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Magnetic Nanostructures
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2 INTRODUCTION

Fig. I.1 Scale of size which goes from macroscopic down to nanoscopic sizes. The unit of

this scale is the number of magnetic moments in a magnetic system (roughly corresponding to

the number of atoms). The hysteresis loops are typical examples of magnetization reversal via

nucleation, propagation and annihilation of domain walls (left), via uniform rotation (middle),

and quantum tunneling (right).

Image from, W. Wernsdorfer, Advances in Chemical Physics 2001 and ArXiv:0101104
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Quantum Tunneling of Magnetization

also, Enz and Schilling, van Hemmen and Suto (1986)
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Tc = U/kBB(0)

Thermal
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Magnetic Bistability in a Molecular Magnet

Nature 1993, and Sessoli et al., JACS 1993

Magnetic hysteresis at 2.8 K and below (2.2 K)
S=10 ground state spin 



Quantum Tunneling in Single Molecule Magnets

Single crystal studies of Mn12: L. Thomas, et al. Nature  383, 145 (1996)
Susceptibility studies: J.M. Hernandez, et al. EPL 35, 301 (1996)

2009 Boulder School, Lecture 3
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Single Molecule Magnets

=
Mn84

S=6

SMM Characteristics
•Molecules
•High spin ground state
•Uniaxial anisotropy
•Single crystals 
•Synthesized in solution
•Modified chemically
•Peripheral ligands
•Oxidized/reduced
•Soluble
•Bonded to surfaces

Physics
-Individual molecule can be magnetized and exhibit
  magnetic hysteresis 1993
-Quantum Tunneling of Magnetization 1995
-Quantum Phase Interference 1999
-Crossover Thermal Assisted to Pure QTM 2000
-Quantum Coherence 2008
-Random-Field Ising Ferromagnetism 2009
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[Mn12O12(O2CCH3)16(H2O)4].2CH3COOH.4H2O

First SMM: Mn12-acetate

Micro-Hall magnetometer

• S4 site symmetry
• Tetragonal lattice a=1.7 nm, b=1.2 nm
• Strong uniaxial magnetic anisotropy (~60 K)
• Weak intermolecular dipole interactions (~0.1 K)

2 acetic acid molecules
4 water molecules

Magnetic Core
Competing AFM

Interactions

S=10

Ground state8 Mn3+ S=2

4 Mn4+  S=3/2

Organic Environment

Single 
Crystal

8
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Intra-molecular Exchange Interactions

    J1 ~ 215 K

J2,J3 ~ 85 K

    J4 ~ 45 K

(2S1+1)8(2S2+1)4=108  ⇒ S=10 and  2S+1=21

S=3/2J1

J4

J2

J3

J1

J2
J3

J4
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Spin Hamiltonian
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H = −DSz

2 − gµB

 
S ⋅
 
H 

Magnetic Anisotropy and Spin Hamiltonian

(Ising-like) Uniaxial anisotropy

2S+1 spin levels

up

down
x

y

z

Sz|m >= m|m >

Em = −Dm
2

U=DS2
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Relaxation processes in SMMs

up

x

y

z

U=U0(1-H/Ho)2

Thermal activation (over the barrier)

Magnetic relaxation at high temperature

M
/M

s

  µoHz (T)

Resonant Quantum Tunneling of Magnetization

down

Magnetic field

11



NYU

ICMM 2012, Orlando,  Tutorial Session, Sunday, October 7, 2012

up

down
x

y

z

Magnetic field

U=U0(1-H/Ho)2

with Zeeman term

“Resonance” fields where antiparallel spin projections are 
coincident, Hk =kD/gµB, levels m and m’; k=m+m’

€ 

HA =
2DS

gµB

Anisotropy Field:

€ 

H = −DSz

2 − gµBSzHz

Em = −Dm
2
− gµBHzm

Sz|m >= m|m >

Resonant Quantum Tunneling of Magnetization

12
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U=U0(1-H/Ho)2

Thermally assisted tunneling

€ 

ΓTAT = f (T)

Magnetic relaxation at intermediate temperature

U

Hz

k=6
k=7 k=8

Resonant Quantum Tunneling of Magnetization

Relaxation processes in SMMs

Magnetic field
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Pure quantum tunneling

Magnetic relaxation at low temperature
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Relaxation processes in SMMs

Magnetic field

Resonant Quantum Tunneling of Magnetization
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Δm,m ' ∝D
Hx

HA
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m−m '

Upper levels
             Large splitting

   Low Boltzmann population

Lowest levels
               Small splitting

   High Boltzman population

Tunnel splitting on resonance

€ 

H = −DSz

2 − gµBSzHz − gµBSxHx

Δm,m’

Relaxation pathway = f(T)

Crossover from Thermally Assisted to Pure QTM

Theory of thermally assisted tunneling: Villian (1997), Leuenberger & Loss (2000) and   
                                           Chudnovsky & Garanin (1999)

Crossover: Chudnovsky & Garanin, PRL 1997
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Thermal to Quantum Crossover in Magnetization Relaxation

17

ln Γ
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Top
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U(x) = – x2 + x4

           – x2 ± x3
U(x) = – x2 – x4 ± x5

First order crossover
Chudnovsky '92

Second order crossover
Larkin and Ovchinnikov '83

ln Γ

T

Chudnovsky and Garanin '97
Uniaxial nanomagnets for small
transverse magnetic fields!!!

1/S
1/S
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|m|=8

|m|=7
|m|=6

n = 0 1 2 3 4 5 6 7 8 9

Energy relative to the lowest level in the metastable well

D=0.548(3) K            gz=1.94(1) ���
B=1.17(2) × 10-3 K   (EPR: Barra et al., PRB 97)

H0= D/gzµB = 0.42 T 

K. Mertes et al. PRB 2001
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Experiments on the Crossover to Pure QTM in Mn12-acetate
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~1 K

~0.1 K

Thermal

Quantum

dM/dH versus Hz

Schematic: dominant levels as a 
function of temperature

ADK et al. EPL 2000
L. Bokacheva, PRL 2001
K. Mertes et al. PRB 2001
W. Wernsdorfer et al. PRL 2006
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FIG. 4. Relaxation of the magnetization vs time at different
temperatures for (a) n ! 6, u ! 0±, showing a crossover to a
quantum regime at approximately 1 K, and (b) n ! 4, u ! 35±,
showing no temperature independent regime. m!t" is a reduced
magnetization: m!t" ! #Ms 2 M!t"$%2Ms. In (a) the five
curves below 0.74 K overlap (0.56, 0.58, 0.63, 0.68, and
0.74 K). These curves can be fit with m!t" ! m0 exp#!2t%t"b$,
where m0 ! 0.94 6 0.01, t ! !5.45 6 0.15" 3 104 s, b !
0.48 6 0.02. The fit overlaps the data. In (b) the unmarked
curves from top to bottom correspond to T ! 0.68, 0.70, 0.75,
0.83, 0.91, and 0.95 K.

temperature it changes significantly. This temperature cor-
responds to the crossover temperature seen in Fig. 3—
consistent with pure QT. In contrast, for the peak n ! 4,
u ! 35±, the magnetization relaxation rate changes signifi-
cantly as the temperature decreases in the entire studied
range. Relaxation curves can be fit by a stretched ex-
ponential function m!t" ! m0 exp#2!t%t"b$, where b &
0.4 0.6. This form of relaxation has been observed pre-
viously in Fe8 [3] and in Mn12 [21], although it is not
completely understood [22].

In summary, we have presented new low temperature
magnetic studies of thermally assisted and pure quantum
tunneling in Mn12. The crossover between these two
regimes was found to be either abrupt or gradual, depend-
ing on the magnitude and orientation of applied magnetic
field. Higher longitudinal and transverse fields broaden the
crossover, consistent with a recent model [23]. We have
also shown that below the crossover temperature the mag-
netization relaxation becomes temperature independent.

We note that the measured crossover temperature ('1.1 K)
is significantly higher than predicted (0.6 K) [24]. This
may be due to an intrinsic mechanism promoting tunneling
in Mn12 such as a transverse anisotropy. Further studies of
this crossover should lead to a better understanding of the
mechanisms of tunneling in Mn12.

This work was supported by NSF-INT (Grant
No. 9513143) and NYU.
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Tunneling Selection Rules

Form of HA  determined by the site symmetry of the molecule

Mn12-acetate

S4-site symmetry (tetragonal)

Fe8

C2-site symmetry (rhombic)

180o

90o

H = −DS
2

z − gµBSzHz + HA

HA = E(S2

x − S
2

y) HA = C(S4

+ + S
4

−
)

20
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Hysteresis Loops as a Function of  Transverse Magnetic Field

P = e��

� = ⇥�2/(2�v)
v = 2SgµBdBz/dt

Landau-Zener Transitions

21

1� P

P
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Oscillations and Parity Effect in the Tunnel Splitting

22

Predicted for a biaxial 
system by Garg 1992!

Spin-parity effects in QTM:   
   Loss et al., 1992
   von Delft & Henley, 1992
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Quantum Phase Interference in Fe8

HT

HT

23

H = �DS2
z + E(S2

x � S2
y)� gµBSxHx
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Micromagnetometry
•	
 µ-SQUID

 
–! Based on flux quantization
–! Measures magnetic flux
–! Applied fields below the upper 

critical field (~1 T)
–! Low temperature (below Tc)
–! Single magnetic particles
–! Ultimate sensitivity ~1 µB

Hall bars

sample

B

1 to 10 µm

sample

B
1 µm

Josephson Junctions

see, A. D. Kent et al., Journal of Applied Physics 1994    W. Wernsdorfer, JMMM 1995
24

• µ-Hall Effect

– Based on Lorentz Force
– Measures magnetic field

– Large applied in-plane magnetic 
fields (>20 T)

– Broad temperature range
– Single magnetic particles
– Ultimate sensitivity ~102 µB
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Nano-SQUID

25
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Cylindrical TE01n (Q ~ 104 - 105)
f = 16 → 300 GHz

Single crystal 1 × 0.2 × 0.2 mm3

T = 0.5 to 300 K, µoH up to 45 tesla

M. Mola et al., Rev. Sci. Inst. 71, 186 (2000) 

θ

•We use a Millimeter-wave Vector Network 
Analyzer (MVNA, ABmm) as a spectrometer

High Frequency EPR
S. Hill, HMFML & FSU
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Reminder: field//z

z, S4-axis Hz

ms represents spin- 
projection along the 
molecular 4-fold axis

Single-crystal, high-field/frequency EPR

•Magnetic dipole transitions (Δms = ±1) - note frequency scale!
•EPR measures level spacings directly, unlike magnetometry methods

27

S. Hill, HMFML & FSU
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Energy level diagram for D < 0 system, B//z

B // z-axis of molecule

28

S. Hill, HMFML & FSU
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HFEPR for high symmetry (C3v) Mn4 cubane; S = 9/2

0.0 1.0 2.0 3.0 4.0 5.0

 24 K
 18 K
 14 K
 8 K
 6 K
 4 K

−1/2 to 1/2−3/2 to −1/2

−5/2 to −3/2
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−9/2 to −7/2 f = 138 GHz
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Magnetic field (tesla)

[Mn4O3(OSiMe3)(O2CEt)3(dbm)3]

29

S. Hill, HMFML & FSU
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Fit to easy axis data - yields diagonal crystal field terms
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Magnetic Molecules in crystals interact with one another through
magnetic dipole and exchange interactions

Hij =
µ0

4⇥r3

�
3(⌃mi · r̂ij)(⌃mj · r̂ij)� ⌃mi · ⌃mj

⇥
• Dipolar Interactions

Hdip =
1
2

�

i�=j

Hij
⌅m = ��⌅S � = |gµB/�|

• Interaction strength is small but the interaction is long range

ICMM 2012, Orlando,  Tutorial Session, Sunday, October 7, 2012

Long range order at low temperature (e.g., FM or AFM 
state)

Magnetic ground state depends on the crystal structure and crystal shape

Edip = µ0(gµBS)

2/Vcell ' 0.1 K for Mn12
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 Mn12-acetate Single Crystals (bcc tetragonal lattice of molecules)

Interacting Ising spins in a 
transverse field
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B. Wen, Pradeep Subedi, Y. Yeshurun, M. Sarachik, ADK, A. J.  Millis, PRB 2010
P. Subedi, ADK, B. Wen, M. P. Sarachik, Y. Yeshurun, A. J. Millis, S. Mukherjee and G. Christou, PRB 2012
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•A ferromagnetic phase was predicted:
-Fernandez and Alonso, PRB 2000
-Garanin and Chudnovsky, PRB 2008

•Neutron scattering data shows low-T ferromagnetic order:
             -Luis et al., PRL 2005

•Expect Mn12 to be an example of a transverse field Ising system

H = �
X

ij

J
ij

Sz

i

Sz

j

� h
X
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Sx
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Order

“Pure” System “Tilted” System

H =0 T

H 

In H� = 0 dipolar
interaction is changed very
little by the tilting of some
molecules.
When we apply H�, for
untilted molecules the two
longitudinal orientations
are still degenerate.
However, for tilted
molecules, the projection
of the transverse field
makes one orientation
preferable over the other.
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Myriam Sarachik, TUL 4 (Tuesday afternoon)
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Transverse field (H�)

T = 2 K

= 0.0067 T/s 
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Applying H� breaks the symmetry and lifts the
degeneracies by mixing the states.
Increasing H� promotes quantum tunneling, accelerating
the relaxation process towards thermal equilibrium. 8
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B. Wen, Pradeep Subedi, Y. Yeshurun, M. Sarachik, ADK, A. J.  Millis, PRB 2010
P. Subedi, ADK, B. Wen, M. P. Sarachik, Y. Yeshurun, A. J. Millis, S. Mukherjee and G. Christou, PRB 2012

ICMM 2012, Orlando,  Tutorial Session, Sunday, October 7, 2012

Introduction Setup Susceptibility Randomness Theoretical Model Theory vs Experiment Conclusion

Comparison to the experimental data
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Phase Diagram & Curie-Weiss Temperature
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Magnetic Deflagration
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Deflagration 

2 

 

• Molecular magnets can exhibit 
abrupt reversal of all the spins at 
low temp. and high fields. 
 
•This has been shown to occur by a 
deflagration process - i.e. 
propagation of a well defined 
reversal front. 
 
•The physics is set principally by: 
  -Zeeman energy (sets the heat 
    released in the spin reversal) 
  -Activation energy (sets the rate 
    of spin reversal) 
 
•Application of transverse field: 
  -Increases quantum tunneling. 
  -Lowers the activation energy. 
  -Permits deflagration at lower 
    bias fields. 
  -Allows identification and study 
   of the deflagration instability. Using transverse field both energies 

can be tuned independently! 

Magnetic Molecules in crystals also couple through photons and 
phonons

MF-06: Pradeep Subedi, Quantum deflagration in Mn12 a transverse magnetic field
MC-09: Jonathan Friedman, Collective Coupling of Fe8 SMM to a resonant cavity

Y. Suzuki, et al., Phys. Rev. Lett. 95,147201 (2005) & A. Hernandez-Mınguez, Phys.Rev. Lett. 95, 217205 (2005)
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Summary
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I. Introduction
         Quantum tunneling of magnetization
         Initial discoveries
         Single molecule magnets
II. Magnetic Interactions in SMMs
         Energy scales, Spin Hamiltonians
         Mn12-acetate
III. Resonant Quantum Tunneling of Magnetization

Thermally activated, thermally assisted and pure
Crossover between regimes
Quantum phase interference

  IV. Experimental Techniques
         Micromagnetometry
         SQUIDs and Nano-SQUIDs
         EPR
V.  Collective Effects
         Magnetic ordering
         Magnetic deflagration


