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Overview

• Introduction

– The goals of the MRFM

– How does the MRFM work?

• Model and Open Quantum System Approach

• Results and Discussions

• Summary
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Magnetic Resonance Imaging Techniques
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• Investigation of the 3D structures of matter
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Magnetic Resonance Imaging Techniques

• MRI, NMR, ESR, etc.

• Non-destructive probe

• Investigation of the 3D structures of matter

How can we look into 3D structures of the sample at the

molecular or atomic level?



The Goal of the MRFM

http://courses.washington.edu/goodall/MRFM/
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The ultimate dream of the MRFM

Detection of single electron (or even nuclear) spins!
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Current Status of the MRFM
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Current Status of the MRFM

Please visit the Homepage of the Magnetic Resonance and

Magnetism Lab. at KAIST (http://mrm.kaist.ac.kr/mrfm/)

and links from there.
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Novices’ approaches to detect single spins
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Stern-Gerlach experiment?
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Novices’ approaches to detect single spins

• Freely moving spins (magnetic moments),

Stern-Gerlach experiment?

• Magnetic field generated by single spins,

Using a SQUID?

(µB = 9.2732× 10−21 erg/gauss)

• Force between a reference moment and the sample spin,

A magnetic balance?
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Basic Setup of the MRFM

http://courses.washington.edu/goodall/MRFM/
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Model

12



Model

• Strong magnetic field in the z-direction, Bz
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• Cantilever, a harmonic oscillator,

p2
z
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+

z2
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• Interaction between the spin and the cantilever,

−ησzz



Cyclic adiabatic inversion (CAI) technique
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Cyclic adiabatic inversion (CAI) technique

• Rotating frame,

H = −
1

2
φ̇(t)σz −

1

2
ε⊥σx − ησzz +

1
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(p2

z + z2)
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Cyclic adiabatic inversion (CAI) technique

• Rotating frame,

H = −
1

2
φ̇(t)σz −

1

2
ε⊥σx − ησzz +

1

2
(p2

z + z2)

• Adiabatic approximation
+ Born-Oppenheimer approximation

H = −
1

2
ε(t)τz − ηf(t)τzz +

1

2
(p2

z + z2) ,

ε(t) ≡
√

φ̇2(t) + ε2⊥ , f(t) ≡
φ̇(t)

ε(t)

Beff

τz

τx

σx

σz
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Exact Solution of the “System”

〈z(t)〉± =
√

2Re
[
±ξ(t) + ξ0e−it

]
,

ξ(t) ≡ iη
1√
2

∫ t

0
dt′ e−i(t−t′)f(t′)
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Exact Solution of the “System”
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Coupling to the “Environment”

• Caldeira & Leggett (1981, 1983b,a)

Htot = H +
∑
k

 p2
k

2mk
+

1

2
mkω2

k

(
xk −

ck

mkω2
k

z

)2


J(ω) ≡
π

2

∑
k

c2k
mωk

δ(ω − ωk) = αωΘ(ω − ωc)
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Coupling to the “Environment”

• Caldeira & Leggett (1981, 1983b,a)

Htot = H +
∑
k

 p2
k

2mk
+

1

2
mkω2

k

(
xk −

ck

mkω2
k

z

)2


J(ω) ≡
π

2

∑
k

c2k
mωk

δ(ω − ωk) = αωΘ(ω − ωc)

Dynamics of the spin and the caltilever in terms of the re-

duced density matrices,

ρ(S)(t) = Tr
C

Tr
E

ρtot(t) , ρ(C)(t) = Tr
S

Tr
E

ρtot(t)



Dynamics of the Cantilever

ρ
(S+C)
ss′ (z, z′) = ρ

(S)
ss′ (0)ρ(C)

ss′ (z, z′)

ρ(C)(z, z′) = ρ
(S)
↑↑ (0)ρ(C)

↑↑ (z, z′) + ρ
(S)
↓↓ (0)ρ(C)

↓↓ (z, z′)
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Dynamics of the Cantilever

ρ
(S+C)
ss′ (z, z′) = ρ

(S)
ss′ (0)ρ(C)

ss′ (z, z′)

ρ(C)(z, z′) = ρ
(S)
↑↑ (0)ρ(C)

↑↑ (z, z′) + ρ
(S)
↓↓ (0)ρ(C)

↓↓ (z, z′)

Master equation

∂

∂t
ρ(t) = −i [H (t) , ρ(t)]− i

α

2
[ẑ, {p̂, ρ(t)}]

−Dzz[ẑ, [ẑ, ρ(t)]]−Dpp[p̂, [p̂, ρ(t)]]

− 2Dzp[ẑ, [p̂, ρ(t)]] ,

cf. Berman et al. (2003a,b)
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Dynamics of the Spin

Effective bath model (Garg et al., 1985)

Htot(t) = −
1

2
ε(t)τ̂z − ηf(t)τ̂z

∑
k

gk

(̂
b
†
k + b̂k

)
+
∑
k

ωkb̂
†
kb̂k ,

J(ω) ≡
∑
k

g2
kδ(ω − ωk) =

1

π

αω

(1− ω2)2 + (αω)2
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cf. Mozyrsky et al., cond-mat/0210218.

cf. Berman et al. (2003a,b).

21



MRFM as a quantum measurement device?

Quantum object⇐⇒Quantum probe⇐⇒Measuring device
(Spin) ⇐⇒ (Cantilever) ⇐⇒ (Laser)

See, e.g., Breuer & Petruccione (2002).
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Summary

• The CAI-based MRFM as a high-resolution tool to de-

tect single spins.

• Open quantum system approach to study dynamics of

the cantilever and/or the spin.

– Lindblad form

– Valid at intermediate temperatures (as well as high

temperatures)

• MRFM as a quantum measurement device (?)
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