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Outline

• System of interest and SMM

• Quantum spin tunneling and phase interference in Single-
Molecule Magnet(SMM)

• Electronic transport in SMM
– Previous experimental work

– Electric Current: Fermi Golden Rule

– Electric conductance

– Tunneling probability of the SMM: two-level model

– Example: Fe8

• Summary



Systems  of  Interest
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Single Molecules

Mn12 (S=10) Fe8 (S=10) V15 (S=1/2)

Fe10 (S=0) Mn6
(S=4+4)

V6
(S=1/2,3/2)

[Mn4]2
(S=9/2+9/2)



[Friedman et al, PRL (1996) 

Thomas et al,  Nature (1996)]

Quantum spin tunneling and phase interference(Mn12 and Fe8)

Fe8 (S=10)
Mn12 (S=10)

[C. Sangregorio, et. al. 

PRL 1997]
[A. Garg, EPL 1993; 
Wernsdorfer and Sessoli,  
Science, 1999]
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STM Tip (R)

VB

To study the electronic and magnetic properties of a SMM and eventually to 
develop electronic devices

Electronic Transport in SMM

SMM

Metallic substrate (L)

SMM

Metal(L) Metal(R)

VB

STM-SMM-Metal bridge junction geometry



Previous Work
[A. Cornia et al, Angew. Chem. (2003)]

Mn12O12(16-sulfanylhexadecanoate)16(H2O)4 :  long hydrocarbon chain



film



What do we expect in the electronic devices?

1SMMRL HHHHΗ +++=
SMM

Metal(L) Metal(R)
∑ +=
α

ααε
k

pkpkpkp ccH ( )R,Lp =

( ) ( )∑∑∑
′

′
+

′
′

+ +⋅++=
α β

βαβα
α

αα σ
k k

kRLkLR
kk

kRLkLR1 .c.HSccJ.c.HccTH
rr

Tunneling of electrons 
scattered by the spin of 
SMM

Direct tunneling 
between two 
electrodes

Electric current
LRI ?

SMMH :Hamiltonian of SMM

[J.A. Appelbaum, PRL, 
1966; P.W. Anderson, 
PRL 1966 ]



Electric current from L to R?

jiW →

( ) ( )[ ] ( )mkRmLkf1fWPeI kRLk
m k k

mkRmLkmLR ′′↔−−= ′
′

′′→∑ ∑∑ βαεε
α β

βα

:Transition rate from the state i to j
( )εf :Fermi-Dirac distribution function

mP :Probability for the SMM to be in the state mSz =

Leading contribution to the transition rate:

( )ji

2

1ji EEiHj2W −=→ δ
π
h

mppkmpk EE ++= µεα

{ } { }[ ]mkR,mLkj,i ′′= βα

mE

RLeV µµ −=
:Energy of the state mSz = in the SMM

:Source-drain bias voltage

• The electric current can be computed using the Fermi golden rule.

• Study the very weak coupling limit so that the higher order process such as the 
Kondo effect may be safely neglected. 

• In this case, it is enough to compute the electric current up to the leading order.

pµ : Chemical potential shift in the electrode p

[J.A. Appelbaum, 

PRB 1967 ]



Electric current from L to R?(cont’d)

( ) ( )2
LR

2
LRRL

2
JT JTNN4πγγ =

[ ] ( ) ( )[ ]

( ) ( )[ ]eVEEeVEE

1mm1SSP
h
eVS

h
e2I

1mm1mm

m
mJJ

2
zT

2

LR

−−−+−×

±−+++=

±±

∑
ζζ

γγγ

:direct (spin-scattered) tunneling rate

∑= m m
22

z PmS ( ) ( )[ ]βεεες −−= exp1/

Up to the second order in ( )LRLR JT

( ) ( )[ ] ( ){ }∑ ±−±−++=
m

1mm
2

ms EE1mm1SSmPg η

Linear response conductance ( )1mm EEeV ±−<<

Spin exchange tunneling reflects the dynamics of the QTM inside the SMM

( )[ ]Tg
h
e2G sJT

2

γγ +=

Tk/1 B=β

( ) ( ) εεςεη dd=

[G-H Kim and TS Kim, PRL, 2004 ]



Probability for the SMM to be in the state  

( ) xxB
442

y
2
xzzB

2
zSMM HSgSSC)SS(EHSgDSH µµ −++−+−−= −+

The effective Hamiltonian for the SMM such as Fe8

In the absence of transverse terms, the energy level of the state mS z =

mHgDmE zB
2

m µ−−=

Resonant fields: ( )
B

0
Mz g/MDHH µ==

( ) ( )tH
t

t
i SMM Ψ=

∂
Ψ∂

h

( ) ( ) jtat S

Sj j∑ −=
=Ψ

?mSz =

The coupled 2S+1 differential eq. for ( )ta j

?Pm

( ) 2
mtm talimP ∞→≡



( )( )[ ] ( )
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( )1MM1M1M0x
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2MM1M2M1M2M0M
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aqqaqqE
2
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τ

γ

2
MBM /cg ∆= µγ h

where

MB /ctg ∆= µτ

( )( )1MSMSq M ++−=

M0 /DD ∆= M0 /EE ∆= M0 /CC ∆=
( )

MMB
0

z /Hgh ∆= µ ( )
MxB

0
x /Hgh ∆= µ

10M10 ≤≤− 10S =for

:Level splitting between –S and S-MM∆

Field sweeping speed

Probability for the SMM to be in the state  ?mSz = (cont’d)



K102.3C 5−×−=

K294.0D = K047.0E =

(i)

s/T14.0c =

55 103t10 −− ×<<− ( ) 5
z

6 102.4429.0TH104.1429.0 −− ×+<<×−

ct429.0H z +=

33 h ( DEC AXP6000 5/266)

sec10tsec10 <<− T4.1HT4.1 z <<−

1884 years  !!( ) ≈×× 510533

(ii)

Fe8(ex) ( ) ( )[ ] +8
12268 OHOtacnFe



2∆
10m ' −=

8m =

( ) ( )tH
t

t
i effeff

eff Ψ=
∂
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h

( ) ( ) ( ) Mtatat Meff −+−=Ψ −− 1010 1010

( )
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∆

∆−−
=

ctg102/
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H
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µ

We introduce two-level model between –S and S-M
(ex) tunneling between –10 and 8

:Level splitting between –S and S-MM∆

Two level approximation ? 
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( ) ( )[ ]ταπλτ
γ

λτ λ M1iM
2

M
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1M
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D: parabolic   
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Two level approximation(cont’d)

( )

( ) ( )∏

∏
−

=
−∞→−

=
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−=≡

=≡

1M

0j
jM

2
MStMS

M

0j
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2
StS

FF1talimP

FtalimP

When we start with a ground state              , the coefficient can be found analytically in the range of 
field                            by solving the differential equation. 

SS z −=

M
g

DH
B

M ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

µ

Then, the corresponding  probabilities are represented as

1MzM HHH +≤≤

Note that     and          denote the probabilities for an SMM not to and to transfer from              to           
at the M-th resonant field.

MF MF1 − SS z −= MS −

( ) 2
10

2
10 1010 Mz aMaS −− −+−=



[Rastelli and Tassi, PRB, 64, 
064410 (2001)]

The two level approximation can reproduce quite well the results of the full diff. eq.



Electric conductance?

In the range of field                             ,  we can find1MzM HHH +≤≤

( )

∑
=

−+=

=
M

0n
nS

2

s

nPS

Mg

two-level model

- Electric conductance at zero temp.

( ) ( )[ ] ( ){ }∑ ±−±−++
m

1mm
2

m EE1mm1SSmP θ

( ) ∏∑∏
==

−

=

−=
M

0j
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( ) ⎥
⎦

⎤
⎢
⎣

⎡

µ−
∆π

−=
cgMS

expF
B

M
M

h22

2

the probability for an SMM  not to 
transfer from               to          at 
the M-th resonant field.

SS z −= MS −

sg



K102.3C 5−×−=K294.0D = K047.0E = ctHH sz +−=

( ) xxB
442

y
2
xzzB

2
zSMM HSgSSC)SS(EHSgDSH µµ −++−+−−= −+

Example: Fe8

The tunnel splitting       is calculated for                    at the resonant field by 
employing the numerical diagonalization.

M∆ zx H1.0H =



Example: Fe8(cont’d)

Conductance vs. longitudinal field.

- Similar to the magnetization curve, the conductance is featured with the stepwise increase as a 
function of magnetic field.

( )[ ]Mg
h
e2G sJT

2

γγ +=

( ) ( )MgSMg s
2

s += ( ) ∏∑∏
==

−

=

−=
M

0j
j

M

1i

1i

0j
js FMFMg



Example: Fe8(cont’d)

Conductance vs. the field sweeping speed

- The conductance        has the contribution                    from the Mth resonance and is 
expected to have the maximum value at some value of c.
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∑ ∑
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ν
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π
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sg MSs MPg −=δ



Example: Molecular magnet Fe8(cont’d)

- Conductance at the resonant field  vs. transverse field

- Similar to the magnetization curve, the conductance at each resonant field oscillates with 
almost the same period of  ~0.4 T. 

- Such oscillatory conductance faithfully reflects the structure of        as a function of 

- The amplitude of oscillations depends sensitively on c

M∆ xH

sec/T014.0c =

Z

Y

X
H

ϕ

A

Bhard axis

easy axis



Summary

– Transport in SMM on metallic surface
– Two-level model and Fermi Golden Rule
– Conductance: stepwise behavior as a function of longitudinal field
– Oscillation in conductance as a function of transverse field
– The effect of relaxation process

• Since all the transferred state                                lose the weight to the ground state, the value 
of      will rise stepwise with increasing field and might vanish in the end due to the relaxation 
process

• Elapsed time between steps               << relaxation time of magnetization
– Possible exchange anisotropy in spin-scattered tunneling

• When a>1, the conductance steps are more enhanced.
• For the case of a<1, the steps are reduced.

– Conductance at finite temperature

( ),...2,1MMSSz =−=

sg

( )( )s10O≤ ( )( )s10O~ 4

( ) ( )∑
=

−−+−+=
M

0n
nS

iso
s

aniso
s Pn1S2n1agg ( )2zJ/Ja ⊥=




