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True Nanotechnology

“There’s Plenty of Room at the Bottom?”, R. P. Feynman
“Father of Nanotechnology”, APS, 12/29/1959 at CALTECH

Top-down Bottom-up
Nanotechnology Nanotechnolog
4
(Nano-lithography) Self-organizatio

(Spinodal Nano-

Decomposition,
2D, 3D, T, F

B Katayama-Yoshida et al., phys. stat solidi a, 204 (2007) 15.
HMSato, Bergqvist et al., Rev. Mod. Phys. 82 (2010) 1633.
HDietl, Sato, Fukushima et al., Rev. Mod. Phys. 87, (2015) 1131.
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M.Toyoda et al., Physica B, 376 (2006) 647.

K. Sato et al., Rev. Mod. Phys. 82 (2010) 1633.



Zener’s double exchange

83d> 82p

Mn 5%

|

PESMn3d)" || | Total
Mn-d

Density of states (/eV)

|

|

Mn-d ——

N I
Tota] — |

Energy relative to the Fermi energy (eV)

H=-2J; S;*S;
i#

J. "AWaNg et al. (Z005)

M.Toyoda et al., Physica B, 376 (2006) 647. ' K.Sato et al., RMP, 2010
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K. Sato et al., Rev. Mod. Phys., 82 (2010) 1633.

(a) Zener’s double exchange (b) Zener’s p-d exchange
mechanism (Ferromagnetism) mechanism (Ferromagnetism)

& Hi#O

We can control J;{Ef) by




Calculation of Tc: K. Sato et al.,, Rev. Mod. Phys., 82 (2010) 1633.

K. Sato et al., Phys. Rev. B 70 (2004) 201202.

B MFA overestimates 7. for low concentrations (Need MCS)
B For higher concentrations (>30%), MFA is OK.

B MCS is in good agreement with the experiments.




2006 E-MRS Fall
Meeting, Symposium E

Warsaw, Poland
4-8 September, 2006

W “Theory of Ferromagnetic
Semiconductors”

“Spinodal Nanotechnology as
New Class of Bottom-up
Nanotechnology”
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B H. Katayama-Yoshida,
K. Sato, T. Fukushima,
M. Toyoda, H. Kizaki,
An van Dinh, P.H. Dederichs

M phys. stat sol. (a), 204
(2007) 15-32.
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HESato, et al., ppl. Phys. 44 (2005) 4%
EFukushima; et alSJpn. ‘ppl. Phys. 45 6) L4
afa-Yoshida et al5;phys. stat. soli. &), 204 (20C
b, Fukushima et al., Mod. Phys. 87 (2015)
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BAEFNEEER
H = :27'/” gj°0j |/”.= |/!.IMnMn + |/I]ﬁaGa.2|/l]MnGa
»J

HSato, Katayama-Yoshida, Dederichs., JJAP, 44 (2005) L948




RARE/S=F) « 7/ 58%: (Ga,xTMy) N

K. Sato et al., JJAP, 44 (2005) L948.
T. Fukushima, et al., JJAP, 45 (2006) L416.

Disordered Phase Dairiseki-Phase Konbu-Phase

Seeding “

Shape Control

B K. Sato, L. Bergqvist et al., Rev. Mod. Phys. 82, (2010) 1633.
B H. Katayama-Yoshida et al., phys. stat. soli. (a), 204 (2007) 15.




AE/=9NF /2% - ECHRIL T/ BME | Bl &KE

E =HE =
GeMn

M.Jamet
Grenoble
JAP
(2014).

S25IsE6%(Ga,Er)As

518
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AE/=5 - T/ REICEBSECHRILT /EEE | KIEAHERHH

Sato et al., JJAP, 44 (2005) L948. Fukushima et al., JJAP, 45 (2006) L416.
FRURESER | AEEH Christopher Palmstrom (UCSB), 2015
fE{I(F(Seeding)

B 5%
10%
AR U4
30%
Experiment
(Ga,Er)Sb
UCSB
50%
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(Ga,Mn)N

RRESEAEEERBRRREAED T/ EiEEIC & 5l

2023/3/31



BARBE(EU, USA, Japan)
H.Katayama-Yoshida, K. Sato
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Materials Design for New Class of DMS

without 3d Transition Metal :

N, C-doped alkaline-earth-metal-oxides were theoretically
without

magnetic elements. (Japn Patent : 2004-055017 7)



Materials Design for New Class of DMS

without 3d Transition Metal :

N, C-doped alkaline-earth-metal-oxides were theoretically
without

magnetic elements. (Japn Patent : 2004-055017 7)



Experimental Verification:

PRL 98, 137202 (2007) 30 MARCH 2007

PHYSICAL REVIEW LETTERS week ending

Magnetizing Oxides by Substituting Nitrogen for Oxygen

IS, Elfimov,” A, Rusydi,2 S.L Csiszar, Z. Hu," H.H. Hsieh,> H-J. Lin,” C.T, Chen,” R. Liang," and G, A. Sawatzky’

It was experimentally reported that local magnetic moments

were formed in and




Approved & Registered Patent

P 4708334 B2

(19) B FE4§FT (JP) wiF F 2 Q(BZ) (11) 153785
BT RA708334 53
(P4708334)
(45)RITE TR23EEA2H (2011.6.22) 24) BIRA PHR23HFEIA25H (2011.3.25)
(51) Int.Cl. Fl
C30B /4 (2006.01) C30B 29/46
HO1F 1/0 (2006.01) HO1F 1/00 z
MRRAO® 3 (£ 14 )
Q) HEWS FHE2006-510484 (P2006-510484) §(73)1SEFHEFE 503360115
(86) (22) EA FRITE2A2SE (2005. 2. 25) 38 T FTHE A BRI TS MR R
(86) MEEL@E S PCT/IP2005/003196 BERIOGEEWTH 1 &E8§
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Zener’s double exchange mechanism in Partially

Occupied Deep Impurity Band - (PSIC-LDA)

Mg(Oo.9No.1) Ca(0p.9No.1) Sr(0o.9No.1)

Majority spin Majority spin Majority spin

Minority spin Minority spin Minority spin

Energy Relative to the Fermi Energy (eV)

M. Seike, An Van Dinh, K. Sato, H. Katayama-Yoshida




LDA PSIC-LDA :

Zener’s Double Exchange Mechanism
Mg(Oo.oNop.1)

B M. Seike, An Van Dinh,
K. Sato, H. Katayama-
Yoshida

28



Narrow O,, Band in (Mg, ,,,)O:

M. Seike, K. Sato, H. Katayama-Yoshida (201 1)

(Mgo_g, )O : PSIC-LDA
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Exchange Coupling Constants Exchange Coupling Constants
between in (Mg, )O between ' in Mg(O, V)

30




MFA MCS: Curie Temperature (7,)

BM. Seike, An Van Dinh, K. Sato, H. Katayama-Yoshida

750
< 600
= - @~ MgO(MFA)
z ~8—~MgO(MCS)
- 430 CaO(MFA)
5. CaO(MCS)
S 300 -#- STO(MFA)
P STO(MCS)
: -

0

0O 5 10 15 20 25 30

N concentratons (at%)
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Curie Temperature (7. by MCS:

BM. Seike, An Van Dinh,.K./Sato, H. Katayama-Yoshida

[ o500 |

: & H. Katayama-Yoshida,
Max doping conc. for MgO [1] I—’_I J. Phys. Soc. Jpn., 75
(2006) 93705

300
= P
s
o 400
= X
® 300 - e
= Room temp. = MoO
£ 200 o
— Ca0)
=¥
£ 100 ar()
L

0

0 5 10 15 20 25 30

N concentratons (at%o)

[1] C. H. Yang et al., 2009 APS March Meeting, (2009).

[2] /. S. Elfimov et al., Phys. Rev. Lett. 98 (2007) 137202.




2D Spinodal Nano-Decomposition
in Mg(O,N)

Effective Chemical Pair Interactions
between N in MgO

V= VNN 4 V;0-0- 2V N-0

9% T~
M. Seike, K. Sato, H. Katayama-Yoshida (2011 ?5053 fS‘/;’e ; S 2700 3



2D Spinodal Nano-Decomposition
in (Mg,V,,,)O

Effective Chemical Pair Interactions
between Mg Vacancies in MgO

= VMa-Ma 4 V-V - 2V V-Mg

600
400 -

~200 -
>

Q

E
2300 0+

400
600

Distance (distance/lattice

constant)
34

T~2100K,

M. Seike, K. Sato, H. Katayama-Yoshida (20177 MCS~ 10000 Steps



Experimental Verification :

The existence of ferromagnetism has been experimentally

reported in (pristine)




Transparent & Super-paramagnetic
pristine (Mg, )O thin films :

1 at.% (Ts = RT)

C. Martinez-Boubeta, et al, Phys Rev B 82, 024405, (2010).




Spinodal Nanotechnology

MSemiconductor Nano-Spintronics
Semiconductor Nano-Spincaloritronics
Spinodal Thermoelectric-Power Materials
High-efficient Nano-Spinodal LED & LASE

Nano-Spinodal Photovoltaic Solar Cells
[IHydrogen Photosynthesis Nanocatalyst
OSemiconductor-DMS Hydrogen Storage
[IHigh- 7. Nano-Superconductors
[LINanocatalyst for Fuel Cells
Multi-ferroic Nanocomposites

Spinodal Nano-Quantronics

Spinodal Nano-Moltronics

Spinodal Nano-Water-Splitting

R

Nanocatalyst for Automotive Gas- Emission

= HifEy
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YA4VYEYIR e S2—F—YaYy:

Diamond Mutation

2

2Zn%t = C
|

2023/3/31 2023/3/31 39




HC{EE#18(Codoping) : RESIAELEFTHE

FrILIANLFA DM, TAT 514 6, RA7 AN A MLEOEBFIRE

Nonjfbonding

h
Bonding

g )
IEneI'QY CulnSe2 v Pb] E(MMK:hEHI aNH3 urk)
ethylammoniun}
[2Vc“+lnc“] MA+F MA -FA=Q¥| (NH?)?
[Vout Znc.] [Vce + Sncel (Formamidinium)
CBM CBM
[ Band-gap B(al;d5-ga|/)p
(~Tel) ~1.5e . _
- Ing Anti-bonding
VBM Anti-bonding VBM

EYamamoto, Katayama-Yoshida, JJAP, 38 (1999) L166. [ISI: 362] = HIig 40
eZhan, Wei, Zunger, Katayama-Yoshida, Phys. Rev. B57 (1998) 9642. [ISI: 65g

-
Bonding




HCulnSeslicH T2 EHEEEHKES DI=HD
fEmp R

HSEEICEBEIRMEEEDRILDTFYr1Y | [2=223% (12/5/2015)]

Honda Soltec

Solar
Frontier

ya CulnSes

= Min~ Mcu

W Zhang, Wei, Zunger, Katayama-Yoshida, Phys. Rev. B57 (1998) 9642. [ISI: 731]
W Yamamoto, Katayama-Yoshida, J. Crystal Growth, 214 (2000) 552. [1S|: 88]

W Yamamoto, Katayama-Yoshida, JJAP, 38 (1999) L166. [IS]: 376] a1
W Yamamoto, Katayama-Yoshida, PHYSICA B, 302 (2001) 115. [1S1:129]



HOE®RRN - [2Vcy+ Inc,]

CulnSe,, Cusln;Se;5, Culn;Ses, CulnsSeg & In>Ses

Cu-poor; In-rich I Uey(eV) I Cu-rich; In-rich

-1.0 -0.5 O.J

'
B

\

67%!

In,Se,——.=

e “4{”1

Culn58e8

Culn38e5

Cu3ln7Se12

| CulnSe, I

CUZSe

-2.0

Cu-rich; In-poor —— C |

Heu¥ Jun & 2lise = Hculnse:

O B 1 A=0.96 eV :
> " Q VBM
o + >
5 I 3
Il ‘(E
<§ I
m m
= HEFT %
L | Type Il ' =
Veunse? — -
s Vinzses
AV =-0.04 eV
Cu Ve In
HRCMCMOMCN TN
CulnSe, Culn; Ses In,Se;
y 0.17
1.04 T
1.21
0.34 1.81
l 42




INY » 7 LY HEFHEBRSREGET COHECEREBORRMR

® [2Vc“'|'|ncu]
e Pseudo-JT : Cu+

M. Imaizumi et al (JAXA)., 2002. 2023/3/31 43



My Parent’s Country House (MIUZ{ERHA « T

%) Buy: 7 Yen/kW +h
Sell: 42 Yen/kW ¢ h
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CulnSe . DHCEEBR®EARAE /=TI - 7/ PROAKFER :

__F=E, -TS |[E, =E[Cu_, Ve In InSe,]

1-—x

S 3x
g —(1——)E[CMII’ZS€2] ——E[In,Se, ]
& 2
)
o
2 CulnSe
C . e-
md| (Cuy_ay0 VCy Iny0)INSe, e \')
: : , \ : : exp. _
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 E9 =1.016V
Cu vacancy concentration x AN
1200 - h*O\
7 >
1000 ¢ 3 [0)
® &
¥ 800 | I a
o < Il
2 = )
S 600 @ =
& f ITypell] = |
QE> ype | BT S
400 v
e VCuInSe2 ---X v
e (Cuy 3y VCxIn,0)InSe, A In2Se3
] =-0.04 eV
2 (1-3x/2) CulnSe, + xIn,Se, AV
0

TR B 100 03 C M i M C M

Cuvacancy concentration = = = e s




In,Ga

S,Se

-
Mixing Energy : AE
AE [CIGS]

AE [CZTSSe]

E[Cu(In,.,Ga,)Se,]

E [CUZZnSn (Se1 _xSx) 4]
Mixed States

(1-x) E[CulnSe2] + x E[CuGaSe,]

(1-x) E[Cu>ZnSnS,] + x E[Cu>ZnSnSe,]
Phase Separated States

Mixing energy [meV/cation or anion]

350

300 f
250 1
200 ¢
150
100 ¢

Mixing Energy : AE

R I

Cu[ln,,Ga,]Se, (CIGS)

Cu,ZnSn[Se,_ S,], (CZTSSe)

v

*

L—1

7 Positive and Convex upward AE
Spinodal Nano-decomposition.
M Culn; ,Ga,Se> —
(7-x) CulnSe, + x CuGaSe:

B Cu>ZnSn(S; .Se.); —

(1-x) Cu-2nSnS; + x CUZZnSnSef

0.2 04 0.6 0.8
Concentration x (Ga or S)

46



HEilg{bF /EBEICELS5Type Il NV RBE -

FrUr7—DEREDEEERGFmMIL

Chalcopyrite: Chalcopyrite: Kesterite: Perovskite:
(cuquu) (Gasln) (zn!VCu)s(s!se (cs!st)! (PbuvMA)
Culns in,Se CuGaSe | |
uin 92 2Y%3 2 CU|nsez CZTSe CZTS | cssnzls’snlz I Cssnl3 ‘
0.1€eV i Conductio|n Conduction
"gg'x'p.ﬂm W band band Conductjon band
A E%P= 18126V
1A=0.96 o ™~
E L ----;--% I 0.22 eV O O .
g g E’rCuGaSeZ e e
(ll . % =|0.854 eV EgCuInSeZ -
z 2 0.716 eV
i 2 HE7e “>3 @ @ <\ e
e = T 10.08 eV J h* i
AV =0.04 eV ™ V | b d
Cu.“= .“G ."=Vco mo O % Valen(e band Valenc band a ence an

BEFHRBOERRR: » AE/ =TI -F /28 (e & h* DEEDRE)
EREERE: > BEREHSHIME (N1 /—TIL2HR)
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AE/ =9I 7/ 528 : Cu Se;

Tani, Sato et al., APEX, (2012)
FYRT=) s T4 XTDType 1 L BFICED e & h* OERESM

h+

h +
SRTERNR 2R TR R
AEAH B
M Sato, Katayama-Yoshida, Dederichs, JJAP, 44 (2005) L948.
W Fukushima, Sato, et al., JJAP, 44 (2005) L948.

B Sato, Bergqvist et al., Rev. Mod. Phys. 82 (2010) 1633.
M Dietl, Sato, Fukushima et al., Rev. of Mod. Phys. 87 (2015).




BEeEE[Vc+Znc dERE /=Y « 7/ 588 : CusZnSn( )a
SRTEMAE (KERHE)

Cu,ZnSn(Se,.,S,)4 Xs =0.15

Vy = VS-S + vySe-Se - 2y, o —
Ce D -h{> M

//?\\H

Energy [meV/atom]

40

0
-40
-80

2R iR R (B1H)
[+

1I9T - EFTN

= .1 . \/.- .
Vv;; : pair interaction
o; : occupation number

Y. Tani et al., J. Non-crystal. Solid. 20172.
Y. Tani et al., , JJAP, 571 (2012) 050202.

e- 39




Perovskite : (CH3NH3)*Pb2+(l,Cl)-3 n=20.1% (~ 24%)
Pb2+ = Sn2+, (CH3NH3) * #Cs+

(CH;NH;3)Pbis; = MAPDI CsSnl; = CTI CsSn(l,Cl)s, CsSn(l.Br)s

Wan-Jian Yin et al. Appl.

Phys. Lett. 104, 063903

O R AR ShEREARE |, RS
=) Eaﬁﬁﬁﬁ (Vc5+8nc5, VMA+PbMA) 50







HCBETS5AEAFATEOEMEIENRII A= MIE

(EEEEHSHADEHML A
° co + 02 9 coz 000000000000 000 (B{h;ﬂﬁ)

[ ) Nox + co 9 coz + Nzooooooooo (Eﬁ;nﬁ)
> HC + 02 -> COz + Hzo eocecee (Eﬂ:;ﬂﬁ )

\_ )
HPt, Pd, Rh: isMIC{iRTE
Pt: @7 7Y% 74%, OY7 14% ;
Pd : B7 7Y% 25%, A7 70% i E?’;gi?{uu
Rh:&77Y5H 67%, OY7 17% ST IILS
HRREIC Sk SEIFEEES{EDRHIRE
N ﬁ % 7  . f;i;i""
£ B
— M Y. Nishihara et al.,, Nature, 418
} — — ﬁ%ﬂﬁm l, A Chem. |
- WM. Tanaka et al.,, Angew. em. int.
ft';‘}f?‘fuﬁ”ﬂ?f,? CaTlossPtoosOs | | ™2y 45 (2006) 5998.
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AE/ =5« T/ REICLSBCEET 5L ERSEDME

ANOATANDA FROREBRFOEBEIN >ZAE /S —=FIV « T/ 3R
B Free Energy of La(Fe,M)05;

La (Fe, )03

Pd Rh

HEChemical Pair Interactions

Pd Rh
V= V;Pd-Pd + |V Fe-Fe _ 2 |/ Pd-
I/ii = iiRh-Rh + I/iiFe-Fe -2 [/l_iRh-
—
B H. Kizaki et al., Applied Physics Express, 1 (2008) 104001.
B H. Kizaki et al.,, Chemical Physics Letters, 579 (2013) 85.




H. Kizaki and H. Katayama-Yoshida,
Chemical Physics Letters, 579 (2013) 85.

La (Fe, )03 e

Monte
Carlo
Simula-
tion of
Crystal
Growth




133 (2011) 18506.

Relative energy / eV

! 2

Precious metal position / FeO, layer
RE | AV

HEREATFEA HEJRETO " & L DF/

w

B LERETSDH. RhiZLEWL, 55



= EEEE STEM/EDX £8% :

B, KIEA1H

133 (2011) 1809

BXEAH
(Pd-rich, Fe-poor)

H R
(Pd-rich, Fe-poor)
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