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(θ ) z 
cos 

sin 
(θ )Öz� Ix · cos θ + Iy · sin θ!Ix!
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Ix!
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cos θ!

sin θ!
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Iz!
-Iy!
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Iz!

(θ )Öx�
Iz · cos θ - Iy · sin θ!Iz!

(θ )Öy�
Iz!

Ix!

Iz!

(θ )Öy�
Iz · cos θ + Ix · sin 

θ!
Iz!
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(θ )ÖR�Ip!
IQ!

Ip!

(θ )ÖR�Ip · cos θ + IQ · sin θ!Ip!

cos ĖÐÖÖ 0° 
sin ĖÐÖÖÖ90° 

(²) θ  þÖQ ĖēčĠþĕ6»Ė0ĀĤ�ĈĢú
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ŊÖD ��+x=Ō��u ZZō�
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ωt 

 ωt 

θ = ωt!
rad / s 

ωt 
(rad) 

1 

�1ĖÊăÖŕÖ2π (rad) 

(ωt ) z 

(ωt )Öz 
Ix cos (ωt ) + Iy sin (ωt )  Ix!

Ix!
Ix!
Iy!

ω = 2πν = γB0σ 

ÊăÖŕÖωt (rad) 
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 γΒ0 = ω0 

x 

z 

y 

γΒ1 ∑t = ω1 ∑t 
γΒ1 = ω1!

x ĻŇİ�

- γΒ0 = - ω0!

BÓCT{¢� 6»T{¢�

x ĻŇİ�
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Ix Sβ!

Ix Sα!

± J/2 
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J Hz = 2πJ rad/s 
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Iα Sβ!

Iα Sα!

+J/4 

Iβ Sα!

Iβ Sβ!

Iβ Sx 
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Iα Sx 
Iα Sx 
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y 
Ix Sβ!

Ix Sα!ÚπJt!
πJt!

IxSβ · cos (πJt) – IySβ · sin (πJt)!
IxSβ!

IxSα · cos (πJt) + IySα · sin (πJt)!
IxSα!

= IxSβ · cos (ÚπJt) + IySβ · sin (-πJt)!

± J/2 Hz = ± πJ rad/s 
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Ix Sα cos (πJt) + Iy Sα sin (πJt)!Ix Sα!
Ix Sβ cos (πJt) – Iy Sβ sin (πJt)!Ix Sβ!+ 

Ix (Sα + Sβ) cos (πJt) + Iy (Sα – Sβ) sin (πJt)!Ix (Sα + Sβ) 

Sα + Sβ = 1 
Sα -  Sβ = 2 Sz 
Ix cos (πJt) + 2 Iy Sz sin (πJt)!Ix!

S 
Sα!

Sβ!
.µÖ= 1 

LÖ= S Ė�' (2 Sz) 
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Ix Sβ!

Ix Sα!

- Iz Sβ!
Iz Sα!

Sβ!

Sα!

Iz Sα – Iz Sβ = 2 Iz Sz!
(πJt)Ö2 Iz Sz Ix!

Ix!
2 Iy Sz ( t = 1/2J , πJt = π/2 )!

Ix · cos (πJt) + 2 Iy Sz · sin (πJt)!

(πJt)Ö2 Iz Sz Ix!
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NMR = 6»�
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τ!

ω1 t ω1τ = 90° 

Iz 
Iz 

-Iy 

(90°) Ix!
-Iy 

Ix 
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³��-�

-Iy cos (ωt) 

+Ix sin (ωt) 
ωt!



FID 

1 

2 
3 

4 

5 

6 

7 

8 

ωt!
1 

2 
3 

4 

5 

6 

7 

8 

1 

1 

2 3 
4 

5 

6 
7 

8 
1 

x 

y 

0 ω! -ω!
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İļŉĦĭŋ ( 1 İļŉ¢) 
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x 
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Iz 
Iz 

-Iy 

(180°) Ix 
-Iy 

Ix 
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Ix 
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(ωδ) Iz!

Iy 

-Ix 

Ix 

Iy z 
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+Iy   cos (ωδ) cos (ωδ) 
-Ix    cos (ωδ)  sin (ωδ) 
+Ix    sin (ωδ) cos (ωδ) 
+Iy    sin (ωδ)  sin (ωδ) 

= Iy ĩńŉıŇ�

CC + SS = 1 
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y 

x 

180° 
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ĞĄùπ pulse Ĥ x ��đėĔā y ��þĠ_ĐĘŖ�
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ωδ!
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Ix 
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Iy 

2IxSz 

-2IySz -2IySz 
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Cω   SJ   Cω   CJ 
Cω   SJ   Cω   SJ 
Cω   SJ   Sω   CJ 
Cω   SJ   Sω   SJ 
Sω   CJ   Cω   CJ 
Sω   CJ   Cω   SJ 
Sω   CJ   Sω   CJ 
Sω   CJ   Sω   SJ 
Sω   SJ   Cω   CJ 
Sω   SJ   Cω   SJ 
Sω   SJ   Sω   CJ 
Sω   SJ   Sω   SJ 

IyŊC2ω!

IyŊS2ω!

Iy 

Iy 
-2IxSz 

-Ix 
-2IySz 
2IxSz 

Iy 
2IySz 

-Ix 
Ix 

-2IySz 
Ix 

2IySz 
Iy 

-2IxSz 

2IxSz 
Iy 
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3 4 

-πJδ!

+πJδ!
ωδ!

ωδ!

-πJδ!

+πJδ!
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x 
ω!

(ω + πJ)!
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x 

(ω - πJ)!



S �ĕĞÖπ ĻŇİĤ_ďĒÖ? 
δ!I δ!

1 2 3 4 5 

S 

x x 

x 

ωδ!

-πJδ!

+πJδ!

yI 

xI 

ω!
(ω - πJ)!

yI 

xI 

(ω + πJ)!

3 4 
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y 

x 

z 

y 
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Sα!

Sβ!

Sα!

Sβ!



ω Iz 2πJ IzSz 
I Ė'>ĮĽĵÖδ I-S ĖÖJ ĨĲľņŉĬ�

+!I Ú!
S +! +!

+! Ú!

+!I Ú!
S +! Ú!

+! +!

+!I +!
S +! Ú!

+! Ú!

+!I +!
S +! +!

+! +!



σ (0) σ (t) 

σ (t) = exp (-i     t) σ (0) exp (i     t) 

dσ/dt = - i        , σ!
          = - i (     σ – σ     ) 

exp (-i      t)      exp ( - i ω Iz t )         = Uω!
exp ( - i 2πJ IzSz t )  = UJ 

exp ( - i π Ix )           = Uπ!

σ (t) = UJ  Uω  Uπ  UJ  Uω  σ(0)  Uω  UJ  Uπ  Uω  UJ 

Uπ Uπ = 1 
= Uπ  Uπ ŊŊŊŊŊŊŊŊŊŊŊŊŊŊŊŊŊŊŊŊŊŊŊŊŊÖUπ Uπ!
= Uπ  Uπ  UJ  Uω  Uπ  UJ  Uω  σ(0)  Uω  UJ  Uπ  Uω  UJ  Uπ  Uπ !



= Uπ  exp    - i ( ω Iz + 2πJ IzSz )  t     Uπ!

Uπ  UJ  Uω  Uπ 

= exp    - i Uπ ( ω Iz + 2πJ IzSz )  Uπ  t"

 ĤÖπ ĻŇİđ,»Ö!  
= exp    + i  ( ω Iz + 2πJ IzSz )  t"

= UJ  Uω!

σ (t) = Uπ UJ  Uω  UJ  Uω  σ(0)  Uω  UJ  Uω  UJ  Uπ!
= Uπ  σ(0)  Uπ!

I 

S 

I Ú"

S 
= 
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δ1! δ2!

1 2 3 4 5 

ω Iz 

z 
y 

x 

x x 

+ Ú!

Iz -Iy 

(180°) Ix 
Iy 

Ix 

(90°) Ix!

(180°) Ix 

Iy 

-Ix 
Ix 

Iy 

1 2 

3 4 
5 

-Iy 

Ix 

ωδ1 

ωδ2 

Ix    sin ( ωδ1 )  cos  ( ωδ2 )  Ú  cos  ( ωδ1)  sin  ( ωδ2 )!
+ Iy    cos ( ωδ1 )  cos  ( ωδ2 )  +  sin  ( ωδ1)  sin  ( ωδ2 )!
= Ix  sin   ω ( δ1 Ú δ2 )    +  Iy cos   ω ( δ1 Ú δ2 )!

δ1Úδ2!

x x 



I 
S 

z 
y 

x 

1 2 3 4 5 
x x 

δ1! δ2!

ω Iz +! Ú!
2πJ IzSz +! +!

-Iy 

-Iy 

2IxSz 
Ix 
2IySz 

2 

5 

-Iy 

Ix 

ω (δ1Ú δ2)!
πJ (δ1+ δ2)!

ĞĄùδ1 = 1/2J + t1/2,  δ2= 1/2J Ú t1/2 ĖĒĀ�

cos   ω ( δ1 Ú δ2 )    =  cos  ( ωt1 )!
sin                          =  sin   ( ωt1 )!
cos   πJ ( δ1 + δ2 )   =  -1!
sin                          =  0!
Iy  cos  ( ωt1 )  Ú Ix sin ( ωt1 ) constant-time ��
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INEPT 1/4J I 
1 2 3 4 5 

S 
( ω Ú πJ ) δ =  ωδ Ú π/4 
( ω + πJ ) δ =  ωδ + π/4 

1/4J 

3 4 

Sα!

Sβ!

Sα!

Sβ!

yI 

xI 

5 

yS 

xS 

Sα!

Sβ!

π/4 

π/4 π/4 
π/4 

δ δ 
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1/4J 

y x 

x 7 
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zI 

yI 

xI 
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xS 

yS 

zS 
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yI 

xI 

yS 

xS 

Ια!

Iβ!



1/4J I 
1 2 3 4 5 

S 

1/4J 
x 7 

6 

xI 

yI 

zI 
Iz 

1 

5 6 

Iz ββ!

βα!

αα!

αβ!

xI 

yI 

zI 

IxSβ!

-IxSα! ββ!

βα!

αα!

αβ!

2IzSz!IxSβ – IxSα = Ix (Sβ – Sα) 
                    = -2IxSz!

I 

I S!

S!

y 

xI 

yI 

zI 

-Iy 

2 

xI 

yI 

zI 

-IzSβ!

IzSα!

I±Sβ ĖĜ,»�



βÚα!

αÚα!

βÚβ!
IÚS!

 ΔE=hν!

ω + J/2 

J 

αÚβ!

IxSβ! IxSα!

ω Ú J/2 ω = 2πν!

E!



2 ββ!

βα!

αα!

αβ!

 x�% SPT = spin polarization transfer 
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-6 
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IxSα!IxSβ!
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2-8 
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I ėĦĭŋø÷ø'>ĮĽĵėĔĄÖ! y 
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z 

Iz -Iy 
-2IxSy 

(90°) Ix 
(90°) Sx 

-2 IxSy 

+2 IxSx 

1 2 
3 

-Iy 

2IxSz 

πJt ��6ĄđĞ�*�

4 (ωSt1) Sz!

(90°) Sx 
-2 IxSz 

+2 IxSx 
��6ĄđĞ�*�

πJt 
-2 IxSz 

2 IxSx 
³��-�

-Iy 
ĴĨĲľņŉĬđ�*�

5 6 
7 

J ĨĲľņŉĬĔĄ�
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1/2J 1/2J t1 
xI 

yI -Iy 

zI 

3 

4 

xS 

yS 

-2IxSy 

2 

-IyėĔĄ�

-IxSβ!

IxSα!

2IxSz 

zS 

Sα!

Sβ!

I S �¥Ėěě6»ĆĢ�

Ix = 1/2  ( I+ + IÚ  )!
Sy = 1/2i ( S+ Ú SÚ )!

2IxSy = 1/2i ( I+S+Ú IÚSÚ Ú I+SÚ+ IÚS+ ) 

yS -yI 
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S 

1 2 

3 4 5 6 

7 

1/2J 1/2J t1 

yS 

zS 

5 

-2IxSy cos (ωSt1) + 2IxSx sin (ωSt1) 

6 

yS 
ωSt1  

yS 

sin 

sin 

cos 
cos 

xS 

cos (ωSt1) sin (ωSt1) 
sin (ωSt1) 

cos (ωSt1) 
-2IxSz cos (ωSt1) 

-yI 

-yI 
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S 

1 2 

3 4 5 6 

7 

1/2J 1/2J t1 

7 

-Iy cos (ωSt1) 

xI 

yI 

zI 

xS 

yS 

zS -2IxSz cos (ωSt1) 

xI 

yI 

zI 

xS 

yS 

zS 
2IxSx 

ĴĨĲľņŉĬ 
ĕğĎĐ 
�¥Ėěě6»�

³��-�

�¥Ėěě6»�

³��-�

Sβ cos (ωSt1) 

Sα cos (ωSt1) 

sin (ωSt1) 

sin (ωSt1) 

�ü�Ďċ 
-2IxSz 

-Iy 

2IxSx sin (ωSt1) 



-Iy cos (ωSt1) 

-Iy cos (ωSt1) ωIt2 

Ix cos (ωSt1) 

=  -Iy cos (ωIt2) + Ix sin (ωIt2)   cos (ωSt1) 

5     6 Ė (90°)S ĻŇİĤ y þĠ_ďĒŊŊŊŊ�

 -Iy cos (ωIt2) + Ix sin (ωIt2)   sin (ωSt1) 

ý
ûĕ 90 SćģĐûĐùĉģĊģĕÖcos, sin ÿþþĎĐûĢ�

FT 

ωΙ!

ĕļŋīÿ�Ģ�



 -Iy  cos ( ωI t2 ) + Ix sin ( ωI t2 ) 

FT VĖ��·h�

A = iA 

y Ú A 

x iA 

A 

-iA 
z 

i : 90° ćģĢ�

=  A cos ( ωI t2 ) + iA sin ( ωI t2 )  
=  A  cos ( ωI t2 ) + i sin ( ωI t2 )  
=  A  exp ( iωI t2 )  

t2 đĖ6»�

ωIt2 



A ŊÖexp ( iωI t2 ) cos ( ωS t1 )  
A ŊÖexp ( iωI t2 ) sin  ( ωS t1 ) × i  

A ŊÖexp ( i ωI t2 )  cos ( ωS t1 ) + i sin ( ωS t1 )  
= A ŊÖexp ( i ωI t2 )  exp  ( i ωS t1 )  

t1 đĖ6»�

ωΙ!

ωS 

exp ( iωIt2 ) 

exp  ( iωSt1 )  
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t1 

t2 1H 

15N 

y y 

y 

ββ!

βα!

αα!

αβ!
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