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Magnetic Nanostructures
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NYU
¢ Quantum Tunneling of Magnetization

VoLUME 60 22 FEBRUARY 1988 NUMBER 8

Quantum Tunneling of Magnetization in Small Ferromagnetic Particles

E. M. Chudnovsky and L. Gunther

Department of Physics and Astronomy, Tufts University, Medford, Massachusetts 02155
(Received 29 October 1987)

The probability of tunneling of the magnetization in a single-domain particle through an energy bar-
rier between easy directions is calculated for several forms of magnetic anisotropy. Estimated tunneling
rates prove to be large enough for observation of the effect with the use of existing experimental tech-
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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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Quantum Tunneling in Single Molecule Magnets

Macroscopic Measurement of Resonant Magnetization Tunneling in High-Spin Molecules

Jonathan R. Friedman and M. P. Sarachik

Deparmment of Physics, The City College of the City University of New York, New York, New York 10031

J. Tejada

Facultat de Fisica, Universitat de Barcelona, 08028 Barcelona, Spain

R. Ziolo
Wilson Center for Research and Technology, Xerox Corporation, Webster, New York 14580
(Received | November 1995)

We report the observation of steps at regular intervals of magnetic field in the hysteresis loop
of a macroscopic sample of oriented Mn O, (CH;COO0),,(H,0), crystals.  The magnetic relaxation
rate increases substantially when the field i1s wned o a step. We propose that these effects are
manifestations of thermally assisted, field-tuned resonant tunneling between quantum spin states, and
attribute the observation of quantum-mechanical phenomena on a macroscopic scale to tunneling in a
large (Avogadro’s) number of magnetically identical molecules.  [SO031-9007(96)00131-7]
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FIG. 1. Magnetization of Mn ; as a function of magnetic field
at six different temperatures, as shown (field sweep rate of
67 mT/min). The inset shows the fields at which steps occur

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

Physics SMM Characteristics
-Individual molecule can be neMolecules

magnetic hysteresis 1993 *High spin ground state
-Quantum Tunneling of Magn ¢ Jniaxial anisotropy
-Quantum Phase Interference,Single crystals

'Quar] tum Coherence 2008 eSynthesized in solution

_ Lis, 1980

~ ¢ S F e . ,
| ergtessd. 2v s *Modified chemically
Mn,, S=10 -, S SRS - *Peripheral ligands
G0 eOxidized/reduced
®
¢ :&"Q: % Mn84 ® f‘ o‘ o. :
3 RPN g *Soluble
SIL ~7 _«W=:’ eBonded to surfaces
SR
o&‘ .

7 2009 Boulder School, Lecture 3



NYU

@ First SMM: Mn12-acetate
[Mn,,0,,(0,CCH,),(H,0),].2CH,COOH 4H,0

Magnetic Core Organic Environment
Competing AFM
8 Mn3+ S:2 Intiract%ons ‘ GrOlénj itste 2 acetic acid mOICCU.leS
4 Mn#+ S=3/2 i - 4 water molecules

Single
Crystal

* S, 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)
8 2009 Boulder School, Lecture 3
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Magnetic Anisotropy and Spin Hamiltonian

Spin Hamiltonian
H = —DSZ2 —g,uBg-I;V
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@ Resonant Quantum Tunneling of Magnetization

Relaxation processes in SMMs

Magnetic relaxation at high temperature

Thermal activation (over the barrier)
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@ Resonant Quantum Tunneling of Magnetization

H=-DS: - gu,S.H.
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@ Resonant Quantum Tunneling of Magnetization
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@ Resonant Quantum Tunneling of Magnetization

Relaxation processes in SMMs

Magnetic relaxation at intermediate temperature

Thermally assisted tunneling
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- Resonant Quantum Tunneling of Magnetization

Relaxation processes in SMMs

Magnetic relaxation at low temperature

Pure quantum tunneling
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VOLUME 79, NUMBER 22 PHYSICAL REVIEW LETTERS 1 DECEMBER 1997
' . . . . .
First- and Second-Order Transitions between Quantum and Classical Regimes
for the Escape Rate of a Spin System
E.M. Chudnovsky* and D. A. Garanin’
Department of Physics and Astronomy, City University of New York-Lehman College,
Bedford Park Boulevard West, Bronx, New York 10468-1589
(Received 7 July 1997)
We have found a novel feature of the bistable large-spin model described by the Hamiltonian
H = —DS? — H,S,. The crossover from thermal to quantum regime for the escape rate can be
either first (H, << SD/2) or second (SD/2 < H, << 28D) order, that is, sharp or smooth, depending on
the strength of the transverse field. This prediction can be tested experimentally in molecular magnets
like MnppAc.  [S0031-9007(97)04645-0]
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Crossover between Thermally Assisted and Pure Quantum Tunneling in Molecular
(“ Magnet Mnjz-Acetate

Louisa Bokacheva and Andrew D. Kent
Department of Phvsics, New York University, 4 Washington Place, New York, New York 10003

Marc A. Walters
Department of Chemistry, New York University, 31 Washington Plcce, New York, New York 10003
(Received 19 June 2000)

H = —DS? — o upS.H, + H'

D=0.548(3) K g =194(1) Ho=D/gus=042T
B=1.17(2) x 10* K (EPR: Barra et al., PRB 97)
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Experiments on the Crossover to Pure QTM in Mn12-acetate

dM/dH versus H»
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@ Tunneling Selection Rules

H = —DSE —gupS,H, + Ha

Form of Hy determined by the site symmetry of the molecule

Mn,--acetate

Co-site symmetry (rhombic] S,4-site symmetry (tetragonal)

Ha = E(S2-S7) Ha=C(S;+5%)
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Hysteresis Loops as a Function of Transverse Magnetic Field

Landau-Zener Transitions
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Oscillations and Parity Effect in the Tunnel Splitting
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Spin-parity effects in QTM:
Loss et al., 1992
von Delft & Henley, 1992

Predicted for a biaxial
system by Garg 1992!

W. Wernsdorfer and R. Sessoli, Science 284, 133 (1999
2 mfe? o2V ~fct | of) rr
H=-D5] +E[5] +5—.|+C{S+ +57 |+eugSH

D=0.292K, E=0.046K, C=-29x10"K



SCIENCE VOL 284 2 APRIL 1999

Quantum Phase Interference
and Parity Effects in Magnetic
Molecular Clusters

W. Wernsdorfer'* and R. Sessoli?

An experimental method based on the Landau-Zener model was developed to
measure very small tunnel splittings in molecular clusters of eight iron atoms,
which at low temperature behave like a nanomagnet with a spin ground state
of S = 10. The observed oscillations of the tunnel splittings as a function of the
magnetic field applied along the hard anisotropy axis are due to topological
quantum interference of two tunnel paths of opposite windings. Transitions
between quantum numbers M = —S and (S — n), with n even or odd, revealed
a parity effect that is analogous to the suppression of tunneling predicted for
half-integer spins. This observation is direct evidence of the topological part of
the quantum spin phase (Berry phase) in a magnetic system.
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@ Micromagnetometry

e u-Hall Effect

sample
B
— &
yr
Hall bars 110 10 um

— Based on Lorentz Force
— Measures magnetic field
ol

VH=_M
ne

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

— Broad temperature range

— Single magnetic particles

— Ultimate sensitivity ~102 ug

see, A. D. Kent et al., Journal of Applied Physics 1994
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e u-SQUID

sample

Josephson Junctions

— Based on flux quantization
— Measures magnetic flux

— Applied fields below the upper
critical field (~1 T)

— Low temperature (below T),)
— Single magnetic particles
— Ultimate sensitivity ~1 pg

W. Wernsdorfer, JMMM 1995
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Nano-SQUID

| SWNT
G1 A/ nature

RIS tt“ “"'Wg (TR nanotechnology

K .
b Welcome to the nanoSQUID

! : «( e f K GN0N v
‘ ‘Gnd -"‘ !/‘.'\' ! ;”\‘.\ “.-, ‘n' Yi4

X006 0k Dl e TR
et &

‘( ,u‘( |((‘\ ‘Q‘ . . .
'F’“'i‘~ '\“ .(el“v‘l \ -
\ﬂu‘f w ‘\ KIV Y CARBON NANOTUBES g -y
)

BIONANOELECTRONICS

MOLECULAR MOTORS

J.-P. Cleuziou, W. Wernsdorfer, V. Bouchiat, Th. Ondarcguhu,
M. Monthioux, Nature Nanotechnology, 1, 53 (2006)
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