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Magnetization (e.m.u. mol-1)
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Magnetic Bistability in a Molecular Magnet

Magnetic bistability in a

metal-ion cluster

R. Sessoli*, D. Gatteschi*{, A. Caneschi®

& M. A. Novaki§ Nature 1993, and Sessoli et al., JACS 1993
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Magnetic hysteresis at 2.8 K and below (2.2 K)

S=10 ground state spin




Quantum Tunneling in Single Molecule Magnets

Macroscopic Measurement of Resonant Magnetization Tunneling in High-Spin Molecules

Jonathan K. Friedman and M. P. Sarachik

i
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We report the observation of steps at regular intervals of magnetic field in the hysieresis loop
of a macroscopic sample of ariented MunO,(CH,C00),HaO), crystals. The magnetic relaxation
rate increases substantally when the field is wned o a step. We propose that these effects are
manifestations of thermally assisted, field-tuned resonant twnneling between quantum spin states, and
attribute the observation of quantum-mechanical phenomena on a macroscopic scale to tunneling i a
large (Avogadro’s) number of magnetically identical molecules.  [SO031-9007(96)00131-7]
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FIG. 1. Magnetization of M, as a function of magnetic figld
at six different temperatures, as shown (field sweep rate of
67 mT/min). The inset shows the fields at which steps oceur

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




First SMM: Mn,,-acetate

[Mn,,0,,(0,CCH,),(H,0),].2CH,COOH.4H,0

g

Magnetic Core Organic Environment
Competing AFM G d st . .
SMn3*S=2  |ieractions R mgn_ 1S Ste 2 acetic acid molecules
4 Mn#+ S=3/2 B 4 water molecules

* S, site symmetry

 Tetragonal lattice a=1.7 nm, b=1.2 nm

 Strong uniaxial magnetic anisotropy (~60 K)
* Weak intermolecular interactions (~0.1 K)




Quantum Tunneling of Magnetization
Spin Hamiltonian H =-DS Zz - guB§ ‘H
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Questions

e \What interactions break the axial symmetry
and produce QTM?

— 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
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Dipolar and hyperfine fields cannot explain the observed tunneling rates




Absence of Tunneling Selection Rules

H =_DS22 _gMBSZHZ + HA

Form of H, determined by the symmetry of the molecules

Mn,-acetate

C,-site symmetry (rhombic) S,-site symmetry (tetragonal)

H,\= E(Sj - Syz) H,\= C(Sj +8)




QTM and Molecule Symmetry

—

H =-DS?-BS!+C(s*+5* }-gu,5-H

Fourth order transverse anisotropy
Imposed by the molecule S, site symmetry

up 3\ /\\ k=6
' N

Feoe , NOTALLOWED \\

down

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

x- and y-hard axes \ / m7




Models of QTM in Mn,,-acetate

Disorder lowers the symmetry of the molecules

o— Absence of tunneling selection rules

o— Non-exponential relaxation of the magnetization

1] Dislocation model

Line dislocations generate a broad distribution of second order anisotropy

Edge dislocation s
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x, lattice units

Log-normal A distribution

E. M. Chudnovsky and D. A. Garanin,
Phys. Rev. Lett. 87, 187203 (2001)
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E=0




Solvent Disorder Model

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)

2 2
+ [ (S -5 )
= = CH,C(O)-OH X Y
a. Most probable £ # 0
T =%K Eé" éa' b. Equal populations of:
n=04{5,) n=1{&r m=2%s" (5}

<=

=2 Nrang” () o= 3 (5 = 5,k

average of 2 CH;COOH molecules per Mn,,
with 4 possible positions

-E(S2- 52




Transverse Magnetic Interactions and QTM Symmetry

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

Magnetic measurements

B




QATM relaxation with transverse fields

Initial magnetization = saturation magnetization
(All the molecules contribute to the relaxation)
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QATM relaxation with transverse fields

Smallest tunnel splittings
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QTM relaxation in the presence of transverse field

Solution: Selection with transverse field, Hg;




Magnetic relaxation with transverse fields

Results
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Magnetic field (tesla)

Determination of transverse crystal-field interactions in d-Mn,,-Ac

2.5

Identical to h-Mn,-Ac

HC

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

del Barco et al., arXiv/cond-mat/
0404390 Ao A9

E(S2-52)
E =20mK

Incompatible with the
crystallographic

90 -60 30 0 30 60 90 120 Symmetry!

Angle ¢ (degrees)

HC and HE incommensuratel




Symmetry of QTM

Interpretation of results:
C(S.4+ 59 -E(S,?- S,2)

In agreement with solvent disorder model of Cornia et al.

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,/ 0404330 (and to

in JLTP
appearin ) They produce comparable level splittings!

Ag ~ D(E/2D)m —m)/2 Ac ~ D(C/2D)m —m)/4
E? ~ DC E~102K,C ~10°K,D ~ 1K

— A B~ AC Independent of m and m’!!




Summary-Mn,

e Observation of two-fold symmetry in Mn,--acetate:

lower than that of the (average]) site symmetry of the molecule
In agreement with the solvent disorder model of Cornia et al.

® Incommensurate 2nd ["E”) and 4th ("C") order transverse anisotropies.

© (Observation of usual Berry phase phenomena in Mn,-acetate
associated with disorder induced + intrinsic transverse anisotropies

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

e MAT 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  Q >>A>>KT,E,

First condition: consider just 2 lowest energy states

Second condition: insures dephasing by phonons and nuclear spins is small
E, typical energy width of nuclear spin multiplet

* Predictions (Stamp)] for dephasing rate due to nuclear spins in an applied field
2
T (E,
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(Chudnovsky] spin-phonon interaction: universal lower bound on decoherence
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Experiment

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

* Photon induced transition between superposition states combined with magnetization
measurements

1 Expectation
\ 7\ [ T
o
=]
hm |S) o8] ]
V21 s
|A> C03 02 ot ;JIL of 02 03

» Monitor spin-state populations while performing microwave spectroscopy
 Pulsed and CW microwave fields

« High magnetic sensitivity: ~10° spins/Hz'2

« High magnetic fields

 Time resolved magnetic measurements (~GHz)
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Description of SMM Ni,

=-DS? +C(S! +S%) - g1, S.H, ~ g1, H,




Description of SMM Ni,

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

H=-DS:+C(S}+5)- gu,S.H._-gu,S.H,

24K "7 '
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Multiple but narrow peaks - “molecular environments” with slightly different D values




Experiment
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Experimental Setup

Vector Network Analyzer

|cryostat

26 -
'/' 77 wgs 0317 (10 dB Atten

& 456 320296

Pattern generator

Superconducting magnet




Results: Photon Induced Transitions between Superposition States
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Results: Photon Induced Transitions between Superposition States

f=239.42GHz
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Results: Photon Induced Transitions between Superposition States

Amplitude vs. frequency
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Results: Photon Induced Transitions between Superposition States

50
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C 25
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H.=30T] |down) |up)

0,3

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




Results: Photon Induced Transitions between Superposition States

Curvature
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Approach to saturation and Ni, ‘micro-environments’

As a function of mw power — cw radiation
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Results: Transverse relaxation rate (t,) — decoherence (t,)

f(w) =

Decoherence time lower bound
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AM ~ (Ton — TOFF)I

Results: Longitudinal relaxation rate

Pulsed microwave radiation experiments
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Results: Longitudinal relaxation rate

Pulsed microwave radiation experiments
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Longitudinal relaxation effects in cw experiments

Energy relaxation time increases with longitudinal field and frequency!
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Spin-Phonon Relaxation

Pulsed radiation experiments Relaxation rate:
22
[ 2A2,.,3
20 1 S A w hw
18l 7'1 = Fl — 5 5COth(—)
B 1ol 127h° pc; 2KT

gl
121
10|

Chudnovsky, PRL 2004
¢, =10°m/s, f=A/h=20GHz

T = 1072 sec
Upper limit on the relaxation time!
Phonon-laser effect:

coupling

FL ~ w_3

W NN\~ Chudnovsky and Garanin, PRL 2004




Spin-Phonon Bottleneck

K g Rph
Spins Phonons

eBottleneck arises because: K5 > Kpp

® 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 I‘apldl)’ aPProaCheS Tspins [

Cphonons
Cspins

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

Ty — 7_ph(CfSpins/CfPhonons)




Effective Relaxation Time versus Frequency

Bottleneck Physics (Classical Thermodynamic Picture)
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Summary (Ni,)

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

Lower bound for the decoherence time T, > 0.5ns

« Similar to that observed in the Mn,-dimer through EPR

measurements a system with strong intermolecular exchange
interactions

O——— Determination of the longitudinal relaxation times t ~ 10-20 s
« Characterized t as a function of longitudinal field and frequency




