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Bi1-xEuxFeO3  

Structural evolution, electrical and magnetic properties of  

Bi1-xEuxFeO3 polycrystalline films 
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 (RE) 
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 (AFE)  P-E Eu

Bi Eu  
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AFE  (PS)  (Pr)
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1.  

450-700 ! (50-300 nm) BEFO
 

2. Eu  
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( )  

1.  

 (RE)  BiFeO3 
 RE 

 BiFeO3 

[3]  
2010 Zhongqiang Hu [4] (PLD) Bi1-

xEuxFeO3 (x=0-0.30) x 0.10 R3c x 0.20
 Pbnm  R3c Pbnm  x=0.15 

 R3c  0.15 x 0.20 
 Eu  x  2-1  

 2-2  10 kHz  560 kV/cm  BEF 
 (P-E)  Eu

BFO  P-E loop  X=0.05
0.10  0.15  P-E loop

 Bi0.90Eu0.10FeO3  P-E 
loop  X 0.20  P-E  Pr 

X 0.15 R3c X 0.20
Pbnm  

 
2-1 BEFO  Eu  x  [4] 



 
!

Bi1-xEuxFeO3  2-3  
 x Ms  x=0.10  3.5 

emu/cm3 Ms  x  0<x<0.10  x=0.10 
 Eu 

 x 0.15  R3c  Pbnm 
R3c  Ms  

 

 
2-2 BEFO P-E [4] 

 

 
2-3 Bi1-xEuxFeO3  [4] 
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( ) BRFO  

Composition Method 2Pr 
("C/cm2) 

Ec 

(kV/cm) 
Ms 

(emu/cm3) 
Ref. 

Bi0.95Eu0.05FeO3 PLD 70.1 300.0 2.3 [4] 
Bi0.90Eu0.10FeO3 PLD 74.0 250.0 3.5 [4] 
Bi0.85Eu0.15FeO3 PLD 35.8 265.0 1.4 [4] 
Bi0.90Eu0.10FeO3 Bulk 21.9 14.5  [5] 
Bi0.91Sm0.09FeO3 Sol-Gel 140.0 670.0 7.3 [6] 
Bi0.90Gd0.10FeO3 Sol-Gel 20.0 96.0 5.3 [7] 

 

2.  

 BiFeO3 (BFO) 
Zhang [2]

 
 P-E  

BRFO  W  2-4 
 [001]  [100]  BRFO  x 

 W  Dy  AFE  FE 
 BRFO La  Tm 

 W  
 #  2-5 x  W 

 W  #  
 W  # 

W #  [111]  [110]  [001] 
 [100]  

 

 
2-4 x=0.2-1.0  Bi1$xRxFeO3 R=La Nd Sm

Gd Dy  Tm (a) [001] 
(b) [100] (c) [110] (d) [111] [2] 
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( ) BRFO
(W) (#)  FE AFE [8]

[9]  R  La  Tm W  136  239 
J/cm3  # 89% 80%

 E  [001]  [100]  [110] 
x  

W #[9]  AFE  FE 
 2-5  !"#

$   FE 
 E = 0  % Edown Eup  Emax  FE 

 AFE AFE  FE  !"#
$  %  FE 

 P-E  %  P  E 
 W !"#

$  Edown %  Eb  

 
2-5 x=0.2�1.0  Bi1$xRxFeO3 R=La Nd Sm Gd

Dy  Tm  (a) [001]
(b )[100] (c)[110] (d)[111] [2] 
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BEFO Sm Dy BiFeO3

( ) Tm
Eu Bi Eu Bi

Eu Bi
ES

( )

20nm Pt Eu
BiFeO3 (PLD) Bi1-xEuxFeO3 (x=0-0.5)

20 nm Pt O2 30 mTorr 2.0 (sccm)
450-700 oC

50nm Pt
XRD TF-2000

AFM
1. (PLD)

2. X (X-ray Diffraction)

3. (TF-2000)

4. (AFM)

3-1

TF-2000XRD AFM

Pt

BEFO

Pt
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3-2  

 
( )  

1. Bi1-xEuxFeO3 (X=0-0.15)  

500! Bi1-xEuxFeO3 (x=0.00-0.15) 4-1
XRD Pt 111 Pt BEFO

Eu BEFO(001)
BEFO(110)  

BEFO P - E 4-2
Eu (2Pr)  x= 0  39 "C/cm2 

 x=0.05  208.4 "C/cm2 x=0.10 0.15  46.2 
"C/cm2  78.8 "C/cm2 x=0.05  

 

 
4-1 Bi1-xEuxFeO3 x = 0-0.15 500! XRD  
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BEFO M-H 4-3 x = 0.05-0.15 7.8 
-16.0 emu/cm3 Ms Eu Ms

Eu3+ Eu BFO
BEFO Ms  

 

 
4-2 Bi1-xEuxFeO3 (x=0-0.15) 500! P-E  

(a) x=0.00 (b) x=0.05 (c) x=0.10 (d) x=0.15  

 
4-3 Bi1-xEuxFeO3 (x=0-0.15) M-H  
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1.  

450~700 ! (50-300 nm)
BEFO

 
2. Eu  

Bi1-xEuxFeO3 (x=0-0.5) Eu
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Figure 1 Experimental set up 1 
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Figure 2 Experimental set up 2 
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      Figure 3 Intensity Modulation power ratio vs gray level [2] 
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Figure 4 Experimental set up [1] 
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Fig.6

 

  
Figure 5 Experimental interferograms (a) Right displacement of M2 from the 

beam splitter; (b) Tilt introduced to M1; (c) Left displacement of M2 from the beam 
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splitter. [1] 
 

 
Figure 6 Interference fringes with practically 

the same optical path difference. [1] 
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Figure 7 Experimental set up with white light source. [1] 
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Figure 8 White light fringes. [1] 
SLM
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Figure 9 Different gray levels displayed in the SLM. [1] 
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Figure 10 Experimental interferograms. 
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Figure11!Phase!shifts.!(a)!All!the!gray!levels!from!0!to!255!and!(b)!linear!fit!from!50!to!

190!gray!levels.
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[1]  Obtaining the curve �Phase shift vs gray level� of a spatial light modulator 

Holoeye LC2012  
[2]  LC2012_Spatial Light Modulator Manual  
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[3] f-f

RKKY
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*+,,,,,-('+,,,,-) *+/,,,,,,-('+/,,,,,,-) m 01 ('+,,,,-) ('+/,,,,,,-)
m 01 %(&') m 01



RKKY &'=|'+,,,,- 2 '+/,,,,,,-|  

(1) RKKY : 
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E(++) E(+!)

E(++) E(+!)

 

< > Hamiltonian  

Hamiltonian Hamiltonian  

!=!56+!78 
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   !78 = B %+@;<A *+,,,,,- . C+,,,,- 
 

!56 Hamiltonian !78 Hamiltonian i j
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m C+,,,,- m

C+,,,,-=HI >+?J->+ >+? >+ m 3J-
%H = %I = %  

Hamiltonian  

!=B :;<>;K? ><K@;<A +B LM
I *+,,,,,-+ . >+?J->+ 

*H,,,- = NO *I,,,- = NO Hamiltonian
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Bell-type 

IBMQ  

 

( )  

1935  Einstein 

(local hidden variables)

[2] 1964  Bell 

1982  Alain Aspect 

[3]  

1969  John Clauser Michael Horne Abner Shimony   

Richard Holt  CHSH  Bell equation 

 

[1] IBMQ CHSH

IBMQ CHSH

 

 

( )  

[1]  Bell equation  CHSH  

IBMQ

: 

E(a!",b#) ! E(a!",$%) | ! E(b#",c!) " 1 

E(a!" , b# ), E(a!" ,$% )  E(b#"" , c! )
: 

E(&',()')QM = *+,|-'  a!  -' (# |+,. = !cos(#ab) 
Bloch sphere 

 

CHSH CHSH

CHSH : 

E(a!", b#) ! E (a!", b#�) + E (a!�, b#�) + E (a!�, b#)  " 2 

 

: 

a = X  ,  a�= Z  ,  b =W $ 
/0"12"3!456  ,  b� = V $ 

/0"1,3!456   



IBMQ : 

 
( ) a) 7% , b) 8! , c) 91 and d) :! 

CHSH  

 256 > 2 chsh

 

 

( )  

 

 

1.Qubit( ) 

: 0.$ %. 1.$ &.  

: |'. = - %. + / &.  

 -  / ; < ;= + ; > ;= = 1 ( )

(Bloch) :  

'. = cos ?= 0. + @AB sin ?= 1. 
 #  4  1  

 

 

2.Gate( ) 

Pauli : 

X = CD EE DF , Y =CD GHH D F  , Z = CE DD GEF . 

 Hadamard gate  S gate(Phase gate)  T gate : 

H = 
I56 CE EE GEF , S = CE DD H F , T = CE DD @ABJKF 

 

 

 



 Controlled5NOT (CNOT): 

CNOT = LE DD E D DD DD DD D D EE DM 

z  

  

3. Entangled states ( ) 

: 

|6. = '1.  '2. 
 

Bell�s states: 

N2. = 
I56 ( 10. + 01.) , N,. = 

I56 ( 01. ! 10.)   

O2. = 
I56 ( 00. + 11.) , O,.= 

I56 ( 00. ! 11.) 
 

 

 

 CHSH   

:  

Alice  Bob : 

Alice: A a  ; A P {A+ A5}  a P {a+ a5} 

Bob:B b  ;  B P {B+ B5}  b P {b+ b5} 

 A,a,B,b P {!1,+1} 

(A5a,A+a) P {(0, ±2), (±2,0)} 

 F = |<AB> 5 <Ab> + <aB> + <aB>| " 2  *AB. = <'|A� B�|'> 5 cos#AB 

F = |cos#AB � cos#Ab + cos#aB + cos#ab| 

 

 

: 

A = X  

a = Z   

B = W = -Z + /X 

b = V = -Z � /X  , ( ; < ;=+ ; > ;== 1) 

 

 



Hadamard gate  CNOT  (Bell�s states ): 

 

( ) |6. = 
I56 ( 00. + 11.) 

Z : 

X: H 

W: S H P H 

V: S H P� H   

( P  Phase gate = CE DD @AQJ=F  X P #

#  ) 

 

( )  

 

: 

XW: 

 ( ) 

XV: 

 ( ) 

ZW: 

 ( ) 

 

 

 

 



ZV: 

 
( ) 

 

: 

 

                 ( ) 

|00>+|11>5|10>5|11> CHSH : 

F = |<AB>5<Ab>+<aB>+<aB>| = |<XW>5<XV>+<ZW>+<ZV>|  

P(#) : 

 
              ( ) P(#) 8 

 0 <8< 
R="  8<#< 

SR=  CHSH  
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  [ 1]

clock model

python  
 

 

  

geometric frustration

Hamming distances geometric frustration

[ 1] 

clock model xy model Hamiltonian

: !"#$"% = & ' ()*+,-./ 01, & 1.2 
i 1, = 345,67 5, = 8-9-3- � - 7 & 9 < :- ; >

[ 2] 
 
  clock model q<5 Ising-like q > 5

KT ?"@ ?"A(?"A > ?"@) ?"@
LRO ?"@ ?"A QLRO ?"A

[ 3] 



 

  s s
B Hamming distances  CDEF- EBGGGFH = 9I'093 & E,E,B632,  
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Sornborger, A.T Quantum 

Simulation of Tunneling in Small Systems

IBM IBM Quantum Experience IBM Quantum 

Platform feng, j. et al

experimental simulation of quantum tunneling in small systems

IBM 



Quantum Platform Simulation of quantum tunnelling on the IBM quantum 

computers
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Measuring the Mermin-Peres magic square using an 

online quantum computer [1] Mermin-Peres
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