
• heat source, cutting 
• repairing 
INDUSTRIAL & SCIENTIFIC 
• holography 
• measurement, control 

- lifetimes 
- distances 
- interferometry 

•spectroscopy 

2. CRYSTAL GROWTH 

2.1. TRADITIONAL TECHNIQUES 

There are many crystal growth techniques which have been or are 

currently employed in the growth of bulk single crystal materials. The 

major techniques are briefly reviewed in this section, including the 

Vertical Gradient Freeze Technique (VGF) used to grow lanthanum 

magnesium aluminate. A properly grown and engineered material can 

be as important in the operation of the laser as a well designed resonant 

cavity. Crystals are being grown today to cover the entire visible and 

1 Beesley, M.J., Lasers and Their Applications. Taylor & Francis, Ltd.:London, 1972. 



infrared regions of the spectrum in anticipation of obtaining tunability 

across the entire optical region.1 

2.1.1. Verneuil 

The Verneuil, or "flame fusion" method has been in use for many 

decades. In 1902 this technique was used to grow ruby crystals, in 1920 

to grow spinel crystals and in 1947 to grow rutile. Only minor changes 

have been added to this system since its development. In this technique 

an oxide powder is passed through an oxy-hydrogen flame. Droplets of 

material are formed and fall on a ceramic plate and cool.2 (Fig. 8) 

Successive layers spread over the curved surface, forming striations. 

Bubbles are often incorporated in this technique, and the bubbles and 

striations often identify the synthetic origin of such crystals. This 

technique is still widely used in France. 

Powder + Coloring agent 

Oxy-hydrogen flame 

0 Oo 
n 

Boule 

BMaaaaa^^ Ceramic plate 

Fig. 8. The Verneuil Technique 

1Cleo 88 

^Klein, Cornelis and Cornelius S. Hurlbut, Jr., Manual of Mineralogy. 20th ed.. John Wiley & 
SonsrNew York, 1985., pg. 524. 
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It may be necessary to define two terms which are widely used in the 

field of crystal growth: (1) the charge, which is the mixture of compounds 

used to form the bulk crystal, and (2) the boule which is the bulk crystal 

formed from the charge. 

2.1.2. Flux Technique 

The flux technique combines a powder of a desired composition, B in 

Fig. 9, with a non-reactive material, A, of a lower melting temperature. As 

the flux melts, the powder is dissolved. And as the system is gradually 

cooled, nuclei form and crystals grow in competition with one-another. 

The flux is then removed. Emerald and ruby are grown by this technique. 

In the ruby system, the chromium and aluminum oxides are dissolved in 

PbF. Large boules are difficult to obtain by this method because of 

competing growth between the nucleated crystals,1 unless the system is 

intentionally seeded. 

T 
A 

T 
B 

A 
solvent 

C m B 

Fig. 9. Flux Growth 

11bid, pg. 525. 



2.1.3. Hydrothermal Growth 

Since naturally occurring minerals come from hot, water rich 

solutions, the technique of hydrothermal growth was developed. This is 

a high temperature, high pressure process in which the constituents are 

dissolved in a high temperature area and are precipitated in a lower 

temperature area. The furnace, as seen in Fig. 10, consists of an 

autoclave or heavy walled steel cylinder closed at one end. It is filled 

with material as shown. Using quartz as an example, fragments are 

placed in the bottom of the autoclave and seeds on the top. A catalyst is 

added to increase the solubility of the fragments. The autoclave is 

placed in a furnace with the shown temperature gradient. As the 

temperature is raised, the water expands and the pressure inside can be 

increased to 20-25,000 psi. Since this temperature and pressure are 

beyond the critical point, or the point at which liquid and vapor can 

coexist, no boiling takes place within the furnace.1 A convection current 

carries the dissolved Si02 and deposits the material on the plates. Ruby 

and Emerald have been grown by this technique, but it is mainly used to 

grow quartz.2 

1 Lupis, C.H.P., Chemical Thermodynamics of Materials. North-Holland:New York, 1983, pg. 40. 
2lbid. pg. 525. 
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Fig. 10. Hydrothermal Growth 



2.1.4. Bridgman 

The Bridgman or "gradient freeze" technique is widely used for 

GaAs growth. A poly-crystalline sample is first formed by pre-reacting the 

components and is placed in a non-reactive boat (Fig. 11). The boat 

contains a seed at one end and is placed in a furnace. A heater is 

passed along the furnace at a typical rate of about 5 jjm/sec and imposes 

a temperature gradient of about 10°C/cm.1 This is a directional 

solidification technique, so a distribution of dopant will result depending 

on the dopant's solubility in the solid versus its concentration in the melt.2 

The distribution coefficient is given by the following:3 

k = Cs/Cm 

Further discussion can be found in the references. 

polycrystolllne sample 

Gas 

seed 

t 
T 

— D i r e c t i o n  o f  h e a t e r  t r a v e l  — * •  

Fig. 11. The Bridgman Technique 

1 Ghandhi, Sorab K.. VLSI Fabrication Principles. John Wiley & Sons:New York, 1983, pg. 85. 
2Hartman, P.. Crystal Growth: An Introduction. North-Holland Publishing Co., Amsterdam, 1973, 
pg. 223-32. 
3Brice, J.C., The Growth of Crystals from the Melt. North-Holland Publishing Co., Amsterdam, 
1965, pgs. 63-9. 



2.1.5. Czochralski Technique 

The Czochralski technique is the most highly developed crystal 

growth technique and is used extensively in the semiconductor industry 

to grow silicon. This technique can also be modified to grow gallium 

arsenide. In this system there is a crucible with contains the molten 

material and a rotating rod which holds a seed crystal, as shown in Fig. 

12.1 The seed is touched to the surface and is rotated and pulled at a 

typical rate of 10 pm/sec for silicon. The crucible may also be rotated. 

The rotation and pull rates determine the size or diameter of the boule. A 

fast growth rate is initially used so that any defects may be propagated 

out of the crystal and a slow rate is then used to increase the diameter of 

the boule. 

2.1.6. Float Zone 

The float zone technique may or may not be considered as an 

independent technique since it relies on the same principles as other 

directional solidification techniques. In this system, we start with a 

precast rod of starting material and scan it with a heater (Fig. 13), as in 

the Bridgman technique. However in this system there are no crucible 

restraints, ie. no contact with the crucible, and the resultant material is 

often very high quality and high purity.2 

1Oj3. Cit., Ghandhi, pgs. 86-101. 
2lbid. pgs. 101-108. 
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Fig. 12. The Czochralski Technique 
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2.2. VGF TECHNIQUE 

The vertical gradient freeze technique was developed within the past 

fifteen years at MIT Lincoln Laboratory. It has been used extensively in 

the growth of Co:MgF2 crystals, and more recently to grow Ti:Al2C>3 

crystals with low residual absorption.12 The furnace and tungsten 

crucible used for this type of crystal growth are shown in Fig. 14. The 

furnace is resistance heated by a cylindrical tungsten mesh element 

which is enclosed in a water-cooled stainless-steel jacket. The furnace is 

equipped for vacuum or inert gas operation. 

The VGF furnace provides a temperature gradient with a set of 

molybdenum/tungsten heat shields that are designed to radiate most of 

the heat towards the center of the furnace at the top of the furnace and 

gradually less towards the bottom. The heat shields are made by spirally 

winding a set of embossed molybdenum sheets so that there are 

approximately ten layers at the top and two near the bottom. The 

temperature differential is approximately 70°C at operating temperatures. 

A tungsten crucible, formed by vapor deposition, is inserted in the 

center of the cylindrical heating element and sits on a pedestal which is 

supported by a water-cooled copper base. The crucible has a small 

protrusion at the bottom which holds the seed crystal. The seed is cooled 

by conduction through the pedestal and copper base. The smallest 

portion of the crucible is 5 mm in diameter and is tapered to facilitate 

1Qp. Cit. Strauss, et. al. 
2Laville, F., et.al„ "Synthesis, Crystal Growth, Structural Determination, and Optical Absorption 
Spectroscopy of the Magnetoplumbite Type Compound La NiAlf iO-|g *_Jrnl. of Solid State Chem, 
Vol. 65, pgs. 301-8 (1986). 



easy removal. The top diameter is 2.5 cm with a 1° taper. The crucible 

has an insertion lid which may be completely welded or spot welded to 

enclose the charge. 

The temperature is measured indirectly with a W/W-Re thermocouple 

which is set back within the heatshields. This furnace has many 

advantages for laser crystal growth as it both requires and maintains a 

reducing atmosphere; so that the valence state of many of the dopant 

ions can be controlled if the reduced valance state is most desirable. 

HEATER 

GROWTH • 
INTERFACE! 

WATER-COOLED 
JACKET 

VACUUM 

SEED 
HEAT SHIELDS 

GAS 

WATER 

CURRENT 

Fig. 14. The VGF furnace 



Since all of these techniques have crystal growing advantages, Table 

4 was composed to list some of the disadvantages or draw-backs which 

may prevent the growth of certain crystals by these techniques. 

Table 4 
Growth System Disadvantages & Advantages 

Technique Disadvantages Advantages 
Verneuil 'stresses • simple technique 

• gas incorporation 
• control of dopant valence state 

Flux Growth many nuclei, competition 
flux must be inert to 

powder & dopant 
mixing contamination* 

- can grow incongruent 
melting compounds 

Bridgman external stresses 
heater continuity 

• simple technique 

Czochralski 1 directionally dependent 
low thermal conductivity 

(radial direction) 
requires flat interface 

no crucible restraints 
variable growth, can 
propagate dislocations 

Float Zone/ • more expensive • higher purity 

Zone Refining 

VGF Technique • atmosphere control • system stability 
• crucible stresses • atmosphere control 

(control valence state) 

'Contamination 
• provides nucleation sites, growth inhibitors 
• disruption of optical properties (absorption) 
• changes furnace operation 



3. LANTHANUM MAGNESIUM ALUMINATE (LMA) 

3.1. CRYSTAL STRUCTURE 

The LaMgAlnOi9 structure is a derivative of the hexagonal 

magnetoplumbite structure PbFe-^Oig (Fig. 15) with Al ions substituting 

for the Fe ions, La ions for the Pb ions and Mg ions replacing one of the 

Fe ions. X-ray pattern generation made by the French authors have 

been used as reference in the standard card search system and used for 

structural confirmation of our synthesized materials. Within this structure, 

two La and five Al sites have been shown, as given in Table 5. The two 

La sites have 12-fold symmetry whereas the Al sites have two which are 

octahedral, two tetrahedral and one which possesses 5-fold 

coordination. 

More recently, work at Bell Labs1 has shown a tetrahedral site as the 

most probable environment for the Mg ion. Many of our dopant ions with 

a valence state of 2+ are thought to substitute for the Mg ions, therefore 

the site symmetry of this ion is very important. Much work has been done 

to determine the site occupancy and coordination of the components.2 

Adding dopant ions further complicates the structure and makes the 

occupancy difficult to determine by traditional X-ray techniques. Often 

electromagnetic resonance (EMR) along with optical spectroscopy and 

quantum mechanical calculations are necessary for accurate structural 

determination. 

1Brandle, C.D., G.W. Berkstresser, et.al., ACCG-7, Nov. 1987. 
^Saber, D. and A.M. Lejus, "Elaboration and Characterization of Lanthanide Magnesium Aluminate 
Single Crystals with the Formula LnMgAlnO-|g," Mater. Res. Bull., Vol. 16, (1981) 1325. 
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Mirror plane 

black 

Fig. 15. The hexagonal magnetoplumbite structure 

Table 5 

Cationic Environments in LaMnAli 1O.19 

La(1) 0(3)X4 2.658(3)A 
0(1)X2 2.702(3) 
0(3)X2 2.750(3) 
0(1 )X2 2.767(3) 
0(1)X2 2.885(3) 

La(2) 0(1)X2 2.248(3) 
0(3)X4 2.574(3) 
0(1)X2 2.839(3) 

Al(1) 0(2)X6 1.883(0) 
Al(2) 0(2)X3 1.818(0) 

05) 1.855(5) 
Al(3) 0(3)X3 1.877(3) 

0(1)X3 1.977(3) 
Al(4) 0(3)X2 1.832(3) 

0(4) 1.848(3) 
0(5) 1.964(3) 
0(2)X2 1.979(2) 

Al(5) 0(1 )X3 1.763(5) 
0(4) 1.996(6) 
0(4) 2.491 (6) 



3.2. PREVIOUS GROWTH ATTEMPTS 

The LMA structure was initially studied by Verstegen, Sommerdijk 

and Vierriet.1 Their work was aimed at finding a host lattice appropriate 

for phosphoric applications (1973). More recently, however, Kahn, Lejus, 

Madsac, and Thery2 have not only synthesized this material but have 

attempted to grow optical quality single crystals of this material for 

potential laser applications. Their work has produced crystals by the 

Verneuil, float-zone and Czochralski methods. Their best crystals were 

grown most recentjy by the Czochralski method. Most of their initial work 

was of the LMA structure doped with Nd3+ substituting on the La site in 

the lattice. More recently, however, this group has been forming the host 

material with transition metal ions such as (Ni2+, Cu2+, Co2"1", Fe2+) and 

(Cr3+ and Ti3+), which are thought to substitute for Mg2+ and Al3+ 

respectively. They have also done a few experiments with co-doping this 

material.3 Co-doping the material may unblock certain transitions which 

may be advantageous for laser operation. It may also be that a dopant of 

one type is good at absorbing radiation from the pump but dees not have 

suitable laser transitions, whereas another co-dopant is a good laser 

source but has insufficient absorption bands for pumping. In some 

circumstances, the first type of dopant may transfer all of its excitation 

energy to the second which then contributes to the laser emission.4 

^J.M.P.J. Verstegen, J.L. Sommerdijk, and J.G. Verriet, J. Luminescence, Vol. 6, pg. 425, 1973. 
2Kahn, et. al., J. Appl. Phys., 52(11), Nov. 1981. 
3Cleo 1988 
4QP. Cit.. Fishlock, pgs. 145-6. 



3.3. SYNTHESIS 

The type of furnace used during the synthesis and growth runs was 

previously shown in Fig. 14. MIT Lincoln Laboratory has four of these 

furnaces, two of which have the same size heat zones. The two similar 

furnaces were used for these experiments: one for the synthesis and one 

for the growth runs. 

Both furnaces were calibrated using a piece of sapphire crackle 

which was just melted. In the growth furnace, since the melting point of 

sapphire is known to be 2045 °C, the temperature difference between the 

thermocouple location and the center of the crucible was easily 

calculated. A linear variation from room temperature to the melting point 

was assumed. 

The synthesis of LMA was performed in a furnace which was 

equipped with a straight set of heat shields to provide a uniform 

temperature across the crucible. A straight walled molybdenum crucible 

was used to contain the necessary ratio of component oxides: La2C>3, 

MgO, and AI2O3. 

The MgO was made from the calcining of MgC03. The carbonate was 

first heated in a C&M resistance heated furnace for 3 hours in air at 1200 

°C, and then weighed. By weight, this reaction was an incomplete 

conversion. The material was then returned to the furnace for an 

additional 12 hours under the same conditions. The final weight loss 

was more than sufficient for conversion, which may indicate that some 

water was also present in the carbonate. If MgO has a reasonable vapor 

pressure at this temperature, MgO may also have been lost. A more 



accurate determination of the lost products could have been made by 

weighing the powder after 400 °C, and noting how much loss was 

actually due to the water content. X-ray powder diffraction confirmed 

MgO formation, however, which was sufficient for our purposes. 

The aluminum oxide was in the form of "crackle", having been 

previously purified by single crystal growth using the flame fusion 

method. The crackle was purchased as large single crystal pieces. 

These large pieces were broken into smaller pieces in order to fit a 

sufficient quantity into the crucible. The small pieces were obtained by 

thermally shocking the material during quenching from 1000 °C into 

room temperature water. 

The lanthanum oxide came as a very small particle sized powder from 

American Potash and Chemical Corporation many years prior to this 

experiment. All oxides were of the highest obtainable, crystal growth, 

purity. 

The oxides were combined in a molybdenum crucible which was 

capped and crimped and heated to a temperature greater than 2045 °C 

0"m AI2O3). Initially the furnace was evacuated to 0.1 torr until 1000 °C. 

Beyond 1000 °C, the samples were heated in argon and slowly cooled 

over 3-4 hours. 



*- T > 2045 °C 

T- 1200' C 

La O 

weighed • Single crystal 
water-quenched 

T •= 1000 ' C T •= 1200'C 

MgC03-Mg0+ C02t  

•weighed & x-rayed 

Molybdenum crucible 
(capped &. crimped) 

Fig. 16. Synthesis Procedure for LMA 

LMA synthesis was confirmed by x-ray diffraction after our first 

experiment. The resultant material is shown in Photo 1. Many single 

crystal platelets were present in this polycrystalline sample. All were 

approximately 3 mm thick and varied from 3 to 12 mm in length. Some of 

the platelets showed the hexagonal form of this crystal system as can be 

seen in Photo 1 and enlarged in Photo 2. 



METRIC 1 

Photo 1. Synthesized LMA. 



39 

Photo 2. Enlarged region showing hexagonal structure. 



The lanthanum oxide may have reacted with the heat shields during 

the first run forming a low Tm alloy. This may be so because the 

lanthanum oxide was the only component not dehydrated by a 

preheating step. To prevent further damage to the furnace, the La203 

was heated along with the MgO (in a separate crucible) in the C&M 

furnace. A notable weight loss was observed from the lanthanum oxide 

and from future experiments we found it necessary to heat the La203 just 

prior the the synthesis run to avoid reaction with the heat shields, 

thermocouples and heating elements in which it tended to change the 

resistances. The weight loss in this material may be largely attributed to 

water. All problems were corrected by pre-firing the oxide, quick heating 

and cooling (approximately 4 hour cycle) during the synthesis runs, and 

capping and crimping the molybdenum crucible with molybdenum foil 

during the synthesis runs. 

3.4. VGF GROWTH 

A platelet of the synthesized material was used to make our first 

unseeded crystal, doped with 1 mol% Ni2+ in LMA. We used nickel for 

our first dopant so that we would have optical data for comparison with 

the literature. The dopant concentration was calculated as follows, using 

NiO and neglecting the oxygen excess introduced into the system: 



1 mole NiO = 74.7094 g 

1 mole LaNiAI-|iO-|g = 798.4051 g 

1 mole LaMgAI-j-jOig - 764.0071 g 

NiO = 9.357 wt% LaNiAI-|-|0-|g 

(0.01)798.4051+(0.99)764.0071 = 764.351 g/mol LaNio.OlMgo.99Ali-|Oig 

(0.09357 Ni0/LNA)(798.4051 LNA/764.351 Ni'.LMA) = 0.09774 wt % NiO in 

LaNio.01 Mg0.99All 10i g 

The crucibles used from the growth runs were made of vapor 

deposited tungsten and had insertion lids which were welded closed to 

prevent any material from easily escaping into the furnace chamber while 

it was being evacuated. The synthesized material was slowly heated to 

avoid any complications due to outgasing of the material in the crucible. 

Pressure was maintained below 50 microns until 1000 °C, at which point 

an argon atmosphere was added to the furnace. The main problems with 

outgasing occurred either during the synthesis runs, as explained, or 

during the growth runs if the crucible was insufficiently welded or 

cracked. LMA did not seem to significantly react with the tungsten 

crucibles, making them an appropriate choice for growth containers. 

The LMA single crystals doped with Ni, produced numerous platelets, 

again due to the cleavage planes perpendicular to the c-axis. This 

cleavage provided an excellent source for crystal orientation, but yielded 

numerous difficulties in growing large crystals, as any small mechanical 

strain could cause the material to break along this plane. (Even though 

cleavage is an inherent materials property, the material may be 

weakened or strengthened by certain growth techniques so that the 

cleavage might not hinder the material's performance as a laser.) Large 



platelets were obtained from the Ni-doped sample, the largest of which 

measured approximately 20 x 15 x 3 mm. The dopant level in this run 

was too low to measure any optical absorption. Smaller pieces, 

however, provided good material for seeding in the following growth 

experiments. 

Cobalt doped crystals were tried using a Ni-doped LMA seed. The 

same growth technique was attempted. Growth was oriented along the 

a-axis of the material. Because the seed was so small as compared to 

the bulk of the charge, the Ni2+ concentration in the Co2+ crystal was 

negligible. The first attempt however was lost due to a power 

interruption. Normal power fluctuations are self-corrected by a three 

capacitor relay system attached to the furnace power supply. The LMA 

obtained after this power failure had uniformly reacted with the CoO as 

the material was completely blue. This material was then reloaded with a 

new seed into another tungsten crucible. The melting point of many 

LMA compounds lie within the range of 1800 °C up to 1870 ±20°C1-2'3. 

During our growth runs, we went from 100 °C to 150 °C above this 

melting point in order to assure the material was in a completely molten 

state near the seed. 

Growth runs varied from 3-5 days. A temperature gradient of 8 

°C/cm was maintained throughout this time period. The initial cooling 

1Op. Cit. Laville F., et. al. 
2Wyon, C., J.J. Aubert, et.al., "Crystal Growth and Optical Properties of LaMgAli 1O-i g:Ti3+", Cleo 
87, TuB2-1. 
3Laville, F. and A.M. Lejus, "Crystal Growth and Characterization of LaMAI-j -jO-ig Lanthanum 
Aluminates," Journal of Crystal Growth, Vol. 63 (1983), pgs. 426-8. 
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rates were approximately 3 °/hour corresponding to a growth rate of 4 

mm/hour, and increased to 20 °/hour for the final 24 hours. 

Photo 3 is a picture of Co:LMA. The true color of the sample was 

more of a "cobalt" or "royal" blue. The black spots are defects on the 

surface of the crystal. There was little reaction between the crystal and 

the tungsten crucible as evidenced by these few spots. The interference 

patterns seen in the photograph are created by air "gaps" in the crystals 

because of its cleaving tendency. 

Photo 4 is also of Co:LMA with the light reflected off of the facing 

surface. The front surface is a natural cleavage plane lying 

perpendicular to the c-axis. This picture shows the growth interface 

which is flat over the central region. The cooling rate during this run was 

increased too early, which is why the interface is visible. Another day of 

slower growth may have produced a larger"optical" sample. Interfaces 

can also be visible when the dopant level within the crystal is greater 

than the solubility limit of the host material, but since our dopant level 

was low, and the segregation coefficient also apparently low, we 

believed this not to be the effect. 

Following cobalt, we next doped the LMA with vanadium, and then 

titanium. For the vanadium run we used VO2 as the dopant and pre-

synthesized LMA. Crystals of vanadium doped LMA were green in color. 

Some platelet samples taken from the run were transparent, however the 

majority of the sample was "frosted" or translucent possibly due to 

innaccurate weighing, material loss, exsolution on cooling, or too much 

dopant. 



Photo 3. CotLMA back illuminated. 



Photo 4. Co:LMA front illuminated. 



For the titanium doped crystals, we used a pre-reacted stoichiometric 

mixture of Ti2C>3 and LMA to form a polycrystalline charge of 0.6 wt% 

Ti203 in LaMgAlnOig doping. Titanium doped crystals had significant 

cleavage. However, large enough samples were available for our optical 

measurements. Titanium doped crystals were "reddish" in the 

fluorescent light in the lab, and almost "bluish" in white light or sunlight. 

Apparent color differences may result from personal perception, but are 

usually the result of a variety of conditions. Color depends on the eye's 

sensitivity and bias, but also depends to a great extent on the light source 

in which it is viewed.1 

A summary of the growth runs attempted, the dopants used, and the 

results are given in Table 6. 

Table 6. 
VGF growth runs of doped LMA 

No. Depart Resits 
1 1 mol% Ni2"1" platelets, insufficient dopant 

concentration. 

2 2 mol% Co2+ Run lost to power failure. 

3 " Used previous charge,good 
quality, single crystal. 

4 undoped poor seeding, many 
platelets available for future 
seeds. 

5 2 mol% V2* Mostly translucent, single 
crystal platelets. 

6 0.4 wt% T12Q3 Poor quality, some platelets. 

7 0.6 wt% Ti2Q3 Single crystal material in 
core. 

Kingery, W.D., H.K. Bowen, and D.R. Uhlmann, Introduction to Ceramics. 2nd, ed.. John Wiley & 
Sons:New York, 1960, pgs. 677-89. 



3.5. Previous Data on Optical Characterization 

In the discussion the results of the optical characterization of the 

cobalt and titanium doped LMA samples, comparisons are made with 

other data found in the literature on doped materials which have similar 

cation site symmetry. Comparisons for CorLMA are made with Ni2+ 

doped LMA and Co2+ doped ZnO, since both are divalent transition 

metal ions. For Ti3+:LMA, there is data on Ti:LMA grown by the 

Czochralski method and Ti:Al203 grown by the VGF technique. 

Similarities in optical properties between or among certain materials give 

evidence to support our observations made on the site preferences of 

cobalt and titanium in LMA. 

LMA has been doped with a number of rare earth and transition metal 

ions for use in various applications. In 1973, Verstegen, et.al. doped the 

material with Ce3+ and Tb3*.1 Prior to that date, materials with the 

magnetoplumbite structure were well-known host lattices for luminescent 

materials doped with Eu2+2 and Mn2"1"-3 Verstegen later doped LMA with 

Eu2+, Mn2+, and Tl+.4 In 1976, Stevels, et. al., also studied the 

luminescent properties of LMA doped with Eu2+.5 In 1981, Kahn, et.al. 

studied the structure, optical, and magnetic properties of LMA doped with 

Nd3+, indicating its potential use as a high powered laser.6 In 1983, F. 

Laville and A.M. Lejus studied the structure of LaMAInO-ig with M=Ni, 

1Op. Cit. Verstegen, et. al. 
2Kroger, F.A., Some Aspects of the Luminescence in Solids. Elsevier Amsterdam, 1948. 
3Blass, G. and A. Brill, Phillips Res. Rep 23,1968, pg. 201. 
4Verstegen, "A Survey of a Group of Phosphors, Based on Hexagonal Aluminate and 
Gallate Host Lattices," J. Electrochem. Soc, 121 (12), 1974, pgs. 1623-7. 
5Stevels, A.L.N. et. al., J. Electrochem. Soc., 123 (5), 1976, pgs. 691-7. 
6Kahn, A., et. al., "Preparation, structure, Optical, and Magnetic properties of ...(LnMAIiiO-|g)," J. 
Appl. Phys., 52 (11), 1981, pgs. 6864-9. 



Co, Fe and other rare earth and transition metals.1 In their study, crystal 

growth and materials properties such as microhardness of LMA were 

evaluated. In 1983, another group of scientists, Lebedev, et. al. studied 

defects in LMA grown by a directional solidification method.2 X-ray 

induced defects3 were studied by Grourier, et. al. in 1986. 

The two most important studies of LMA to our area of research, were 

done by R. Moncorge and T. Benyatton in 1986 and C. Wyon, et. al. in 

1987. 

In the first paper, Moncorge discusses the optical properties of LMA 

doped with Ni2+.4 Although the details of the explanation are not 

elaborated, they state that there are a group of solid-state lasers (of 

which LMA hosted materials are a part) which are tunable because the 

terminal state of the laser transition is coupled to the semi-continuous 

spectrum of the lattice phonon modes.5 This coupling creates an 

associated fluorescence spectrum which is very broad. The broadness 

of the fluorescence spectrum is a desired materials property, as given in 

Table 1. The broader fluorescence range gives a broader range over 

which the gain of the material is sufficient enough for laser operation. 

Moncorge provides optical absorption and fluorescence data for 

Ni:LMA and a discussion of the transitions believed to be contributing to 

1 Laville, F. and A.M. Lejus,"Crystal Growth and Characterization of LaMAIiiO-|g Lanthanum 
Aluminates," Jrnl. of Crystal Growth, 63 , 1983, pgs. 426-8. 
2Lebedev, V.A., et. al., "Thermally Stimulated Phenomena in LaMgAliiOig » Neorg. Mat 19 (8), 
1983, pgs. 1356-60. 
3Gourier, D., et. al., "X-Ray Induced Defects...with Magnetoplumbite-like Structure," Jrnl. Sol. St. 
Chem, 61, 1986, pgs. 67-80. 
4Moncorge, R. and T. Benyattou, "Ni2"1" Doped LaMgAI-) -|Oig: A Potential Vibronic Laser System 
Near 1.1 ym," Jrnl. Lumin., 35,1986, pgs. 199-206. 
5McCumber, D.E., Phys. Rev. A, 134 (1964), pg. 229. 



this data. In summary, he believes that his absorption spectrum to be 

mainly due to tetrahedrally coordinated Ni, as Ni2+ would tend to favor 

Mg2+ substitution. Because of the large concentration of tetrahedral Ni 

on Mg sites, the intensity of the octahedral transition would be low. The 

fluorescence spectra taken at 514.5 nm, however, is more characteristic 

of an octahedral transition. Because of the good octahedral fit, Moncorge 

believes that there is a small amount of Ni occupying octahedral sites 

within the LMA structure. The spectra give by Moncorge are shown 

below in Fig. 17. 
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Fig. 17. Nî LMA (a) absorption spectrum, (b) fluorescence spectrum. 

In the second paper, Wyon1 presents the absorption and fluorescence 

spectra for Ti3+:LMA. The crystals in this study were grown by the 

10£. Cjt, Wyon, C„ J.J. Aubert, et.al. 



Czochralski technique, and show a residual absorption between the two 

absorption regions as shown in Fig. 18. This residual absorption was 

lowered by annealing treatments in a reducing atmosphere, leading us to 

believe that the Ti3+ had been in an oxidized, Ti4+, state. The 

fluorescence band at 532 nm is also shown in Fig. 18. 
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Fig. 18. Ti3+:LMA, (a) transmission spectrum, (b) fluorescence spectrum. 

Additionally, we compare our CorLMA absorption spectrum with that 

of Co:ZnO. This spectrum is given by P. Koidl1 and is shown in Fig. 19. 

^Koidl, P. et.al., Phys. Rev. B, Vol. 8, pg. 4926 (1973). 



We see two broad band at 560 to 660 nm and 1100 to 1700 nm. The 

polarization dependence of the spectrum is also shown in this figure. 

We also compare data on Ti:Al203 absorption and fluorescence2 with 

that of Ti:LMA, however these spectra are shown superimposed in the 

optical characterization section of this report. 

3.6. Sample Preparation 

The cobalt and titanium doped samples were prepared from the as 

grown crystals in order to proceed with the optical measurements on this 

material. 
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Fig. 19. Polarized Co:ZnO spectrum. 

2Lacovara, P. et. al., "Growth, Spectroscopy, and Lasing of Titanium-Doped Sapphire," IEEE Jrnl. 
Quart. Elea QE-21 (10), 1985, pgs. 1614-8. 
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Fig. 20. Sample Preparation, (a) sample cut, (b) oriented by diffraction, (c) re-cut, (d) ground, and 
(e) polished. 

Large platelets were placed on a ceramic block on one of the cleaved 

faces. The end was then sliced off and X-rayed to orient the sample 

along the a-axis. The material was then sliced a second time. The 

sample was then demounted and ground and polished beginning with a 

9pm diamond paste and ending with a "syton" polish for a high gloss 

surface. The resultant cobalt sample was approximately 4mm thick and 



approximately 15 mm in length. The titanium sample was smaller. This 

procedure is summarized in Fig. 20. 

3.7. OPTICAL MEASUREMENTS 

3.7.1. Absorption 

Absorption measurements were taken using a Perkin-Elmer 

spectrophotometer. In the infrared region, from 850-2000 nm, HR 

polarizers were used. In the visible region, 350-850 nm, HN32 polarizers 

were used. Both n (E parallel to C) and O (E perpendicular to C) 

orientations were viewed at room temperature (300 K) and liquid 

nitrogen temperature (77 K). Measurements at 77 K give finer resolution 

to spectral detail, ie. sharpen the absorption peaks because phonon 

interactions are reduced. 

Lifetime and fluorescence measurements were taken using a 

frequency doubled, pulsed Nd:YAG laser emitting at 532 nm, a SPEX 

spectrometer, an appropriate photomultiplier tube (ie. one which absorbs 

at output wavelengths), a digital oscilloscope, a boxcar analyzer, and a 

chart recorder. Measurements were taken at 90 degrees from the laser 

beam entrance into the samples, in order to obtain a signal with little 

contribution from the Nd:YAG pulses. 

Fig. 21 shows the n polarized absorption spectrum of Co:LMA at 300 

K and 77 K. There are two broad bands, one from 500 to 650 nm and 

one from 1100 to 1700 nm. 
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Fig. 21. Absorption spectra Co:LMA 

Measurements were also take with E (the electric field) perpendicular 

to the c-axis ( G orientation) and E parallel to the c-axis (TT orientation) of 

the material. These spectra are shown in Fig. 22, which shows the 

polarization dependence of the absorption transitions. 
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Quantum mechanical calculations1 have predicted the Co to lie in the 

tetrahedral sites of the LMA structure. This means that Co may lie in 

either the Al or Mg sites. If Co were to sit on tetrahedrally coordinated Mg 

sites, no charge correction would be necessary. If the Co were to sit on 

Al sites however, charge correction would be necessary, and we might 

find these charge balances present in one of the following Brouwer 

approximations: 

The second equation may be favored because of the reducing 

environment in which the crystals were grown. A more complicated 

defect structure would then be present in order to maintain charge 

neutrality within the material for Co on Al sites. 

We might expect the Ti ions to sit on Al sites to maintain charge 

neutrality in the Ti:LMA. If, however, Ti sat on tetrahedrally coordinated 

Mg sites, one of the following charge balances might be present: 

["'*]-TO 

["•*]-P«AJ 

The spectra from the titanium doped crystals are shown in Fig. 23. In 

this figure the Ti:LMA spectrum is compared to the Ti:Al203 spectrum 

which has octahedrally coordinated ions. Both samples show a similar 

absorption band in the red, 400-600 nm in sapphire and 500-700 nm in 

LMA. An additional band from 850-1100 nm is seen in the Ti:LMA but not 

1Dionne, G.F. and M. M. Stuppi, "Interpretation of Spectra: Ti in AI203, Ti and Co in LaMgAI-| -|Oig," 
MIT Lincoln Laboratory, to be published. 



in the sapphire. The second peak is believed to be Ti ions in tetrahedral 

sites. 

The Ti:LMA peak in the red region of the spectrum shows no "splitting" 

as does the similar peak in sapphire. This Jahn-Teller splitting has been 

attributed to the presence of a trigonal field1 in the sapphire and is 

present in other similar materials, but is evidently not strong in LMA. The 

Jahn-Teller theorem states that in any non-linear system, there exists 

some vibrational mode that removes the degeneracy of an orbitally 

degenerate state; 2 hence the splitting of the absorption transition peak at 

500 and 550 nm. Perhaps the LMA structure removes the degeneracy of 

a transition which is present in the sapphire. 
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Fig. 23. Absorption spectra Ti:LMA and Ti:Al203 

The Ti:LMA spectrum obtained was compared to that found published 

by Kahn, et. al. at the same time in the literature and showed good 

agreement.3 The residual absorption in the infrared region as seen in the 

10£. Cjt, Koidl, P. et.al. 
2Atkins, P.W., Molecular Quantum Mechanics. 2nd ed.. Oxford:New York, 1983., pg. 280. 
3Op. Cit. Wyon, C., J.J. Aubert, et.al. 



literature, however, was not present in our samples. The residual 

absorption in titanium sapphire crystals has been attributed to Ti3+/Ti4+ 

pairing.1 It is thought that this mechanism may also be present in other 

titanium doped crystals as in LMA. Our low residual absorption is 

probably due to the reducing atmosphere in which the crystals were 

grown, thereby lowering the Ti4+ concentration. 

Quantum mechanical calculations have attributed the 500-700 nm 

band to octahedrally coordinated titanium2 and the 850-1100 nm band to 

tetrahedrally coordinated Ti. Tetrahedral-site occupation for both cobalt 

and for titanium is unexpected based on the notion that transition-metal 

ions tend to favor octahedral sites based on crystal-field stabilization 

considerations.3 Since these sites are not favored, the ions may not be 

in the assumed valence states of Ti3+ and Co2+ or a more complex 

defect structure may be present. 

3.7.2. Fluorescence & Lifetime 

Fluorescence and lifetime measurements were taken using the set-up 

shown in Fig. 24. Measurements were taken at 300 K using a frequency 

doubled, pulsed Nd:YAG laser emitting at 532 nm. The beam was split to 

lower the amount of power put through the crystal. The signal passed 

through the sample at 90° from the slit entrance of the monochromator in 

1Aggarwal, R.L., A. Sanchez, M.M. Stuppi, R.E. Fahey, and A.J. Strauss, "Residual Infrared 
Absorption in As-Grown and Annealed Crystals of Ti:Al203," submitted to Jml. of Quantum 
Electronics, Nov., 1987. 
2QD. Cit.. Dionne. 
3lbid. 



order to minimize the signal from the pump. Two gratings are moved 

within the monochromator to scan over the spectrum. A fluorescence 

beam from the sample passes through two lenses, the first to collimate 

and the second to focus on the slit of the monochromator. The signal 

from the monochromator is focused on a photomultiplier tube which 

measures the intensity. For the fluorescence measurements the 

photomultiplier signal is passed into oscilloscope to be monitored, and 

then on to an amplifier and chart recorder. For lifetime measurements, in 

order to measure the decay of the signal with time, a boxcar analyzer 

was placed in the set-up as shown. The signal is still viewed on the 

oscilloscope and recorded on a HP plotter. The monochromator during 

the lifetime measurements was set at wavelengths of the maximum 

recorded fluorescence signal. 
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The fluorescence spectrum for Co:LMA pumped at 532 shows a 

broad band from 600 to 800 nm with many spectral features as seen in 

Fig. 25. 

Fluorescence spectrum Co:LMA 
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Fig. 25. 

The fluorescence spectrum for Ti.LMA at 532 nm shows a broadband 

from 600 to 1000 nm (Fig. 26 (a)). This band lies between the two 

absorption peaks of Ti:LMA and at the same position as the fluorescence 

of the Ti:AI203 absorption peak in this region (Fig. 26 (b)). LMA thus has 

a smaller Stokes shift, or energy loss of this fluorescence transition. 
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Fig. 26. Fluorescence spectra of Ti:Al2Q3 and Ti:LMA 

The lifetime measurement for Co:LMA is shown in Fig. 27 as a 

voltage vs time plot. The signal shown shows a ringing, but estimating 

the lifetime (at 1/e) from this measurement gives us about 0.03 ps at 645 

nm and 300K. 

For Ti:LMA the lifetime measurement is shown in Fig. 28 and is 

estimated to be approximately 3 ps at 730 nm. This lifetime is very 

similar to that found in the Ti:Al203 which is due to octahedrally 

coordinated Ti3+. 
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4. CONCLUSIONS & RECOMMENDATIONS 

If our dopant ions are in the divalent state (eg. Ni2+, Co2*), we might 

expect them to substitute for the Mg2* in LMA to maintain electrical 

charge neutrality.1 The Mg2+ site is thought to be a tetrahedral site (Bell 

Labs). The Ti3+ however, might substitute for the Al3+ since both are 

trivalent ions. From the literature; the Al occupies both the tetrahedral 

and octahedral sites, so we might expect the Ti to also lie on both sites. If 

we compare the Ti:LMA absorption spectrum to the well-known 

Ti:sapphire spectrum, where the dopant ion is always surrounded by six 

oxygens, we find similar peaks in the visible regions of both materials. 

The sapphire peak occurs with a maximum near 490 nm, whereas the 

LMA peak has a maximum near 580 nm. This shift may be explained by 

a slight difference in the strength of the static crystal fields in each of 

these materials due to compositional differences. The overall width and 

shape of the LMA peak appears to be similar, although not identical to 

the sapphire. A comparison of the TT and ^ polarized absorption curves 

shows a difference not only in intensity, but in position as well. The curve 

is also absent of the characteristic Jahn-Teller splitting seen in the 

sapphire and in other Ti3+ doped materials.2 

Using the fluorescence spectrum due to this absorption peak in LMA, 

we see another similarity between these two materials. LMA has a 

maximum near 630 nm which is in the same position as the maximum in 

122- Cjt-. Kingery, W.D., H.K. Bowen, and D.R. Uhlmann. 
2Lever, A.B.P., Inorganic Electronic Spectroscopy fsecond edition), Elsevier: New York, 1984, 
pgs. 380-5. 



the sapphire; ie, the Stokes shift in the sapphire is much larger. The 

lifetime of the transition at the maximum of this fluorescence band is 

slightly greater than 2 ps at room temperature, which is again 

comparatively close to that in Ti:Al203 of 3 |JS- With tetrahedrally 

coordinated ions, we would expect an immeasurably small lifetime, as 

has been observed in many materials.1 As a brief introduction, the 

lifetime is related to the oscillator strength of the ion; a higher oscillator 

strength corresponds to a shorter lifetime. The parity, even or odd nature 

or symmetry of the wavefunction, determines whether or not an electric 

dipole transition is allowed or not allowed. The electric dipole is the main 

contributor to the oscillator strength. An octahedral site has a center of 

inversion which maintains the parity of the d orbitals and the first order 

electric dople transition is allowed. Because this transition is allowed, 

the oscillator strength is relatively low and therefore the lifetime will be 

longer. In a tetrahedral site, the first order electric dipole transition is not 

allowed because the parity of the wavefuntion is not preserved as there 

is no center of inversion. The oscillator strength is relatively higher and 

therefore a shorter lifetime is observed. A relatively longer lifetime is 

what was found in the visible region of our Ti.LMA sample, indicative of 

an octahedrally coordinated ion. 

In the infrared region near 960 nm, however, we found another 

absorption peak in the LMA which is not present in the sapphire. Both of 

these peaks were also observed by Wyon, et al., without much confirmed 

explanation. We believe this peak is due to the tetrahedral titanium ions 

1 Budgor, A.B., et. al., ed., Tunable Solid State Lasers II. Spriger Verlag, pg. 20, article by J.A. 
Caird. 



which replace the Al ions. Wyon reported no measurable fluorescence 

from this absorption peak which would be understandable if this peak 

were due to a tetrahedral crystal field and a characteristically small lived 

transition. We would still like to test with our equipment for fluorescence 

in this region to confirm that there is no observable information. 

However, we believe this peak is due to the tetrahedrally coordinated Ti 

ions as it lies at the tetrahedral transition level for Ti3+ and is not 

observed in the sapphire. 

Two different arguments may be made for the coordination of Co2+ in 

the LMA structure. One argument, similar to that given by Moncorge1, 

can be made for the fluorescence spectra we have observed for Co2"1" in 

the LMA structure. Moncorge has argued that the Ni:LMA has an 

absorption spectrum mainly due to tetrahedrally coordinated ions, yet a 

broad emissions spectra due to an octahedral transition, which may 

imply Ni, and similarly Co, may sit on both sites. If Mg2+ sits on 

tetrahedral sites, as given by S.C. Abrahams, et. al. at Bell Labs2, our 

data may indicate that the divalent dopant ions lie in other sites, perhaps 

either interstitial sites and/or substitutional sites of octahedrally 

coordinated ions other than Mg2+. In this case, a defect structure such as 

the one given in section 3.7.1. may be present. 

Our Co2*: LMA spectrum, however, might be compared to Co2+:ZnO, 

which has only tetrahedrally coordinated Co ions.3 For this argument, 

1Op. Cit.. Moncorge, R. and T. Benyatton. 
2Abrahams, S.C., et. al., "Laser and phosphor host Lai-xMgAli 1+X0ig(x=0.050): Crystal 
sturcutre at 295K," J. Chem. Phys., 86(7), 1 April 1987, pgs. 4221-7. 
3Koidl, P., "Optical absorption of Co2+ in ZnO," Phys. Review B, Vol. 15, No. 5, March 1977., pgs. 
2493-99. 



the two main absorption bands in LMA lie in similar regions to those in 

ZnO, possibly indicating a crystal field strength characteristic of a 

tetrahedral oxygen field. Fluorescence spectra have been taken, 

showing a broad band from 600 nm to 800 nm with a peak intensity at 

630 nm. The lifetime measured at this peak showed a ringing, which, if 

ignored, gives a very short lifetime of about 0.03 ps. It is possible that 

this emission is the product of an octahedral transition, as was the 

argument by Moncorge, et al.1 for the Ni2+ ions, however such a short 

decay time may be more indicative of a tetrahedral transition. Further 

excitation spectra experiments, as done by Moncorge, are necessary to 

confirm whether our observed fluorescence is due to an octahedrally 

coordinated ion. 

From our synthesis and growth of LMA by the vertical gradient freeze 

technique, we have seen that LMA is mechanically unstable due to the 

inherent cleavage planes in the material. A suggestion for improvement 

would be growth attempted either along another crystallographic axis Co-

axis) or by another technique. The Czochralski method may be most 

appropriate for this system, since it would eliminate the external strain 

imposed on the growing crystals by eliminating the crucible. 

LMA has a complex structure leading to complex spectra which 

require much analysis. EMR analysis has been recommended by 

Dionne2 to determine the valence state of the ions so that the quantum 

mechanical calculations can be clarified and/or confirmed. A complex 

10£>. Cit., R. Moncorge, et. al. 
2QP, Cit.. G. Dionne. 



defect structure may be present which changes the effective valence of 

the dopant ions, so that knowing the present valence state would also 

help in defect modelling of the system. 

Engineering the doping of the material, ie. the site occupancy of the 

transition metal ions, will require further investigation. Our discussion 

provides one analysis of the LMA system, however, different results may 

be obtained varying the growth conditions and/or post-growth treatments. 

We recommend study using a thermodynamic and kinetic analysis of the 

probable site occupation of the dopant ions. For example, the titanium 

ions may have the lowest energy in the desirable octahedral sites of the 

material, but may be metastable in the tetrahedral sites. The occupancy 

of the sites and hence the 530 nm absorption may be increased by 

slower cooling rates, or thermal annealing treatments. These annealing 

treatments would most likely be long and at low temperature to allow the 

ions to diffuse to their lower energy states. If for some reason, the the 

octahedral sites were a higher energy state, the annealing treatments 

would probably be at a higher temperature and require a fast cooling 

rate. By varying the growth or providing annealing treatments, we may 

be able to place all of the ions into the octahedral sites which ultimately 

give the highest fluorescent and potential laser energy. 

If we are to compare our results obtained in this study to those 

characteristics which may be desired by a tunable laser host, one might 

be disappointed in the following aspects: First, it does not meet the 

requirements of being mechanically stable, at least when grown by the 



VGF technique and second, it does not possess a simple crystal-

structure. 

LMA does meet many of the other desired properties, however. It is 

chemically stable, economically feasible and possesses the excellent 

optical characteristics of strong broad band absorption and fluorescence 

and, in the Ti doped material, lifetime longevity. Whether or not LMA has 

many advantages over other available laser materials is not yet evident. 

For Ti:LMA, the fluorescence band lies in the same spectral region as 

Ti:Al203, however the absorption is shifted more towards higher 

wavelengths, which may make it easier to pump by a frequency doubled 

Nd:YAG or other suitable lasers. 

In conclusion, this study on LMA was successful in two aspects: (1) in 

discovering the merits and drawbacks of growth by another (VGF) 

technique and (2) in adding more data to the optical characterization of 

this material. I hope that in suggesting further avenues of study that the 

desire for understanding the structure and behavior of LMA will continue 

and that the characteristics uncovered here will be of value to those who 

carry on. 
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