
E
ffe

c
t o

f a
s
y
m

m
e
try

 o
n
 th

e
 b

ia
s

d
e
p
e
n
d
e
n
c
e
 o

f p
e
rp

e
n
d
ic

u
la

r s
p
in

 to
rq

u
e
 in

 

m
a
g
n
e
tic

 tu
n
n
e
l ju

n
c
tio

n
 (M

T
J
)

Y
. –

H
. T

a
n

g
, N

ic
h
o
la

s
 K

io
u
s
s
is

, a
n
d
 A

la
n
 K

a
lits

o
v

N
o

n
-c

o
llin

e
a
r M

T
J

A
t C

S
U

N
, D

e
c
1
9
, 2

0
0
8



C
a
lc

u
la

tio
n
 m

e
th

o
d

T
h

e
tig

h
t-b

in
d

in
g

c
a

lc
u
la

tio
n

m
e

th
o

d
w

ith
th

e
n

o
n

-e
q

u
ilib

riu
m

K
e

ld
y
s
h

fo
rm

a
lis

m
is

u
s
e

d
to

c
a

lc
u

la
te

s
p

in
to

rq
u

e
in

M
T

J
.

(1
)

C
a

lc
u

la
te

s
u
rfa

c
e

a
n
d

b
u

lk
G

re
e
n

’s
fu

n
c
tio

n
fo

r
th

e
is

o
la

te
d

s
e

m
i-

in
fin

ite
le

ft
a

n
d

rig
h

t
e

le
c
tro

d
s

a
n

d
th

e
is

o
la

te
d

b
a

rrie
r.

00
(
)

a
r

N
+

1
N

+
1

(
)1
,

1

a
r

N
N

g
+

+
(
)

a
r

g
11

R
µ

00
(
)

0
0 a
r

g
(
)

,

a
r

i
j

g
−

−

N
+

1
N

+
1

1
,

1
N

N
g

+
+

(
),

a
r

N
i
N

j
g

+
+

L
in

e
a
r v

a
ria

tio
n
 o

f
L
in

e
a
r v

a
ria

tio
n
 o

fµµ

(
)

,

a
r

g
κ
λ

11
NN

L
µ



(2
)

U
s
in

g
D

y
s
o

n
e

q
u

a
tio

n
s

to
c
a

lc
u

la
te

c
o

u
p

le
d

G
re

e
n

’s
fu

n
c
tio

n
s
,

a
n

d
n

o
n

-e
q

u
ilib

riu
m

K
e

ld
y
s
h

G
re

e
n

’s
fu

n
c
tio

n
.

0
,1

H
,

1
N

N
H

+
(
)

a
r

g

a

j
N

N
N

N
N

i
N

j
N

N
N

N

r

N
i

N
j

N
i

N
j

N
i

N

G
H

g

G
H

g
g

G

+
+

<
+

+

<
+

+
+

+
<

+
+

<
+

+

+

+
=

,
,
1

1
,

,
,
1

1
,

,
,

)
(,

,
1

)
(

1
,

)
(

,

a
r

j
N

N
N

N

a
r

N
i

N

a
r

j
N

i
N

G
H

g
G

+
+

+
+

+
+

=

)
(

,

a
r

j
N

i
N

G
+

+

<
+

+
j

N
i

N
G

,

P
o

s
itiv

e
 c

u
rre

n
t 

0
,1

H
,

1
N

N
H

+
(
)

1, a
rN

g
j

N
N

N
N

N
i

N
+

+
+

+
,

,
1

1
,

(3
)

A
v
e

ra
g

e
s

p
in

to
rq

u
e

in
th

e
rig

h
t

F
M

e
le

c
tro

d
e

c
a

n
b

e
c
a

lc
u

la
te

d
b

y

∫
↓
↑

<
+

↑
↓

<
+

↓
↑

<
+

↑
↓

<
+

+
⊥

+
−

−
=

||
1

,
1

,
,
1

,
1

3

1
,

}
]

Im
{

1
6

d
E
d
k

G
G

G
G

H
T

N
N

N
N

N
N

N
N

N
Nπ

Im
p
o
rta

n
c
e
 o

f in
te

g
ra

tio
n
  o

f 2
d
 B

Z

In
te

g
ra

te
 o

v
e
r a

ll o
c
c
u
p
ie

d
 s

ta
te

s



B
ia

s
 d

e
p
e
n
d
e
n
c
e
 o

f p
e
rp

e
n
d
ic

u
la

r s
p
in

 to
rq

u
e
       

O
n

e
o

u
ts

ta
n

d
in

g
q

u
e

s
tio

n
w

h
ic

h
re

m
a

in
s

u
n

re
s
o

lv
e

d
a

n
d

c
o

n
tro

v
e

rs
ia

l
is

th
e

“
b

ia
s

d
e

p
e

n
d

e
n

c
e

o
f

”
⊥

T

•
T

h
e

o
re

tic
a

lly
,

th
e

b
ia

s
d

e
p

e
n

d
e

n
c
e

o
f

is
p

u
re

ly
q

u
a

d
ra

tic

fo
r

s
y
m

m
e

tric
a

n
d

p
e

rfe
c
t

M
T

J
.

•
E

x
p

e
rim

e
n

ta
lly

,
th

e
in

c
o

n
s
is

te
n

c
e

s
till

e
x
is

ts
.

⊥
T



K
u
b
o
ta

e
t
a
l.

[1
]

u
s
e
d

a
la

y
e
r

s
tru

c
tu

re
.

h
a
s

a
q

u
a
d

ra
tic

b
ia

s
d
e

p
e
n
d

e
n
c
e

w
ith

n
e
g

a
tiv

e
c
u

rv
a

tu
re

,
w

h
ic

h
a
g
re

e
s

w
ith

p
re

v
io

u
s

th
e
o
re

tic
a
l
re

s
u
lts

b
y

T
h
e
o
d
o
n
is

e
t

a
l.

[2
].

⊥
T

3
C

o
6

0 F
e

2
0 B

2
0

/1
M

g
O

/ 2
C

o
6

0 F
e

2
0 B

2
0

[1
] K

u
b

o
ta

 e
t a

l., N
a

tu
re

 P
h

y
s
ic

s
 4

, 3
7

 (2
0

0
8

). 

[2
] T

h
e

o
d

o
n

is
 e

t a
l. P

h
y
s
. R

e
v. L

e
tt 9

7
, 2

3
7

2
0

5
 (2

0
0

6
)



S
a
n
k
e
y

e
t
a
l.

[3
]

u
s
e
d

a
la

y
e
r

s
tru

c
tu

re
.

h
a
s

a
n
e
a
rly

lin
e
a
r

b
ia

s
d
e
p
e
n
d
e
n
c
e

w
ith

p
o
s
itiv

e
s
lo

p
e

fo
r

s
m

a
ll

b
ia

s
.

h
a
s

q
u

a
d

ra
tic

b
ia

s
d
e
p
e
n
d
e
n
c
e

w
ith

p
o

s
itiv

e
c
u

rv
a
tu

re
fo

r
s
m

a
ll

b
ia

s
.

3
C

o
6

0 F
e

2
0 B

2
0

/1
.5

M
g
O

/ 2
.5

C
o

6
0 F

e
2

0 B
2

0

d
V

d
T

p
er

⊥
T

d
V

d
T

p
er

[3
] S

a
n

k
e

y
 e

t a
l., N

a
tu

re
 P

h
y
s
ic

s
 4

, 6
7

 (2
0

0
8

).



P
e
tit

e
t
a
l.

[4
]

u
s
e
d

a
la

y
e
r

s
tru

c
tu

re
.

T
h
e
y

s
u
g
g

e
s
t

th
a
t

lin
e
a
r

b
ia

s
d

e
p

e
n

d
e
n

c
e

w
ith

p
o
s
itiv

e
s
lo

p
e

o
f

h
a
s

to
b
e

ta
k
e

n

in
to

a
c
c
o
u
n
t

fo
r

M
T

J
.

⊥
T

[4
] P

e
tit e

t a
l., P

h
y
s
. R

e
v. L

e
tt 9

8
, 0

7
7

2
0

3
 (2

0
0

7
).



T
h

e
d

is
c
re

p
a

n
c
y

in
th

e
s
e

e
x
p

e
rim

e
n

ta
l

re
s
u

lts
m

a
y

b
e

d
u

e
to

:

•
A

s
y
m

m
e

tric
 le

ft a
n

d
 rig

h
t e

le
c
tro

d
e

s
  ---

A
s
y
m

m
e

tric
 M

T
J

•
D

is
o

rd
e

r in
 th

e
 b

a
rrie

r o
r a

t b
a

rrie
r/F

M
 in

te
rfa

c
e

 

---
D

is
o

rd
e

re
d

 M
T

J
( In

 p
ro

g
re

s
s
 !!)

In
th

is
s
tu

d
y,

•
F

in
d

th
e

u
n
d
e
rly

in
g

m
e
c
h
a
n

is
m

re
s
p
o
n
s
ib

le
fo

r
th

e
b
ia

s

d
e
p
e
n
d
e
n
c
e

o
f

(in
te

rla
y
e
r

e
x
c
h
a
n
g
e

c
o
u
p
lin

g
,

J
).

•
E

x
p

la
in

th
e

d
is

c
re

p
a

n
c
y

in
p
re

v
io

u
s

e
x
p

e
rim

e
n
ta

l
re

s
u

lts
.

•
U

n
d
e
rs

ta
n
d

h
o
w

to
c
o
n
tro

l
th

e
b
ia

s
d
e
p
e
n
d
e
n
c
e

o
f

.
⊥

T

⊥
T



θ
d

e
p

e
n

d
e
n

c
e

||
0,

1
0,

1
1

,
0

1
,

0
3

}
Im

{
1
6

)
(

d
E
d
k

G
G

G
G

t
T

∫
↓
↑

<−
↑
↓

<−
↓
↑

<
−

↑
↓

<
−

⊥
−

−
−

=
π

θ

||

4

2
3

)}
]

Im
{
(

)}
R
e{
(

)
(

)}
(

)
Im

{
(

[
8

sin

d
E
d
k

g
g

g
g

f
f

g
g

g
g

f
g

g
t

D

R
R

L
L

L
R

R
R

L
L

L
a
b

b
a

↓
↑

↓
↑

↓
↑

↓
↑

−
⋅

−
⋅

−
+

−
⋅

−
⋅

⋅
⋅

⋅
=

∫
π

θ

F
o
r n

o
n

-c
o

llin
e

a
r

M
T

J
, th

e
 e

x
a
c
t e

x
p
re

s
s
io

n
 o

f         is
 

a
ls

o
 c

a
n
 b

e
 e

x
p
re

s
s
e
d
 b

y

⊥
T

⊥
T

X

Y

Z

L
M r

R
M r

θ

L
e

ft
s
e
m

i-in
fin

ite
 le

a
d

B
a
rrie

r

)
(↓

↑L
g

)
(↓

↑R
g

a
b

g

b
a

g

R
ig

h
t

s
e
m

i-in
fin

ite
 le

a
d

C
o

llin
e
a
r M

T
J

L
M r

R
M r

θ
sin

×

t
t t

t

a
b

C
o

llin
e

a
r (θ

in
d

e
p

e
n

d
e

n
t)



]
[

sin

)}
]

Im
{
(

)}
R
e{
(

)
(

)}
(

)
Im

{
(

[
|

|
8 sin

)
(

||

2
3

4

↓
↓

↑
↓

↓
↑

↑
↑

↓
↑

↓
↑

↓
↑

↓
↑

⊥

+
−

−
⋅

−
=

−
⋅

−
⋅

−
+

−
⋅

−
⋅

⋅
⋅

⋅
⋅

=
∫

F
M

F
M

F
M

F
M

R
R

L
L

L
R

R
R

L
L

L
a
b

b
a

J
J

J
J

d
E
d
k

g
g

g
g

f
f

g
g

g
g

f
g

g
D

t
T

θ

π
θ

θ

P
e
rp

e
n

d
ic

u
la

r s
p

in
 to

rq
u

e
: 

θ
θ

sin
J

E
T

IE
C

−
=

∂ ∂
−

=
⊥

w
ith

 c
o

llin
e

a
r (F

M
)

c
o

n
fig

u
ra

tio
n

 

fo
r th

ic
k
 b

a
rrie

r
1

~
|

|
2

D

||
}
]

Im
{
(

}
R
e{

)
(

}
Im

{
[

)
(

d
E
d
k

g
g

f
f

g
g

f
E

C
J

R
L

L
R

R
L

L
F
M

↑
↑

↑
↑

↑
↑

⋅
⋅

−
+

⋅
⋅

⋅
=

−
∫

||
}
]

Im
{
(

}
R
e{

)
(

}
Im

{
[

)
(

d
E
d
k

g
g

f
f

g
g

f
E

C
J

R
L

L
R

R
L

L
F
M

↑
↓

↑
↓

↓
↑

⋅
⋅

−
+

⋅
⋅

⋅
=

−
∫

||
}
]

Im
{
(

}
R
e{

)
(

}
Im

{
[

)
(

d
E
d
k

g
g

f
f

g
g

f
E

C
J

R
L

L
R

R
L

L
F
M

↓
↑

↓
↑

↑
↓

⋅
⋅

−
+

⋅
⋅

⋅
=

−
∫

||
}
]

Im
{
(

}
R
e{

)
(

}
Im

{
[

)
(

d
E
d
k

g
g

f
f

g
g

f
E

C
J

R
L

L
R

R
L

L
F
M

↓
↓

↓
↓

↓
↓

⋅
⋅

−
+

⋅
⋅

⋅
=

−
∫

w
ith

 c
o

llin
e

a
r (F

M
)

c
o

n
fig

u
ra

tio
n

 

N
o

n
-z

e
ro

 a
t V

=
0



=
+

)
(

0
F
M

=
θ

)
(A

F
π

θ
=

↑
↑

F
M

J ↑
↓

F
M

J

↓
↑

F
M

J

↓
↓

F
M

J

↓
↑

A
F

J ↓
↓

A
F

J

↑
↑

A
F

J

↑
↓

A
F

J
)

2
(

co
s
2
θ

)
2
(

co
s
2
θ

)
2
(

sin
2
θ

)
2
(

sin
2
θ

N
o

n
-c

o
llin

e
a
r

M
T

J

R
R

L
R

R
L

↓
+

↑
−

=
↓

↓
+

↑
=

↑
2

co
s

2
sin

2
sin

2
co
s

θ
θ

θ
θ

R
L

P
o
b
a
b
ility

'
:

P
r

'
,

σ
σ

σ
σ

=

)
co
s(

]
[

]
[

)]
2

(
sin

)
2

(
[co

s

)]
(

)
2

(
(sin

)
(

)
2

(
[co

s

)]
(

)
2

(
(sin

)
(

)
2

(
[co

s

)
co
s(

)
(

)
(

2
2

2
2

2
2

θ

θ
θ

θ
θ

θ
θ

θ
θ

θ

⋅
+

−
−

−
=

+
−

−
⋅

−
−

=

+
−

+
−

⋅
+

+
−

−
⋅

−
=

+
−

+
−

⋅
+

+
−

−
⋅

−
=

⋅
−

=

↓
↓

↓
↑

↑
↓

↑
↑

↓
↓

↓
↑

↑
↓

↑
↑

↑
↑

↑
↓

↓
↑

↑
↑

↓
↓

↓
↑

↑
↓

↑
↑

↑
↑

↑
↓

↓
↓

↓
↑

↓
↓

↓
↑

↑
↓

↑
↑

F
M

F
M

F
M

F
M

F
M

F
M

F
M

F
M

A
F

F
M

F
M

F
M

F
M

F
M

F
M

F
M

A
F

A
F

A
F

A
F

F
M

F
M

F
M

F
M

xc

J
J

J
J

J
J

J
J

J
J

J
J

J
J

J
J

J
J

J
J

J
J

J
J

J
E

=

=

=

=

θ
θ

θ
θ
θ

θ
sin

]
[

sin
)

(
)

(
)

(
⋅

−
+

−
−

=
⋅

−
=

∂

∂
−

=
↓
↓

↓
↓

↑
↑

↑
↑

⊥
A
F

F
M

A
F

F
M

xc
J

J
J

J
J

E
T

F
M

 c
o

n
fig

u
ra

tio
n

N
o

n
-c

o
llin

e
a
r

R
L

P
o
b
a
b
ility

'
:

P
r

σ
σ

=



↑
↑

↑
↑

⊥

−
=

⋅
⋅

⋅
⋅

=
∫

F
M

R
L

L
a
b

b
a

J

d
E
d
k

g
g

f
g

g
t

T
)

2
sin

(
}

Im
{

8
)

2
(

||
3

4

π
π

π

F
o
r o

n
e

-b
a

n
d

 s
y
m

m
e

tric
 M

T
J

w
ith

 θ
=

π
/2

:

(1
) A

t z
e
ro

 b
ia

s

t
L

6
− ↑

ε

t

eV
L

6 1
5

− =
↓
ε

t

eV
R

6 1
5

− =
↓
ε

t
R

6
− ↑

ε
E

F

B
a

rrie
r h

e
ig

h
t

F
M

 c
o

n
fig

u
ra

tio
n

1

¾
 

½
  

¼
 

B
a

n
d

 fillin
g

 =

E
F

0
.2

0
.4

0
.6

 

(peV)

-2
.0

-1
.5

-1
.0

-0
.5

0
.0

0
.5

1
.0

1
.5

2
.0

-0
.3

-0
.2

-0
.1

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

  
 

 

T
per

(peV)

)
()

(
eV

R
L ↑
ε

¾
 

½
  

¼
 

B
a

n
d

 fillin
g

 =

E
x
a
c
t 

↑
↑

−
F
M

J

)
(θ

⊥
T

F
M

A
F

-1
.5

-1
.0

-0
.5

0
.0

-0
.8

-0
.6

-0
.4

-0
.2

0
.0

0
.2

  

 

T
per

(peV)

E
n

e
rg

y
 (e

V
)

eV
R

L
6.

0
)

(
=

↑
ε

eV
R

L
2.

1
)

(
=

↑
ε

∫
||

d
k

0
.0

0
.5

1
.0

1
.5

2
.0

2
.5

3
.0

0
.0

0
.5

1
.0

1
.5

2
.0

2
.5

3
.0

ΓΓΓ Γ
K

x

Kz

0
.0

0
.5

1
.0

1
.5

2
.0

2
.5

3
.0

0
.0

0
.5

1
.0

1
.5

2
.0

2
.5

3
.0

K
x

KzΓΓΓ Γ

-1
.0

E
-1

3

-5
.0

E
-1

4

05
.0

E
-1

4

1
.0

E
-1

3

eV
R

L
6.

0
)

(
=

↑
ε

eV
R

L
2.

1
)

(
=

↑
ε

∫O
cc d

E



F
o
r tw

o
-b

a
n

d
 M

T
J

w
ith

 θ
=

π
/2

:

]
[

)}
]

Im
{
(

)}
R
e{
(

)
(

)}
(

)
Im

{
(

[
8

)
2

(

||

3

4

↓
↓

↑
↓

↓
↑

↑
↑

↓
↑

↓
↑

↓
↑

↓
↑

⊥

+
−

−
−

=

−
⋅

−
⋅

−
+

−
⋅

−
⋅

⋅
⋅

=
∫

F
M

F
M

F
M

F
M

R
R

L
L

L
R

R
R

L
L

L
a
b

b
a

J
J

J
J

d
E
d
k

g
g

g
g

f
f

g
g

g
g

f
g

g
t

T
π

π

E

B
a

rrie
r h

e
ig

h
t

0
.1

0
.2

0
.3

 

 (peV)

  

eV
0.

0
=

δ
eV

6.
0

=
δ

eV
2.

1
=

δ

eV
eV

L
L

2.
1

6.
0

=
=

↓
↑

ε
ε

)
2

sin
( π

×
1

A
F

δ
ε

+
− ↓

t
L

6
E

F

-0
.4

-0
.3

-0
.2

-0
.1

0
.0

0
.1

0
.2

0
.3

0
.4

-0
.4

-0
.3

-0
.2

-0
.1

0
.0

0
.1

 

T
per

 (peV)

 B
ia

s
 (V

)

  

eV
2.

1
=

δ

•
T

h
e
 b

ia
s
 d

e
p
e
n
d
e
n
c
e
 o

f       c
h
a
n
g
e
s
 s

ig
n
ific

a
n
tly

 w
ith

 δ
. 

•
c
a
n
 c

h
a
n
g
e
 s

ig
n
 w

ith
 th

e
 b

ia
s
, w

h
ic

h
 m

e
a
n
s
 th

a
t o

n
e
 c

a
n
 c

o
n
tro

l th
e
 m

a
g
n
e
tic

 

c
o
n
fig

u
ra

tio
n
 w

ith
 b

ia
s
 e

v
e
n
 in

 th
e
 a

b
s
e
n
t o

f e
x
te

rn
a
l m

a
g
n
e
tic

 fie
ld

.  

⊥
T

⊥
T

t
L

6
−

↑
ε

δ
ε

+
− ↑

t
L

6

t
L

6
−

↓
ε

∆
∆

F
M



0
.4

0
.5

 

 
F

M
↑
↑

−
F
M

J

eV
eV

eV
R

L
R

L
0.

0
2.

1
6.

0
)

(
)

(
=

=
=

↓
↑

δ
ε

ε
( S

y
m

m
e
tric

 tw
o

-b
a
n

d
 M

T
J
)

]
[

)}
]

Im
{
(

)}
R
e{
(

)
(

)}
(

)
Im

{
(

[
8

)
2

(

||

3

4

↓
↓

↑
↓

↓
↑

↑
↑

↓
↑

↓
↑

↓
↑

↓
↑

⊥

+
−

−
−

=

−
⋅

−
⋅

−
+

−
⋅

−
⋅

⋅
⋅

=
∫

F
M

F
M

F
M

F
M

R
R

L
L

L
R

R
R

L
L

L
a
b

b
a

J
J

J
J

d
E
d
k

g
g

g
g

f
f

g
g

g
g

f
g

g
t

T
π

π

-0
.4

-0
.3

-0
.2

-0
.1

0
.0

0
.1

0
.2

0
.3

0
.4

-0
.5

-0
.4

-0
.3

-0
.2

-0
.1

0
.0

0
.1

0
.2

0
.3

0
.4

 

Tper (peV)

 B
ia

s
 (V

)

    

F
M

−
F
M

J
↓
↑

−
F
M

J
↑
↓

−
F
M

J
↓
↓

−
F
M

J

)
2

( π
⊥

T
∆

∆
is

 th
e
 e

x
c
h

a
n

g
e
 s

p
littin

g
. 

∆

t
L

6
− ↑

ε

t
L

6
−

↓
ε

t
L

6
−

↑
ε

t
L

6
−

↓
ε

)
(

)
(

b
F
M

b
F
M

V
J

V
J

+
−

=
−

−
↑
↓

↓
↑



1
.5

2
.0

2
.5

3
.0

Kz

1
.5

2
.0

2
.5

3
.0

Kz

-1
.0

E
-1

3

-5
.0

E
-1

4

05
.0

E
-1

4

1
.0

E
-1

3

1
sin

2
0.

0

)
(

0.
0=

=
= =θ

π
θ

δV

M
T
J

S
ym

m
etric

eVE
F

+
−

∆
∆

t
L

6
− ↑

ε

t
L

6
− ↓

ε

t
L

6
−

↑
ε

t
L

6
−

↓
ε

0
.0

0
.5

1
.0

1
.5

2
.0

2
.5

3
.0

0
.0

0
.5

1
.0

ΓΓΓ Γ
K

x

0
.0

0
.5

1
.0

1
.5

2
.0

2
.5

3
.0

0
.0

0
.5

1
.0

ΓΓΓ Γ
K

x

0
.0

0
.5

1
.0

1
.5

2
.0

2
.5

3
.0

0
.0

0
.5

1
.0

1
.5

2
.0

2
.5

3
.0

ΓΓΓ Γ
K

x

Kz

0
.0

0
.5

1
.0

1
.5

2
.0

2
.5

3
.0

0
.0

0
.5

1
.0

1
.5

2
.0

2
.5

3
.0

K
x

KzΓΓΓ Γ

E
F

)
(

||
k

J
F
M

↑
↑

)
(

||
k

J
F
M

↑
↓

+−
+ −

)
(

||
k

J
F
M

↓
↓

)
(

||
k

J
F
M

↓
↑



eV
eV

eV
eV

eV

R
R

L
L

8.
1

2.
1

6.
0

2.
1

6.
0

=
=

=
=

=
↓

↑

↓
↑

ε
ε

δ
ε

ε
( A

s
y
m

m
e
tric

 tw
o

-b
a
n

d
 M

T
J
)

0
.7

 

]
[

)}
]

Im
{
(

)}
R
e{
(

)
(

)}
(

)
Im

{
(

[
8

)
2

(

||

3

4

↓
↓

↑
↓

↓
↑

↑
↑

↓
↑

↓
↑

↓
↑

↓
↑

⊥

+
−

−
−

=

−
⋅

−
⋅

−
+

−
⋅

−
⋅

⋅
⋅

=
∫

F
M

F
M

F
M

F
M

R
R

L
L

L
R

R
R

L
L

L
a
b

b
a

J
J

J
J

d
E
d
k

g
g

g
g

f
f

g
g

g
g

f
g

g
t

T
π

π

-0
.4

-0
.3

-0
.2

-0
.1

0
.0

0
.1

0
.2

0
.3

0
.4

-0
.5

-0
.4

-0
.3

-0
.2

-0
.1

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

 

Tper (peV)

 B
ia

s
 (V

)

    

↑
↑

−
F
M

J
↓
↑

−
F
M

J
↑
↓

−
F
M

J
↓
↓

−
F
M

J

)
2

( π
⊥

T

∆

∆

t
L

6
−

↑
ε

t
L

6
−

↓
ε

δ
ε

+
− ↓

t
L

6

δ
ε

+
− ↑

t
L

6



eV
eV

eV
eV

eV

R
R

L
L

4.
2

8.
1

2.
1

2.
1

6.
0

=
=

=
=

=
↓

↑

↓
↑

ε
ε

δ
ε

ε
( A

s
y
m

m
e
tric

 tw
o

-b
a
n

d
 M

T
J
)

0
.8

 

]
[

)}
]

Im
{
(

)}
R
e{
(

)
(

)}
(

)
Im

{
(

[
8

)
2

(

||

3

4

↓
↓

↑
↓

↓
↑

↑
↑

↓
↑

↓
↑

↓
↑

↓
↑

⊥

+
−

−
−

=

−
⋅

−
⋅

−
+

−
⋅

−
⋅

⋅
⋅

=
∫

F
M

F
M

F
M

F
M

R
R

L
L

L
R

R
R

L
L

L
a
b

b
a

J
J

J
J

d
E
d
k

g
g

g
g

f
f

g
g

g
g

f
g

g
t

T
π

π

δ
ε

+
− ↓

↑
↑

−
F
M

J
↓
↑

−
F
M

J
↑
↓

−
F
M

J
↓
↓

−
F
M

J

)
2

( π
⊥

T

∆

∆

-0
.4

-0
.3

-0
.2

-0
.1

0
.0

0
.1

0
.2

0
.3

0
.4

-0
.3

-0
.2

-0
.1

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0
.8

 

Tper (peV)

 B
ia

s
 (V

)

    

t
L

6
−

↑
ε

t
L

6
−

↓
ε

δ
ε

+
− ↓

t
L

6

δ
ε

+
− ↑

t
L

6



C
o

n
c
lu

s
io

n

1
.

F
o

r
n

o
n

-c
o

llin
e

a
r

M
T

J
,

c
a

n
b

e
re

la
te

d
to

th
e

in
te

rla
y
e

r

e
x
c
h

a
n

g
e

c
o

u
p

lin
g

o
f

fo
u

r
in

d
e

p
e

n
d

e
n

t
c
h

a
n

n
e

ls
in

F
M

c
o

n
fig

u
ra

tio
n

s
.

]
[

sin

)}
]

Im
{
(

)}
R
e{
(

)
(

)}
(

)
Im

{
(

[
8

sin
)

(

||

3

4

↓
↓

↑
↓

↓
↑

↑
↑

↓
↑

↓
↑

↓
↑

↓
↑

⊥

+
−

−
⋅

−
=

−
⋅

−
⋅

−
+

−
⋅

−
⋅

⋅
⋅

⋅
⋅

=
∫

R
R

L
L

L
R

R
R

L
L

L
a
b

b
a

J
J

J
J

d
E
d
k

g
g

g
g

f
f

g
g

g
g

f
g

g
t

T

θ π θ
θ

)
(θ

⊥
T

]
[

sin
↓
↓

↑
↓

↓
↑

↑
↑

+
−

−
⋅

−
=

F
M

F
M

F
M

F
M

J
J

J
J

θ

N
o

n
-c

o
llin

e
a

r
M

T
J
        =

F
M

 c
o

n
fig

u
ra

tio
n

X

Y

Z

L
M r

R
M r

θ

L
e

ft F
M

 e
le

c
tro

d
e

B
a

rrie
r

)
(↓

↑L
g

)
(↓

↑R
g

a
b

g

b
a

g

L
M r

R
M r

θ
sin

×

t
t t

t
a

b

R
ig

h
t F

M
 e

le
c

tro
d

e

=

θ
sin

×



0
.1

0
.2

0
.3

 

 (peV)
eV

0.
0

=
δ

2
.

T
h

e
b

ia
s

d
e

p
e

n
d

e
n

c
e

o
f

c
a

n
b

e
s
ig

n
ific

a
n

tly
a

lte
re

d
b

y
th

e

a
s
y
m

m
e

try,
δ

,
b

e
tw

e
e

n
le

ft
a

n
d

rig
h

t
e

le
c
tro

d
e

s
,

w
h

ic
h

c
a

n

e
x
p

la
in

th
e

in
c
o

n
s
is

te
n

c
e

o
f

p
re

v
io

u
s

e
x
p

e
rim

e
n

ta
l
fin

d
in

g
s
.

⊥
T

-0
.4

-0
.3

-0
.2

-0
.1

0
.0

0
.1

0
.2

0
.3

0
.4

-0
.4

-0
.3

-0
.2

-0
.1

0
.0

T
per

 (peV)

 B
ia

s
 (V

)

eV
2.

1
=

δ
eV

6.
0

=
δ



3
.

S
in

c
e

is
c
o

n
tro

lle
d

b
y

fo
u

r
in

d
e

p
e

n
d

e
n

t
F

M
in

te
rla

y
e

r
e

x
c
h

a
n

g
e

c
o

u
p

lin
g

s
,

,
o

n
e

c
a

n
s
y
s
te

m
a

tic
a

lly
c
re

a
te

a
n

y
k
in

d
o

f
b

ia
s

d
e

p
e

n
d

e
n

c
e

o
f

th
ro

u
g

h
d

iffe
re

n
t

c
o

m
b

in
a

tio
n

s
o

f
m

a
jo

rity
-

a
n

d

m
in

o
rity

-s
p

in
b

a
n

d
fillin

g
s

in
b

o
th

le
ft

a
n

d
rig

h
t

e
le

c
tro

d
e

s
.

⊥
T

'
σ
σ

F
M

J

⊥
T

4
.

T
h

e
R

e
m

a
in

in
g

p
ro

b
le

m
is

to
u

n
d

e
rs

ta
n

d
th

e
p

h
y
s
ic

a
l

m
e

a
n

in
g

s

o
f

a
n

d
.

(Im
)

'
σ
σ

F
M

J
Im

)
(R
e*

'
σ
σ

F
M

J

||
3

4

||
3

4

}
]

Im
{

}
R
e{

}
R
e{

}
Im

{
[

8

}
]

Im
{

}
R
e{

)
(

}
Im

{
[

8
Im

)
R
e*

(Im

d
E
d
k

g
g

f
g

g
f

g
g

t

d
E
d
k

g
g

f
f

g
g

f
g

g
t

J

R
L

R
R

L
L

a
b

b
a

R
L

L
R

R
L

L
a
b

b
a

F
M

↑
↑

↑
↑

↑
↑

↑
↑

↑
↑

⋅
⋅

+
⋅

⋅
⋅

⋅
=

⋅
⋅

−
+

⋅
⋅

⋅
⋅

=
+

−

∫ ∫

π π

O
c
c
u

p
ie

d
L

D
O

S
in

is
o

la
te

d
le

ft
e
le

c
tro

d
e

O
c
c
u

p
ie

d
L

D
O

S
in

is
o

la
te

d
rig

h
t

e
le

c
tro

d
e

S
im

ila
r to

 th
e
 c

u
rre

n
t ?

?

W
h
a
t’s

th
e

re
la

tio
n

b
e
tw

e
e
n

a
n
d

o
th

e
r

p
h

y
s
ic

a
l

q
u

a
n

titie
s
,

s
u
c
h

a
s

L
D

O
S

,
s
p
in

-c
u
rre

n
t,

c
h
a
rg

e
-c

u
rre

n
t,

…
,
a
n
d

s
o

o
n

?
?

?
?

⊥
T



T
h
a
n
k
 y

o
u
 fo

r y
o
u
r a

tte
n
tio

n
 !!!


