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Neutron Radiography Facility(NRF) Ex-core Neutron Irradiation Facility(ENF) Residual Stress Instrument(RSI)

Tae-Joo Kim(tj@kaeri.re, kr) Seung-Wook Lee(sw@kaeri,re kr) Wan-Chuck Woo(chuckwoo@kaeri,re kr)

Cold Neutron Triple Axis KIST-Ultra Small Angle Neutron
Spectrometer(Cold-TAS) Scattering(KIST-USANS)

Bio—Reflectometer(Bio-REF)

Thermal Neutron Triple Axis

Spectrometer(Thermal TAS) Jeong-S00 Lee(jslee3@kaeri.re.kr)

in( Univ, ) ackr)

Sungil Park(jmspark@kaeri,re kr) Man-Ho Kim(KIST)(man-hokim@kist.re.kr) Kwanwoo

TN-Prompt Gamma Activation
Analysis(TN-PGAA)

Gwang-Min Sun(gmsun@kaeri.re kr)

Yong Nam Chol(dragon@kaeri.re.kr)

18M Small Angle Neutron Scattering
Instrument(18M SANS)

Baek-Seok Seong(bsseong@kaeri.re kr)

Bio—Diffractometer with Neutron : o A
Eunjoo Shin(it-sej@kaeri,re kr)

Image Plate Camera(Bio—C)

Tae-Seong Yoon(KRIBB)(yoonts@kribb.re.kr) Disk Chopper Time—of-Flight

Spectrometer(DC~TOF)

Ji-Yong Soljiyongso@kaeri.re_kr)

Bio—-Diffractometer(Bio-D)

S

Chang-Hee Lee(leech@kaeri,re kr)

High Intensity Powder
Ditfractometer(HIPD)

Guide Test Station(G-TS) : 40M Small Angle Neutron Scattering

2 I Instrument(40M SANS)

Young-Soo Han(yshan@kaeri,re kr)

Chang-Hee Lee(leech@kaeri,re.kr)

High Resolution Powder
Diffractometer(HRPD)

Four Circle Neutron
Diffractometer(FCD)

Vertical Neutron Reflectometer(REF-V) CN-Prompt Gamma Activation
Analysis(CN-PGAA) CN-Neutron Depth Profiling(CN~NDP)

Jeong—-Soo Lee(jslee3@kaeri,re kr)
Ki-Yeon Kim(kykim3060@kaeri,re kr)

Shin-Ae Kim(sakim@kaeri re kr) Jeong-Soo Lee(seongsulee@kaeri,re kr) Gwang-Min Sun{gmsun@kaeri,re kr) Gwang-Min Sun(gmsun@kaeri,re kr)

*16 Neutron instruments + 4 PGAA modules operating in 2015
*13 in operation
(HRPD, FCD, RSI, NRF, Bio-D ENF, PGAA / 18M & 40M SANS, REF-V, G-TS, DC-ToF,
Cold-TAS, KIST-USANS)
*4 under commissioning
(Th-TAS, Bio-REF, C-PGAA, C-NDP)
*Bio-C under installation




Part Characteristic

Monochromator Ge(331),Ge(335)

Wavelength 1.836 A

Resolution 4d/d > 2.0%

Neutron Flux at sample ~3.5x 10° n/cmzlsec

Multi-detectors 32 He-3 proportional counters (tube:
dia. 50mm)

PSD (position sensitive 1-D (100mm 200mm and 200mm

detectors) 100mm), 2-D (200mm 200mm)

Take off angle 90°

Collimators -In-pile RSC (rotating shutter

collimator) : 20', 30', open(~50')
-FCU (first collimator unit) : 6', 10',
20', open(~50")

-Second collimator : 30' , open

-Auto sample changer for RT
-High Temp. vacuum chamber : up to 950 K
-Low Temp. CCR : RTto 4.5K
-Magnetic Field : Max. 0.8 T, Electromagnet
Max. 500G, Helmholtz Coil
-Pressure cell (up to 10 kbar)
-Cryo-furance (20K to 800K)
-Dilution refrigerator & Super conducting magnet : coming soon

_._)f" *3\!.ow Temp. (~12 K)
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NAME

Auto sample changer
High Temp. Furnace
Low Temp. CCR
Pressure cell
Cryo-furnace

Super conducting magnet

Dilution refrigerator

Auto sample changer

lilllmullLﬁﬁﬂ'mﬁ o

prmEe
¥y %

>

j c//www.kaeri.re.kr

Sample condition

Room temperature (12 samples)
Up to 1000 K, up to 2000 K
From 4 K to 300 K

Up to 10 Kbar

20 K to 800 K

1.5K & 10
tesla(1.5K+10Tesla+10kbar)

Down to 50 mK
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- Simultaneously understand Crystal & Magnetic Structure
To see light element(s)

- Lithium Battery, Oxides, ...

To distinguish neighbor element(s) or isotopes
- Substitution of TM or RE ions, H/D substitution ...

To see bulk properties

- Inter-grain reactions in composite materials, ...

To see spin (magnetic) structure

- FM, AFM, Magnetic Incomensurate Structure, ...

To see sample in a container with thick wall

- various sample environments (low T, high T, pressurefma'gnetic
field, ...) C — Korea Atomic Energy




Simplified Powder Diffractogram

Intensity > * atomic/ionic positions
A * temperature factors

* order/disorder
! .ﬁ . b’ | | :. s .o...
el . FWHM > * domain sizes
S / * habit

>

Position 20 (') » * crystal system
* unit cell dimensions
* space group
—
pe
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Crystal structure

+Unit cell information
ratomic position

-bond length and angle
-bond valence sum
_thermal motion information
-hidden structure
-local structure

Magnetic structure
-spin configuration
-magnetic moment

-short range ordering

-order-disorder

-spin-lattice coupling

e
@
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Collinear magnetic structure

Ferromagnetic
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Noncollinear magnetic structre’

Frustration: triangle umbrel la
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EWinPLUTH [LLE Saclay - LCS5IM Rennes] M= E
File  Plot  Options  Points Selection  # space  Calculations  Rietveld plot options Text  Esternal applications  Help
=] & RIQ[¢[53]e=]e =] =iro|mX]s[Z]a]s] Polrp| Bl
LaMnO3 T=150K / Lambda: 2.59 Angstr.
@0 0—/——m—m—m——m—————— "7 T T T T T T
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EWinF‘LDTH [LLE Saclay - LC5IM Rennez]

File  Plot  Optione  Pointz Selection = space  Calculation:  Bietveld plot optionz Test  Estemnal application:  Help

=|E| S| Rla|¢|He|e|= =)o/ X|$|Z]|t]8] ] Prr| B

1000

800

&00

Magnetic reflections

/ /\ Thermal expansioné
e -

Inifensity (a.u.)

400

200

e SEEEE— i i '
10 30 50 70 30 110 130 150

c Energy
105-07-2001 | 3:50 'NUM | X= 102.56474 Y= 443.02 titute
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® Introduce HANARO

® Introduction Neutron diffraction?
OS%me examples

- Hexago’hal Manganite

- For magnet materials(Neutron irradiation

studies)

- Incommensurate magnetic structure
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1% example for neutron powder diffra

Long rang magnetic ordering
coupllng between magnetic order and
- crystal order in hexagonal manganite

~
( —~ Korea Atomic Energy
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Mutiferroic system

Ferroelectric Antiferromagnetic

1 v L ¥
T L L L] L] I L]
1ol T=86 K YhMHO3
Starting gate voltage (V) R
——3V .0

—r B

;;;;;

0.0 SeMnO;, (poly)

35 10 05 00 05 10 15
Gate Voltage (V)

0 100 200 300
Temperature (K)

FIG. 4. Gate voltage dependences of the C'— " characteristics at 86 K (C,
=54 nFlem?).

Wo-chul Yi et al. Appl. Phys. Lett., (1998)

T.Katsufuji et al., PRB (2001)

C ’KAEﬁF Korea Atomic Energy
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Large 1onic radius (R= La, Pr, Nd, Sm, Eu, Gd efc.) : Orthorhombic (Pbnm)
Small 1onic radius (R= Ho, Eu, Tm, Yb, Lu, Sc, and Y): Hexagonal(P6,cm)

Ferroelectric and Antiferromagnetic transitions
of hexagonal manganites

Our samples

antiferromagnetic ferrc(;ele_ctric YM O 1"
_ 4 ordering Sl a (A) c (A) nYus *
1| temperature (K) [emperature
A ®
ScMno; | - 129 5833 | 11.17
YMnO, 70 920 6.139 | 11.39
(YEr)MnO; ', + I, (YLu)MnO,
HoMnO, 76 873 6.142 | 11.42
ErMnO, 78 833 6.112 | 11.40 l l
TmMnO, 86 >573 6.092 | 11.37 ErMnO3 I, LuMnO3
YbMnO, 87 993 6.062 | 11.36 Y(MIIX)O 39 TmMnO S
|
LuMno, 95 5750 s0a2 | 1137 | Pressure effect, Isotope effect

G )
- Korea Atomic E
G.A. Smolenskii and I.E. Chupis, Sov. Phys. Usp. 25, 475 (1962) T e e

aeri.re.kr



Possible magnetic structure to be obtained. _

-Magnetic basis function studies using MODY and Baslreps program.
-Space group : P6;cm(No.185)

-position of magnetic atom: Mn(x,0,0)
-wave vector k =(0,0,0)

" ;. ﬁig | Wl _
Wyckoff Positions of Group 185 (P6,cm)
Wyckoff Site Coordinates

IMUltIplICIty letter 'symmetry

(X.y.2) (yxy.2)  (xbyexz)  (xqyz+2)
12 d T (yexy,24112) (xy,x,.24112) (-y,-x,.2+112) (-x+y,y,24+1/2)

— B

(xyze12) (yx2)  (eyy2) (Xexdy2)
In0L02 § c o (x0,2) 0x2)  (x-x2) (-x,0z+1/2)
(0-x,2+112) (x.x,2+112)
2,04 4 b 3 §(113 213,2) (213,113,2+112) (1/3,213,2+112) (213,113,2)
Y103 2 a 3m (0 0.2)(0,0,z+112)

\Korea Atomic Energy
- /KAERI Research Institute




Step Input

Peak positions of

Propagation vector(s) < magnetic reflections
Supercel / Cell parameters

Propagation vector

Symmetry Analysis Bas/reps, < Space Group
MODY, SARAh Atom positions
Magnetic structure solution Integrated intensities
(Sim. Ann.) < Atomic components
FU / / ID ro f of basis functions
)

C — Korea Atomic Energy
NI 'KAERI Research Institute

.kaeri.re.kr =




How we can get the basis function described the magnetic structure
the displacement?

IBasIreps Gui Interface
File Run Results Help Exit

nlell@ 28] elw] x| Symmetry analysis

Symmetry: space group $ —@+Basireps (May-2004, JRC-LLB) g
T Irreducible representations of Space Groups
b = f Basis functions of polar & axial vector properties i
program r
9 | ‘i MODY-win 1_28 L}
Iél. . Baslreps program Input  Output - Suramary Help @ :
o SARAh Program

Possible magnetic structure B
:magnetic basis function |

. . L3 Z I;
:displacement basis function :

B

Magnetic structure
Displacement mode

8 _BYE }
9y

hi wﬁw.kaeri.re.kr



decomposition of the six irreducible representation
(=0 21 201+, +3[+3[
1 2 3 4 5 6
Repr. Basis 6c site
irred. | Vector (x, 0, 0) (-x+1, 0, 1/2) (0, x, 0) (0, -x+1, 1/2) (-x+1, -x+1, 0) (x, X, 1/2)
I V2, (12 0) 1-2 0 =2-1 0 210 (1-1 0) -11 0)
g v (100 (-1 0 0) ©1 0 ©-1 0 (-1 -1 0) 110
i v, (001 001D 00 1 00 1 00 1) 00 1
R e (100 (100 010 © 10 -1-1 0) -1-1 0)
1" &0 0 1) (0 0-1) © o0 © 0-1) © 0 1 © 0-1)
T 3, Lo () 120 (-2-1 0) (-2 -1 0) (1-1 0) (1-10)
™ U—(-a- b) axis
1 I—z

H

\/ \u‘,o" \bams

297 VO

v
t¢

hitp://www.kaeri.re.kr
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6c¢ site +

Repr. Basis

irred.  Vector (x, 0, 0) (-x+1,0, 1/2) (0, x, 0) (0, x+1, 1/2) (-x+1, -x+1, 0) e
r, \& (120 B2 0 82 1 0 216 (11

Name Mom(sMo) Phi(sPhi) Tet(sTet) MPhas sMPhas

Mx (sMx) My(sMy) Mz(sMz)
/=0;Mn1,Mn3,Mn5
Mn1 3.314(0.032) 90.000( 0.000) 90.000( 0.000) 0.0000( 0) 7=1/2:Mn2 ,Mn4,Mn6

1.914( 0.019) 3.827( 0.037) 0.000( 0.000)
1200, trangle
Mn2  3.314( 0.032) 270.000( 0.000) 90.000( 0.000) 0.0000( 0) ‘M1 Mn3 . Mn5

. -1.914( 0.019) -3.827(0.037) 0.000( 0.000) ‘Mn2,Mn4,Mn6

Mn3 '3.314( 0.032) 210.000( 0.000) 90.000(101000) 0.0000( O)

3.827(0.037) -1.914(0.019) 0.000( 0.000) y/‘wng
Mn4  3.314(0.032) 390.000(0.000) 90.000(0.000) 0.0000( 0)

3.827(0.037) 1.914( 0.019) 0.000( 0.000) Mn4 JL _
Mn5  3.314( 0.032) 330.000( 0.000) 90.000( 0.000) 0.0000( 0) v Mn¢

1.914( 0.019) -1.914( 0.019) 0.000( 0.000) \ /
Mn6  3.314( 0.032) 510.000( 0.000) 90.000( 0.000) 0.0000( O0) Mm MnG

-1.914( 0.019) 1.914( 0.019) 0.000( 0.000) (r ’7\ S ]

'KAERI Research Institute

www.kaeri.re.kr



Possnble magnetic structure of

BARAEAVEIrEY

=

hexagonal manganité

,9’

Repr. Basis 6c site
irred. | Vector (x, 0, 0) (x+1, 0, 1/2) (0, x, 0) (0, -x+1, 1/2) (x+1, -x+1, 0) (x, x, 1/2)
r, V2, (120 -1-2 0) (-2-1 0) 210 (1-1 0) (-11 0)
! v (100 (-1 0 0 01 0 ©0-1 0 (-1-1 0) (110

3 v, (00 1) 00 1 001 00 1 00 1) 001
i \a (100 (100 010 010 (-1-1 0) (-1-1 0)
"I:?" \:;:%v“*z (oD (0 0-1) 001 © 0-1 00 1 0 0-1
Mg | v ey 2 0 (1 2 0) (-2 -1 0) (-2 -1 0) (1-1 0) (1-1 0)

u=(-a-b) axis
s A RBE

ks
¢

P L

g %

R#

¢ %

AV

,!‘R

R#

o o

Rﬁ

/

p

‘ b-axis

e, .0 \/ \
o /‘m /‘m

EEREAN
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Refinement results of YMnO,

Intensity (10° counts)

Junghwan Park, JGP et al.,
Aoplied Physics A (2002)

Iy

I

a (A) = 6.1208(1)
b (A)=11.4015(2)
V (A%) =369.91(1)

a (A) = 6.1208(1)
b (A)=11.4015(2)
V (A%) =369.91(1)

| . }
1 N " e
&4 e GVa ¢
] A O
N ea e e
4 -
O LE:\. | PO T L e A { N AR (T} (”7
‘3.‘, Il Il \-":F""HH L T e WV W A T
":-gé. — 3 = N - -
| T + T * T
- o o O O
3. [ 2 g o
¢ L 4 L
J -0 & —

Magnetic Moment (i) Magnetic Moment (i)
3.30(2) 3.25(2)
Reliability factors Reliability factors
R,=5.79% R, =5.83%

R,, =793 % R, =798 %

R =788 % R ja= 1,354
?>=2.70 x2=2.74

0
| ' | !

e P

20 (deg.)

100

|
140

Magnetic structure of ErMnO,

‘T or Iy,

Research Institute
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8—_ YMnO, ]
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Intensity(a.u.)
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g
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o
g |
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YMno, 80 ]
9 : :
b, 60- ]
Doping samplei-é/ 40_‘ 1
T o 1
e 20 ././ 4
[ _
o= Erlin0, = 0o (@)-
9™ s 2 30 S
e, 20 (degree) gl .
[+ i @ Z-1/2 plane 30 @ °
: ; ) @ Z-0 plane Ef \._./
=
s 2.8 4
A e, E | TN (b
f z 00 02 04 0.6 08 1.0
Y-concentration (X)
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I'yorl,

L+ 1

YMnO,

ErMnO;,

O

O

(YEr)MnO,

(YLU)MnO,

YMnO, under
pressure

Y(XMn)O,

| O0|0|O
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2"d Neutron diffraction using Temp & irradiation studies

Amorphous—crystalline state transformation
induced by annealing in R2Fe14B (R = Nd,
E-%r) compounds

Nd2Fe14B compound possess record values
of maximal magnetic energy product

"
( — Korea Atomic Energy
'KAERI Research Institute
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Annealing effects

L = ]
-
o 4
St
8 E
z -
7]
[
L
R —
L =
(T il \ 1] u O N T T R T T R T N TR T TN TR
~ IR T B R T T Y R R T TR
Q | I 1
5 6 0 WW!M“WMNWWW“\W”\WWWw—
= 1 " 1 " 1 L 1 . |
i —
; o 20 40 60 80 100
S—
fa 20 (degr.)
- —
w
= Table 1
8 4 - Lattice constants a, b, ¢ and unit cell volume V, coordinates of positions (space group
o P4,/mnm), the average Er- and Fe-ion magnetic moments puf" and pf¢, magnetization
L per formula unit M, contents of the Nd,Fe,4B-type and z-Fe phases, agreement factor
of magnetic structure Ry, and %2 for the crystalline and annealed ErsFe; B samples
at room temperature.
r 2] Structural parameter Sample
Initial crystalline Annealed at T,,=993K
393K ab (nm) 0.8744(1) 0.8725(1)
2 ¢ (nm) 1.1968(2) 1.1973(2)
~ Vv (nm?) 0.9143(5) 0.9116(5)
Er, 4f x 0.273(1) 0.265(1)
Er, 4g: x 0.147(1) 0.141(1)
Fe, 4e: z 0.112(1) 0.116(1)
Fe, 8j;: x 0.097(1) 0.097(1) -
[ z 0.201(1) 0.203(1) i
Fe, 8j2: x 0.318(1) 0.316(1) -
z 0.249(1) 0.247(1)
Fe, 16k;: x 0.222(1) 0.224(1)
| L | 1 | L | 1 1 i | y 0.567(1) 0.566(1)
] z 0.127(1) 0.128(1)
20 40 60 80 1 00 Fe, 16ks: x 0.036(1) 0.035(1)
y 0.360(1) 0.358(1)
z 0.170(1) 0.171(1)
2® (degr) B, 4g: x 0.636(2) 0.630(2)
JE (us) -4.1(1) —3.6(2)
H H Fe 1.9(1 1.8(1
Fig. 1. Evolution of observed neutron powder ol s - 4 y
: : : Nd,Fe,B-phase, weights  98.0 84.0 = Korea Atomlc Ener
diffraction patterns of the Er2Fe14B alloy with i s - PR Tititute gy
H R e (%) 55 7.9
0 Braj
‘annealing temperature. o o s 7 =

3 p://www.kaeri.re.kr



Annealing effects

I I I T T T 140 [T T T T T T T T ]
40+ (a) . (a)
B 120 f ]
20 r . .-»—""-—_. - "‘&B
- 5 100 | -
= L
0 = 80| §
= i
=ur ] 60 | ]
oh
= a0k i _ i
i E 40 40 | L | L | L | L | L | 1 | L | L
\E)/ | | | 1 1 |
s 60F (b) 1 0T () ]
40 - . 80 - :
20 - . g el m
0 P d —
” 40 | i
30 L ] I
20 -
-40 | i |
60FT T vk v R
600 -400 -200 0 200 400 600 400 60(% (K)SOO 1000

H (Oe)
Fig. 4. Dependencies of (a) magnetization and (b)
coercive field of the Er2Fe14B on annealing temperature.

Fig. 3. Hysteresis loops for Er2Fe14B at (a) 393 K and (b) 958 K.

— Korea Atomic Energy
KAERI Research Institute
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Annealing effects

5 T 'y : . . T x
g 170+ (a) s
i P -
oy %MW 160 -
i i &b
% i i S 150 - -
ik =
)
s 140 + -
=
> 130 + .
i
~— 120 . ] " 1 ) | . 1 .
2 100 | (b) .
% I |
E ) 80 + B -
8 60} :
T 40l .
i I
20 | -
200 400 600 800 1000 1200
T (K)
Fig. 5. Evolution of observed neutron powder Fig. 6. Dependencies of (a) magnetization and (b) coercive field
diffraction patterns of the Nd2Fe14B alloy with of the Nd2Fe14B on anneallng(t_ert\ ature.
annealing temperature ) — Korea Atomic Energy

KAERI Research Institute
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Neutron irradiation

100
g _sof
s <
] . 5
g 8r(b) q . =
§ i | 1 -50 - .
g o | *
4t !ﬁ h -100 F .
" il
2N -m«““’f%g 3%“1% ‘1 = ": L: L I ; i L. I (R,
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neutron diffraction studies

e A T T T Single crystal neutron diffraction
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Neutron dlffractlon
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Modulated magnetic structure

: Ex. competition between the non-local RKKY exchange
interaction and the local magnetic anisotropy interaction ¢ X | S
TbNis completion between magnetic anisotropy energy

and exchange energy m

M, : sinusoidal

modulated &% it : total magnetic moment
component W, : ferromagnetic component

\
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Ut2 = USZ + Uf2

~—Momer
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ab plane
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magnetic structure

§nj = §0j o exp(ik £)
T= 2—”(0,0,0.018)
c
phase(between 1st and 2nd atom) =277 = 7"

magnetic unit cell along ¢ = 200;&

Reason of large magnetic unit cell
15t magnetic anisotropy energy >> exchange energy
oy smaller magnetic anisotropy energy in the basal plane

Sl e
Crystal unitcell
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Bulk properties:

g Neutron diffraction
ﬁl (001) reflection temperature dependence
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Neutron diffraction is very powerful and unique

experiment tool for crystal and magnetic structure

5

studies.

The reasonable neutron diffraction data and good

refinement results should give us the clue of finding

interesting physics of our system!
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