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Why orientation controlled YAG ceramics ?

Thermal depolarization 04 Thermal
n, Power diffracted by thermally ¢ ° birefringence
n, ng induced birefringence g oz2f can be
©
2 1 suppressed by
8 oif . .
ng n F s /x" (110); y=-3° {the orientation
9 ’ o e e o ow  control
'Zm_m' (a) G. 5. Dependence of the depolarization on the absorbed pump power for
wme (111), (100), and (110) planes when r,=ry/4.
Opt. Lett. 27, 234 (2002). Appl. Phys. Lett. 80, 3048 (2002).
. . LIC2019, LICp-9 (2019).
Q-switching response oo S S m
cr'yAG - : j :
8- ® -& Ceramics £l ‘
[001] Clile,  mEEdeomg Y S A
Polari Ztion r 2 - 0.7 o ® Single crystal, E//[111] % - ;.h
= o6}l 4 g o3 ‘"‘ni .
. 05} i Tl - 3 i
Cr:-YAG _IE e £ Cr' YAG, T,=75%
04l . 8 L,=0.002
8 01" — (110)-cut Single crystal T
0_31 ; ;l; ‘; é o - (‘IJeram\cs.:I i |
[100] NG Input energy (mJ) 00 02 04 06 08 10
RN - ) Output coupling. Roc
Saturable absorption depends Random orientation causes

[010] on the crystal orientation 20% of power reduction



Microdomain control

0G

Torque for orientation control: T =——

06

G can be modulated by external field
dG ==SdT'+ 3, 11dN, = 3 V7 6xd 1 -V> ¢,do,—P-dE-M-dB

T Yo/ |

Heat, Reaction Surface Stress Electricity Magneticity
i — g;::g::m. i€ Magnetic torque:
JFCCAMS, Japan Normal i /Upper — N A /T, < H?
direction T ; High voltage il >‘< ! o Fld
‘ T ’ S amplifier ] Anisotropic
W ‘ +Z v tress = 7 8 micro-domain
L3 o
" sesdds ‘* Wy ik 4 Cbstrats } mgoLinbo, | BN -]- g’ :
Ceramic YAG HHT | g | EETURT
"N Lower heater Flectrodes - é
block 8 RE
= Magnetic force:
F, *(H-V)H

I. Shoji et al., Appl. Phys. L. Zheng et al., Opt. Mat. M. Harada et al., J. Materi.  H. Ishizuki et al., Appl. Phys. J. Akiyama et al., Opt.
Lett.77, 939 (2000). Exprees 7, 3214 (2017). Res. 19, 969 (2004). Lett.82, 4062 (2003). Lett. 35, 3598 (2010).



Independent parameters in materials

AG ==SAT + ) AN, -V

Scalar quantity

15t order tensor quantity

2" order tensor quantity

3rd order tensor quantity

4t order tensor quantity

> &40, =2 D, - AE =Y B - AH +--
ij

ijkl ij
S %G

(Heat capacity C, = =— )
"oT  aT?

(Pyroelectri tant p——aDi—— Gi )

yroelectric constan i o7 oT O,

. - __ o6

(Magnetic susceptibility #ij oH jaHi , Dielectric constant,
Thermal expansion, Thermal conductivity, etc.)

. . d. =— 0°G . :
(Piezoelectric constant Ui 6O-ijaEi , Piezomagnetic constant,

SHG tensor, Pockels effect, etc.)

0°G

, Opt—elastic effect, etc. )
00,00

(Elastic compliance Sijk =



symmetry

- Susceptibility Optical gyration / Piezoelectricity . . Elastic constant
FYTECEEHTE] / Expansion Magnet-dielectric / SHG Piezomagneticity / Photoelasticity
Isotropic O 2
0 0 0 0
O T, O,
1
Isometric Cubic 9 0 1 0 0 3
X Ty 1 0 1 1
T 1 1 1 1
D 1
O eh 0 0 0
Cen 4
Ds, 0 1 1
Hexagonal Dg 2 1 1 5
X Can 2 0 2 4
Csy 0 3 1
Ce 2 4 4
D 1 6
O Cur 0 0 0 4 7
Uni-axial 2
Tetragonal D, 2 1 1 6
D,gy 1 2 1 6
% Co 2 0 2 1 6
C, S, 2 4 4 7
Dy 2 6
O Sq 0 0 0 6 7
Trigonal D, 2 2 2 6
X (o7 2 0 4 2 6
C, 2 6 6 7
O D, 0 0 0
. 3
Orthorhombic 3 9
% D, 3 3 3
Cy 2 5
Bi-axial O Can 0 0 ¢
Monoclinic 5 c, 5 5 5 8 8 13
C, 4 10
N O C 0 0 0
Triclinic % c, 3 9 9 18 18 21



symmetry

- Susceptibility Optical gyration / Piezoelectricity . .. Elastic constant
PO ZEEY / Expansion Magnet-dielectric / SHG Piezomagneticity / Photoelasticity
Isotropic O 2
0 0 0 0
8 T O [ ] [ ] [ ] [ ]
No need to cyritrolling the orientation of grains
Isometric Cubic 0
X Ty 1 0 1 1
T 1 1 1 1
D 1
O eh 0 0 0
Cen 4
Ds, 0 1 1
Hexagonal Dg 2 1 1 5
X Can 2 0 2 4
Csy 0 3 1
Ce 2 4 4
D, 1 6
- O Cur 0 0 0 2 7
Uni-axial 2
Tetragonal D, I . - . . 6
N Dz ; 2 Bi—axial:orientatign
[ ] [ ] [] a/ [ ]
Uni—axial orientation control required * control tequired ’
Dy 2 6
O S 0 0 6 7
Trigonal D, 2 2 6
X Csyy 2 4 2 6
C, 6 6 7
O D, 0 0
Orthorhombi
rthorhombic y D, 2 3 3 9
C,, 5
Bi-axial O Can 0 0
Monoclinic 5 c, . 8 8 13
C, 10
o O C 0 0
Triclinic % C, 3 18 18 21




symmetry

- Susceptibility Optical gyration / Piezoelectricity . .. Elastic constant
PO ZEEY / Expansion Magnet-dielectric / SHG Piezomagneticity / Photoelasticity
Isotropic O 2
0 0 0 0
T O [ ] [ ] [ ] [ ]
No need to cyritrolling the orientation of grains s
Isometric Cubic 0 3
x Ty 1 0 1 1 Bzlrgan
T 1 1 1 1 .
D 1
O eh 0 0 0
Cen 4
Ds, 0 1 1
Hexagonal Dg 2 1 1 5
X Can 2 0 2 4
Csy 0 3 1
Ce 2 4 4
Dy, 1 6
L © Can 0 0 0 4 7
Uni-axial 2
Tetragonal D, I . - . . 6
N Dz ; 2 Bi—axial:orientatign
[ ] [ ] [] a/ [ ]
Uni—axial orientation control required * control tequired ’
Daqy 2 6
O S, 0 0 6 -
Trigonal D, 2 2 6
X Csyy 2 4 2 6
C, 6 6 7
O D, 0 0
Orthorhombi
rthorhombic y D, 2 3 3 9
C,, 5
Bi-axial O Can 0 0
Monoclinic 5 c, . 8 8 13
C, 10
L O C 0 0
Triclinic % C, 3 18 18 21
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External force fields for cubic crystals

Bi—axial orientation control is impossible !

2"d order tensor quantity
Tensile stress: Orthogonal axes to [111] can be controlled
—(S,,—S,)6-46 < AG<—(S,,+2S,,)6- Ao

Share stress: Axes control impossible

15t order tensor quantity
Electric field (poler tensor)
Magnetic field (axial tensor)
Higher order contribution can be anisotropic
Between [100] and [111] : not orthogonal



Templated guiding grain growth (TGQG)

M. M. Seabaugh et al., J. Intelligent Mater. Systems Struc. 15, 209 (2004).

=) 111
I
[ 0
NTemnlates/_ o® Matrix + <111>
. Matrix o
»n 110
5 100 A 200
Q —" A
-
® g
o)) S _
"_I" = Matrix + <100>
® D
Y
==
3
= Matrix
=
N
20 25 30 35 40 45 50
. . 2 theta (deg)
Figure 1. Schematic of the TGG Process. Figure 13. XRD patterns for matrix and textured PMN-PT materials.

Full-axes control can be applied to isometric crystals.
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Severe problem of TGG method

Driving force of orientation control is
grain growth (Ostwald ripening).

l

During sintering, driving force quickly
reduced as increasing grain size

l

We have to suppress grain—growth at
matrices apart from templates during
sintering process.

F B T | E—
Temnlates\_\ Matrix . I

Qew;ea; 1 1eaH Buiseasou)

Figure 1. Schematic of the TGG Process.



Another problem in grain growth of YAG
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Requiring vacuum furnace operatable above 1700 degC

A. Ikesue (World Lab.)

Grain growth of the specimen occurs little up to 1400 °C,
slightly at 1500 °C, and accelerated remarkably above 1600 °C.

(J. Ameri. Ceram. Soc. 78, 1033, (1995).)

H. Yagi (Konoshima Chem.)

1550 °COBEFETIX05SumETLIME B RARLALY
13 B R BA ER B 11600 °C~ 1750 °CIZHE L35
(Ph.D Thesis, UEC 2006.)



First research directions
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1. Development of the vacuum sintering furnace
Vacuum furnace operatable above 1700 degC
Controllable of temperature distribution

2. Improvement of environment for ceramic processes
Characterization of powder properties
Preparation of powder treatments
Observation of raw—materials and sintered specimen

3. Evaluation of thermal and optical properies



Ceramic process equipment
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Equipment for optical and thermal properties
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Control of temperature distribution in furnace

Template
Uncontrolled
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Alignment by the unidirectional solidification
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Figure 1. Schematic of the TGG Process.

TGG growth requires intense driving
force of grain—growth

l

Solid—state reaction method should
be preferable to calcination.

DK REEHRAERIGLUTKEEIEY.

[(FmL%8) BREMILZERE

RERIG(CI AR E LT BICLAMBEE . FSTIILARA]
(FEENE FLENROEERLIVFEFRLEDEEEE HAKSAY p.3 (20164E6 7))

» Powder treatment (mixing, pulverization, etc.)

should be done in a non—aqueous dispersion.
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ARAIEERADLRENE

Removing non—aqueous dispersion media can causes
explosion without care for the concentration of organic
solvents in the atmosphere.
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Thermal problems in high power lasers

Excessive heat generation in high power lasers brings the temperature

distribution in gain media.

KAT+ a.l, =0
Thermal/ 77h P P\

Tem perature /]\ Absorpuon
conductivity

Temperature distribution A T causes:

Optical path change

Thermal lensing

Stress birefringence

Temperature coefficient
of refractive index

1 dn

A(nl)=ny| @ +—— AT
DN \n
Rgfracnve Media
ndex . length Thermal _
Focal expansion R&d radius .
s B[ o, fan(n -1
le LA
Photo-elastic function Rod length
Transmitted Photo-elastic function
intensity \ l/
r,¢ . . aC'n’
o ):1—sm22¢sm2 aril, —=-
Incident / I in /‘ /IK

intensity Wavelength

Pump
Thermal load coefficient intensity
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Flash method —Principle—

W. J. Parker, et al., J. Appl. Phys. 32,1679 (1961). Accuracy of method ~ 5% (from SI-

trace)
E/Tergiiitﬁ'm Evaluation of the velocity of
Rear surface temperature rising due to the
| - sample heat loaded by flash light gives

Front surface

T ‘\ thermal diffusivity.
4 Flash light

In Parker’s model thermal diffusivity can be calculated
from only H.T.(half time) and sample thickness.

Front surface

TotAT b ———- E— IR Detector Dietector

Elactronics

Sample Changer!
Furnace

Rear surface

T0+AT/2 ________________ |

Filter
Mechanism

To

Farabaolic

|

|

|

| , System

: EE_ . | Electranics
| Feflecior

|

—— __.. ' . i i

AL oM ]
X A a | | LampPawer
tO Flash Lamp =] Supply

> 1

Temperature on the surface of the sample.

Flash light was loaded onto the backside at t=t,. Outline chart of measurement equipment.

(LFA447 nanoflash, NETSZCH GmbH)



Analysis of flash method
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Quasi-one-dimensional flash method
Y. Sato and T. Taira, Opt. Express vol.14.

o

Problem of thermal dissipation

Non-adiabatic model
R. Cowan, J. Appl. Phys. 34, 926 (1963).

Three-dimensional model

J. A. Cape and G. W. Lehman, J. Appl. Phys. 34, 1909 (1963).
J. Blumm and J. Opfermann, High Temp. — High Press. 34, 515 (2002).

o

o

Problem pf transparency

Radiation Model

H. Mehling, et al., Int. J. Thermophysics, 19, 941-949 (1998).

o

Adiabatic model (Parker model)
W. J. Parker, et al., J. Appl. Phys. 32, 1679 (1961).
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Radiation model

Thermal diffusivity equation
ol S o°T _0
- =
ot pC, ox
(Only considered in one-dimension)

Ignoring n resulted
shorter H.T. n and leakage flash

Temperature (arb. unit)

Time (arb. unit)

Boundary condition

Cowan model Radiation model
oT (x,t)
=hT (0,t h|{T(0,t)-T(d,t
| "0+ [T 0)-T ()]
T 7 (d, )+ [T (0.1)=T (d,1)]
OX w

Parker model

i < lead to rapid heat up.

Heat dissipation. Radiative heat transport
(h:defined by emissivity) between the front and
the rear surfaces.

How we produce the one-dimensional thermal conduction ? : Using apertures
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Aperture effect

Ideal case

|ﬁ—’_//,_'Temperature

sensor

1T

Ftttttt////mmmeMn

—
HHH

T t// Xe flash T

Sample

Anisotropic dissipation

I__I_dl////.Temperature
sensor

Thermal radiation

Sample

Heat loss

Sample holder

Inserting aperture

E/Temperature
sensor

Thermal radiation

(After aperture)

Aperture

Thermal radiation

Sample

Heat loss

Sample holder

A A A
To+AT To+AT - S~ To+AT
s e E
/,
Y/
Y/,
To+AT/2) TotAT/2 [ — To+AT/2
|
|
To To I To
H.T. |
> t ' > t > t

Cowan model can applicable.

H.T. become shorter.
(require Cape-Lehman model)

Influence of holder is removed.
(3D seems to 1D)

Quasi-1D method !




Required equipment for K

B FRXt /TS5y 2T F54HY — LFA 467 HyperFlash (#vF): RAEEFHEFE
(5 FHREEE DLFA447132022F6 A ICIRSFH—ER#ET)

Yo 7ILER: P66~ 25.4 mm BN S R 0.1 ~ 2000 W/mK
/SNLREE D &K10] YL BER: o 01 ~ 1000 mm?2/s
e/ L RME: 0.02 ~ 1.2ms AIE FES: BT EMSA. =S

B TE BT 1ms ~ 120s B R 4 [ -100° C ~ 500° C
Y7o &K2MHz
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Reported experimental & of YAG

Linear thermal expansion coefficient a is very important to analyze various thermal effects.
Therefore, many researchers reported a of YAG.

Reported linear thermal expansion coefficient of YAG (unit: 106 /K )

Method 100 K 200 K 300 K Reference
- 4.25 5.8 7.5 W. Koechner X-ray diffraction
Powder X-Ray 4.3 5.9 7.4 P. H. Klein and W. J. Croft - Larger results
Powder X-Ray 4.3 6.2 7.7 W. J. Croft
I e S | Interferometry
owder X-Ray - - : . Geller et al. Push-rod

Interferometry  (2.2) 4.43 7.0 R. Wynne et al. - Smaller results
Interferometry 1.95 4.61 6.14 R. L. Aggarwal et al.
Interferometry - - 6.4 H. Furuse et al.

Push-rod - - 6.06 Y. Sato and T. Taira

Results depend on methods. Which method should we use ?



Experimental conditions for @—evaluation

For high temperature

For low temperature

Advantage under

Advantage under

large expansion
N

small expansion
A

X-ray powder diffraction
« Temperature dependent lattice constant
« Larger error under low temperature due to small
expansion
(Not enough significant figures for small expansion)
Stress may be induced during pulverization of materials

Interferometry
* Long rod-shape mirror-attached specimen
 Difficult to hold samples without external stress
Release of the strain can be obstructed by the sample
shape.

Push-rod
« Controlled external stress by the push-rod. 63( 0
* Only 1-direction ,




Calculation vs experiments

For high temperature

For low temperature

Advantage under

Advantage under

large expansion

small expansion

-

-

X-rgy poyvder Results of calculations are overlapping to experiments
diffraction under appropriate measurement conditions.

°/K)

-
o
I

(0 0]
|

6_

Linear therm%expansion (10

orted thermal expansion coefficient of undoped YAG

Push rod

Inte I’O;T x  Single crystal : t= 25mm
Interferometry
v Powder @ Ceramics:t=15.6 mm
2 X Powder B Single crystal : t=15.01 mm —
" Powder A Single crystal : t=25.4 mm
0 | | | | |
PUSh-I’Bd 100 200 300 400 500 600

Temperature (K)



Required equipment for «

DIL 801 #HLZEX/KEREIEST (TAMUAYILAUK): ROEEFEFE

By TILE 0~50 mm olEHEE: 0.03x 10-6/K

Yo 7IILERE: &AK14~20mm FHx: BZE, NEESKE, Z25
RILE—D#EL BRI TR i E EE R -160° C ~ 650° C
R XOZA; 4 mm BEfm: 0.02 ~ 1N, FAEATEE

R I D fERe: 10 nm U77Ly28 R #7747 (Bmmad X 50mm)

mE N R 0.05°C



Russell-Saunders coupling scheme of Nd3*




Absorption coefficient of Nd:YAG @ RT

12 I I I I I
1at.% Nd:YAG single crystal (Scientific Materials)
4oL t=3mm, T=300K BN
- 4 4 2 0.02
£ Iy, = Fs0t Hgpp nm
) 4 4 4
£ 8r lo = Faat Sy .
Qo
(&)
%
o 6 |
O
5
0 4 4
s 4r lop = Faa
o
w
< ) S 4 _
lg;o = Fo
0 A}U\LNA | | .
650 700 750 800 850 900

Wavelength (nm)

1m monochrometer/ 20um slit  § &2 ol

(CT-100, HA&7t) 4 ~. Range: 100 K~500 K
Sensor: InGaAs Array =

(iDUS DU-491A, Andor)
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1at.% Nd:YAG single crystal
(Scientific Materials, CNYAG-27, t=3mm)
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4 4 2
lgjo — “Fg;0 + “Hgjo

4
I9/2

Absorption coefficient (cm'1)

12

10

4 4 2
lo/ = Fs0 (Q))+ Hgyp (P))

\

Zi = Q
Z, — P,
Zy — Py

Z, —

Z;— P,

Q,

[
Zy — Qq

/23—>P1

Z, = Q
Z;— Q,

I
Tat.% Nd:YAG

— 230K
— 300K
— 350K
— 400K
—— 450K
— 493K

780

Wavelength (nm)

830




Around 889 nm

2.5 i i | | i |
1at.% Nd:YAG single crystal 884 + 885 nm
(Scientific Materials, CNYAG-27, t=3mm) Effective peak shift = 0 nm/K
(100 - 500K)
2
- £ 8868 : . .
5 %) 886.4 Z2 —RI1
é 5 ggeo0
S g '
Q : 885.61
é o 88 200 300 400 500
8' Temperature (K)
o
?
o
< ’g 885.2 . . .
% 884.8]- 23— R ’
g 884.4://
E 884.0F -
S se36 ! ! !
100 200 300 400 500

Temperature (K)

Wavelength (nm)
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