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• Concept of composite ceramics (1998) 
 

• Superiority to single crystalline media (2000) 
 

• In-band pumping & Emission quenching (2001) 
 

• Thermally induced depolarization (2002) 
 

• Disordered garnet ceramics (2003) 
 

• First fs-pulse mode-locking (2004)  
 

• Highest power density in CW operation (2005)  
 

• Precise thermal conductivity (2007)  
 

• Laser ignitors for automobile engines (2011)  

Our activity on cubic laser ceramics 
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Please visit for detailed information: http://taira-web.ims.ac.jp/ 

…. etc. 



• Objective 
 

• Origin of magnetic anisotropy 
 

• Basic design rules for alignment control 
(a)Slip-casting under magnetic field 
(b)Preferential grain growth during sintering 
 

• Experimental confirmation 
 

• Conclusion 

Agenda 
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Study on anisotropic laser ceramics 



Single crystal Ceramics 

RE:YAG RE:YAG ceramics 

RE:YVO4 
RE:Apatite 

Large aperture 
Composite material 
High tensile strength 

High optical quality 
Most reliable 
Small size 

High efficiency 
Large cross section 
Small size 

RE:anisotropic ceramics 

Evolutions of laser gain media 
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Desire for large FAP media 
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RE:anisotropic ceramics have been strongly expected ! 



Polycrystal with birefringence 

Scattering source Uni-axially Orientated material 

Sub micron 

Crystal domain 

Orientation controlled polycrystal 

Anisotropic laser ceramics 
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-  Principles  - 
Micro-domain control 
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Crystal growth 
(traditional) Grain growth Stress control Electric control Magnetic control 

M. Harada et al., J. Materi. 
Res. 19, 969 (2004). 

I. Shoji et al., Appl. Phys.  
Lett.77, 939 (2000). 

H. Ishizuki et al., Appl. Phys.  
Lett.82, 4062 (2003). 

J. Akiyama et al., Opt. 
Lett. 35, 3598 (2010). 

Applied external field controls the domain characteristics 
Gibbs energy 



Electromagnetic processing (1998~) 
•Technology of orientation control for NON-magnetic materials. 

Antiferromagnetic materials 
Paramagnetic materials 
Diamagnetic materials 

Structural control by spin-orbit interaction (2009~) 
•Micro domain structure control for GIANT-MICRO PHOTONICS. 
•Enhancing magnetic anisotropy in non-magnetic materials. 
•Electromagnet can produce enough magnetic field (B~1T). 

•Superconducting magnet is required 
for material processing (B>10T). 

Recent progress in magnetic control 

Ref. J. Akiyama, Y. Sato, and T.Taira: Opt. Lett. 35, 3598  (2010) 
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Ref.  J. Akiyama, Y. Sato, and T.Taira: Appl. Phys. Express 4, 022703 (2011) 

The 1st Anisotropic Ceramic Laser  
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Ref.  J. Akiyama, Y. Sato, and T.Taira: Appl. Phys. Express 4, 022703 (2011) 

The 1st Anisotropic Ceramic Laser  
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Objective 

In order to improve anisotropic laser ceramics, 
It is necessary to show clearly what has caused 
un-uniformity in micro domain (=grain) structure. 

Uniformity of crystal alignment in grain axis. 
This work is aiming to find the perspective of … 

Since possibility was already proved, the standardization 
and the further improvement are next targets.  
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If Δχ become designable, we can 
perform orientation control more perfect. 

(1) The origin of 
magnetic anisotropy 

13 
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-  Principles  - 
Micro-domain control 
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-  Principles of rare-earth assisted magnetic orientation control - 
Micro-domain control 

Crystal growth 
(traditional) Grain growth Stress control Electric control Magnetic control 

M. Harada et al., J. Materi. 
Res. 19, 969 (2004). 

I. Shoji et al., Appl. Phys.  
Lett.77, 939 (2000). 

H. Ishizuki et al., Appl. Phys.  
Lett.82, 4062 (2003). 

J. Akiyama et al., Opt. 
Lett. 35, 3598 (2010). 

Gibbs energy 
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Applied external field controls the domain characteristics 



Sphere Spheroidal Ellipsoidal 

Orthogonal 

Magneto-crystalline anisotropy 
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Magnetic 
materials 

Strong 
magnetism 

Ferro 
magnetism 

Fe, Co, Ni, Gd 
101 

〜104 
Weak B 

Applicable 
Ferri 

magnetism 
Fe3O4  

Non- 
magnetic 
materials 

Feeble 
magnetism 

Antiferro 
magnetism 

FeO, FeCl2 
10-3 

〜10-7 

Strong B 
required 

 Para 
magnetism 

Rare earth 

Diamagnetism Laser host 
materials 

< 10-7 
Extremely 
strong B 
required 

Magnetism in various materials 
Examples Susceptibility Processing 
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Magnetism in various materials 
Examples Susceptibility Processing 

DOPING 



Magnetic anisotropy in RE:crystals 
- Magnetic moment of 4f electrons - 

Jm


B
Je

mg−=

Magnetic moment for electron: 
Bohr magneton 

Lande’s g-factor Plank’s constant 

Total angular momentum 

BM ddG ⋅−=
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Magnetic moment under low 
magnetic field for rare earth ion: 



Magnetic anisotropy in RE:crystals 
- Magnetic susceptibility of 4f electrons - 

Second order perturbation 
Energy level of state i 
perturbed by Zeeman energy ( ) ( ) ( ) ( ) ( )∑ −
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Mother function of free energy  Zeeman energy 



Magnetic anisotropy in RE:crystals 
- Origin of magnetic anisotropy of 4f electrons in crystals - 

Magnetic anisotropy: 
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Magnetic anisotropy is defined by the matrix 
elements of total angular momentum along 
the direction of applied magnetic field. 

The origin of magnetic anisotropy is the 
dependency of Jz in the crystal field. 
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Narrow bandwidth of 4f electrons brings non-zero value of Jz 



Clarifying the limit of alignment control 
by slip-casting under magnetic field. 

(2) Basic design rules 
for alignment control 

22 



Clarifying the limit in the alignment 
control of primary particles by slip-

casting under magnetic field. 

(a) Alignment control by slip-
casting under magnetic field 

23 
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Kinetics of orientation control by B 
- Equation of motion for particles under magnetic field - 
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Inertial moment Coefficient of viscosity 

Random force by 
Brownian motion  Langevin equation  

2
06
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∆
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Assumption : inertial force is negligible 

R limits the temporal form and the strength of B. 

• High viscosity brings the benefit 
of large V, however it also 
causes longer process time. 

• Low viscosity brings the benefit 
of shorter process time, 
however it limits the floating 
time of core particles. 
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Orientation distribution in slurry 

Direction of easy  
magnetization 

Direction of hard  
magnetization 

Under thermal equilibrium   Boltzmann distribution  
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- Theoretical treatment - 
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Orientation distribution in slurry 

Direction of easy  
magnetization 

Direction of hard  
magnetization 

Under thermal equilibrium with magnetic field   
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Distribution probability P of primary particles in slurry 
under equilibrium shows not perfect alignment. 

- Calculation for process design - 
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Larger Δχ requires. 
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How we can improve the alignment of 
green body composed of primary particles 

with roughly distributed directions. 

(b) Preferential grain growth 
during sintering 
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-  Principles  - 
Micro-domain control 
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-  Principles of preferential grain growth  - 
Micro-domain control 

Crystal growth 
(traditional) Grain growth Stress control Electric control Magnetic control 

M. Harada et al., J. Materi. 
Res. 19, 969 (2004). 

I. Shoji et al., Appl. Phys.  
Lett.77, 939 (2000). 

H. Ishizuki et al., Appl. Phys.  
Lett.82, 4062 (2003). 

J. Akiyama et al., Opt. 
Lett. 35, 3598 (2010). 

Gibbs energy 
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Kinetics of preferential grain growth 

,  
3
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Bounding condition: 
(at initial condition under sintering) 

(Only 2 grains condition) 

The grain with larger size become larger,  
and the grain with smaller size becomes smaller 



Preferential grain growth 
- Principle for re-alignment under sintering - 

Uniform particles in sintering 
Crystal axis Direction of 

material moving 

Particles with various sizes in sintering 

If there are larger particles than others, they rule the total direction. 
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Particles with various sizes in sintering with suppressed grain growth 



Preferential grain growth 
- Core particles in preferential growth - 
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Core particles of preferential grain growth are (grain 
size)3 / (particle size) 3 ~ below 1% of particles. 

Core particles of 
preferential growth 
has over 10 times 
larger diameter than 
mean particles. 

Primary particles in aggregates (~1μm) 

Sintering 

Grains in polycristals (>10μm) 
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Preferential grain growth 
- Improvement of grain alignment during sintering - 

Even if B is comparable to Bmin for mean particles, core 
particles for grain growth can be well aligned by slip-casting. 

It is important for making good aligned 
ceramics to design the nature of raw powders. 

χ
µ
ΔV
kTB

mean

02
=

Assumed condition: 

[ ] %150 ≈°≤≤θP

( )meanmin DBB =

[ ] %9550 ≈°≤≤θP

Particles with 
      Dmean    : 
   7.4Dmean  : 
    23Dmean  : 
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Experimental orientation control process 

Confirmation of orientation control 

34 



Magnetic anisotropy in YVO4 

Evaluation of magnetic anisotropy 

(MPMS-7, Quantum Design) 
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No need of 
superconductive 
magnet. 
 

Electromagnet 
can supply 
enough strong 
magnetic field 



Orientation control of ceramic grains 

1st step : Slip-casting under magnetic field 

2nd step : Preferential grain growth 

Rough alignments due to thermal modulation 

It requires the control of orientation 
distribution of green during slip-casting. 

Nearly perfect 
alignment can 
be realized. 
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Distilled  
Water 

Deflocculant 
(polymer) 

RE:FAP particles 
(RE: Nd3+, Yb3+) 

Slip casting  
under magnetic field (1.4T) <6h 

Drying 24h 

1st sintering 
1600℃, 2h, in Air 

2nd sintering 
Hot Isostatic Pressing  

1500℃, 1h, 190MPa, in Ar 

Polishing 

Mixing and Milling  <6h 

Flow-chart for manufacturing 

Traditional EMP requires 
>10T magnetic field 
by super-conducting magnet  



Highly oriented Nd:FAP materials have been 
successfully obtained by 1.4T magnetic field imposition. 

Crystal orientation of RE:FAP ceramics 

(RINT-Ultima III, Rigaku) 

Nd:FAP ceramics, T=84% Li=1 cm-1 



We found the notation of distribution function for crystal 
orientation under slip-casting. 

Conclusion 

We clearly expressed the role of preferential growth for 
nearly perfect alignment of ceramic grains. 
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Size distribution of particles is required to be controlled finely. 
Viscosity of slurry should be tuned carefully. 

We show the possibility for designing magnetic anisotropy 
and crystal field splitting by controlling local ligand structure 
around luminous ions. 
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Thank you for your attention ! 

This work is partially supported by Genesis Research Institute, Inc. 
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