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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)



[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 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



Quantum Tunneling of Magnetization
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What interactions break the axial symmetry 
and produce QTM?

Questions

Magnetic relaxation does not reflect the site symmetry of 
the molecule

Non-exponential relaxation of the magnetization
Broad distribution of relaxation rates (on a logarithmic scale) 
and thus a broad distribution of tunnel splittings

K. Mertes et al. PRL 2001



Absence of Tunneling Selection Rules

H
0

Dipolar and hyperfine fields cannot explain the observed tunneling rates
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Absence of Tunneling Selection Rules

H HA
Form of HA  determined by the symmetry of the molecules

Mn12-acetate

S4-site symmetry (tetragonal)

Fe8

C2-site symmetry (rhombic)

180o

90o
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QTM and Molecule Symmetry

H

z
up

x

y

down

Fourth order transverse anisotropy
Imposed by the molecule S4 site symmetry

x- and y-hard axes

Fourth order anisotropy only allows transition for k = 4n, with n=integer

NOT ALLOWED

.



Models of QTM in Mn12-acetate

Absence of tunneling selection rules

Disorder lowers the symmetry of the molecules

1) Dislocation model
Line dislocations generate a broad distribution of second order anisotropy

Log-normal Δ distribution
E. M. Chudnovsky and D. A. Garanin, 

Phys. Rev. Lett. 87, 187203 (2001) 

Most probable value
           E = 0

Non-exponential relaxation of the magnetization



Disorder in the solvent molecules generates a discrete set of isomers with 
second order anisotropy

A. Cornia et al., Phys. Rev. Lett. 89, 257201 (2002) 

a.! Most probable E ≠ 0
b. Equal populations of:

average of 2 CH3COOH molecules per Mn12

with 4 possible positions

MnII

I

+E(Sx
2 - Sy

2)

-E(Sx
2 - Sy

2)

Solvent Disorder Model



Transverse Magnetic Interactions and QTM Symmetry
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E. del Barco et al., PRL 2003



Micro-Hall 
magnetometer

Experiments: Superconducting Vector Magnet 
Hlong

φ
Htrans

Magnetic measurements

Measure magnetic response to a 
transverse “probe” field to determine
the fundamental symmetry breaking 
interactions at the origin of MQT



QTM relaxation with transverse fields

Initial magnetization = saturation magnetization
(All the molecules contribute to the relaxation)

The results show fourfold symmetry



QTM relaxation with transverse fields
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Magnetic relaxation with transverse fields

How to distinguish between… ?

fourth order anisotropy

Equal populations of molecules
with opposite signs of E

+E(Sx
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100%



QTM relaxation in the presence of transverse field

Solution: Selection with transverse field, HSTF

HSTF

HSTF

HSTF



Magnetic relaxation with transverse fields

Results:

+E(Sx
2 - Sy

2)

-E(Sx
2 - Sy

2)

E. del Barco et al., Phys. Rev. Lett  (2003)



Determination of transverse crystal-field interactions in d-Mn12-Ac
Identical to h-Mn12-Ac

φ

•Two-fold line shifts 
associated with the high- and 
low-field shoulders due to a 
quadratic transverse 
interaction in HT

del Barco et al., arXiv/cond-mat/
0404390 ( )2 2

20mK

ˆ ˆ
x’ y’E S S

E =

−

Incompatible with the 
crystallographic 
symmetry!
HC and HE incommensurate!



Symmetry of QTM

+E(Sx’
2 - Sy’

2)-E(Sx’
2 - Sy’

2)

In agreement with solvent disorder model of Cornia et al.

C(S+
4 + S-

4)

,

Interpretation of results:

Magnetometry and high frequency EPR studies have come to the 
conclusion that second and forth order transverse anisotropies 
compete: S. Hill, et al. PRL 2003, del Barco et al. cond-mat/0404390 (and to 
appear in JLTP)

x y
x’

y’

They produce comparable level splittings!

∆E ∼ D(E/2D)(m
′
−m)/2 ∆C ∼ D(C/2D)(m

′
−m)/4

E
2
∼ DC E ∼ 10

−2K, C ∼ 10
−5K, D ∼ 1K

∆E ∼ ∆C Independent of m and m’!!



Summary--Mn12

Tilts of the easy axes of the molecules
      a) Explains the observation of MQT at odd-resonances in this SMM
      b) Recently observed in Mn12-acetate with EPR spectroscopy

Observation of usual Berry phase phenomena in Mn12-acetate
     associated with disorder induced + intrinsic transverse anisotropies

Incommensurate 2nd (“E”) and 4th (“C”) order transverse anisotropies.      

Observation of two-fold symmetry in Mn12-acetate:
     lower than that of the (average) site symmetry of the molecule
     In agreement with the solvent disorder model of Cornia et al.

  MQT is very sensitive to local chemical micro-environments:

         Implications for molecules on surfaces 

                                        



Spin Dynamics in Single Molecule Magnets
• Decoherence
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• Limit

€ 

Ωo >> Δ >> kT,Eo
First condition: consider just 2 lowest energy states

Second condition: insures dephasing by phonons and nuclear spins is small

Ωo

• Predictions (Stamp) for dephasing rate due to nuclear spins in an applied field

 (Chudnovsky) spin-phonon interaction: universal lower bound on decoherence
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1
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S2∆2ω3

12πh̄2ρc5
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coth(
h̄ω

2kT
)



Experiment

• Photon induced transition between superposition states combined with magnetization 
measurements

Study: Magnetization Dynamics Induced by Microwaves (cw and pulsed)

€ 

| A〉
€ 

| S〉
Δ

HL

M
/M

s

Expectation

• Monitor spin-state populations while performing microwave spectroscopy
• Pulsed and CW microwave fields
• High magnetic sensitivity:  ~105 spins/Hz1/2

• High magnetic fields
• Time resolved magnetic measurements (~GHz)



Description of SMM Ni4
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U = 12K ∼5.5 K

 [Ni(hmp)(t-BuEtOH)Cl]4

Texp ~ 0.4 K



High frequency EPR: Stephen Hill, UF - Gainesville, FL

Multiple but narrow peaks – “molecular environments” with slightly different D values 
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Description of SMM Ni4
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Calculated expectation
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Pattern generator

Vector Network Analyzer

switch

Superconducting magnet

He3      cryostat 

continuous wave

pulses

pulsed microwave

Experimental Setup



Results: Photon Induced Transitions between Superposition States

ΔT < 0.01 K  in the peaksT = 0.45 K

M
/M

s

0.0

Magnetization with microwaves

HL(T)



Results: Photon Induced Transitions between Superposition States

f = 39.42 GHz



Amplitude vs. frequency

Results: Photon Induced Transitions between Superposition States

| < S|Sz|A > |2 =< Sz >o
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|up〉

|up〉

|down〉

|down〉

Level Repulsion: Observation of quantum superposition of high spin 
states with opposite magnetization

Results: Photon Induced Transitions between Superposition States



Curvature

Results: Photon Induced Transitions between Superposition States



Approach to saturation and Ni4 ‘micro-environments’

As a function of mw power – cw radiation

HT = 3.2 T    f = 39.4 GHz    Ploss-in-coax= 15 dB

µ



Decoherence time lower bound
HT = 3.2 T    f = 39.4 GHz

Results: Transverse relaxation rate  (τ2) – decoherence (τφ)



Results: Longitudinal relaxation rate
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Pulsed microwave radiation experiments



Pulsed microwave radiation experiments

Results: Longitudinal relaxation rate



Energy relaxation time increases with longitudinal field and frequency!

Longitudinal relaxation effects in cw experiments

t ∼ 13 s

t ∼ 19 s



Pulsed radiation experiments

Phonon-laser effect:

Spin-Phonon Relaxation 

coupling

Relaxation rate: 

τ−1

1
= Γ1 =

S2∆2ω3

12πh̄2ρc5
t

coth(
h̄ω

2kT
)

Chudnovsky, PRL 2004
ct = 10

3m/s, f = ∆/h = 20 GHz

τ1 = 10
−3

sec

ΓL ∼ ω
−3

Chudnovsky and Garanin, PRL 2004

Upper limit on the relaxation time!



Spin-Phonon Bottleneck

•Bottleneck arises because:

• Small amount of heat is transferred from the spin to resonant phonons

• Resonant phonons are heated rapidly, because of their small heat capacity 
or density of states.
• Tphonons  rapidly approaches  Tspins 

•  Spins and phonons are strongly coupled in terms of relaxation 
• Combined system relaxes slowly:

PhononsSpins

κs κph

Bath

κs ! κph

τb = τph(CSpins/CPhonons)

 

τ ∼

Cphonons

Cspins

τ1



Effective Relaxation Time versus Frequency 
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Summary (Ni4)

Observation of energy splittings between low-lying 
superpositions of high spin-states.
•     Direct measurement of the magnetization combined with 
       microwave spectroscopy 

Determination of the longitudinal relaxation times τ ~ 10-20 s
•    Characterized τ as a function of longitudinal field and frequency

Lower bound for the decoherence time τφ > 0.5 ns
•    Similar to that observed in the Mn4-dimer through EPR
     measurements a system with strong intermolecular exchange
     interactions


