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@ Magnetic Nanostructures

Image from, W. Wernsdorfer, Advances in Chemical Physics 2001 and ArXiv:0101104
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@ 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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also, Enz and Schilling, van Hemmen and Suto (1986)
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Magnetic Bistability in a Molecular Magnet

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 ( ‘orporation, Webster, New York 14380
(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 1s twned to 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)

2009 Boulder School, Lecture 3
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Single Molecule Magnets

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 ition

-Random-Field Ising Ferromagnetism 2009 y
epPeripheral ligands

eOxidized/reduced
eSoluble
eBonded to surfaces

192)
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First SMM: Mni2-acetate
[Mn;,0,,(O,CCH3)14(H,0),].2CH;COOH.4H,0
MagnetiC Core Organk Environment
SMN3*S=2  “mweatons  Groundsiate 2 acetic acid molecules
A Mn#+ S=3/2 g == 4 water molecules

Crystal

e S, Sitesymmetry
 Tetragonal latticea=1.7 nm, b=1.2 nm

» Strong uniaxial magnetic anisotropy (~60 K)
» Weak intermolecular dipoleinteractions (~0.1 K)
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Intra-molecular Exchange Interactions
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(2S,+1)8(2S,+1)4=108 — S=10 and 2S+1=21
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Magnetic Anisotropy and Spin Hamiltonian

Spin Hamiltonian
H :—DSZZ - g,uBé' |:|

Ising-like] Uniaxial anisotro
S.|lm >=m|m > engrike) i
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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

=-DS’ - guzSH,
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@ Resonant Quantum Tunneling of Magnetization

H, = kHg kHgr < H < (k+1)Hg H, = (k+1)Hg
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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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@ Crossover from Thermally Assisted to Pure QTM

H =-DS -gu;SH, - g SH,

m-m
Tunnel splitting on resonance Amm, oc D( |I:||X)
A

Upper levels
Large splitting
Low Boltzmann population

Relaxation pathway = f(T)

Lowest levels

Small splitting
High Boltzman population l

I

Am,m’

Theory of thermally assisted tunneling: Villian (1997), Leuenberger & Loss (2000) and
Chudnovsky & Garanin (1999)
Crossover: Chudnovsky & Garanin, PRL 1997
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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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) ] Uniaxial nanomagnets for small
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Crossover between Thermally Assisted and Pure Quantum Tunneling in Molecular
Magnet Mnjy-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? — g.upS.H, + H'

H(n,mese) = nH(){l + B/D[m2 + (Mege — n)?_]}

'€SC

D=0.548(3) K 0,=1.94(1) Ho=DIgpe=042T
B=1.17(2) x 103K (EPR: Barraet a., PRB 97)

Energy relative to the lowest level in the metastable well
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Experiments on the Crossover to Pure QTM in Mnl12-acetate

M(t) 1

0.8

[ <0.74 K
0.83

S5 D

0.6

(0]
©
=

|

1

/

m(t)

0.4

L
=
o
A

s
:

0.2

\
\\1'

N
©
A

0

140K

dM/dH versus H; 0

1000 2000 3000
Time (seconds)

Energy/(DS?)

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

Schematic: dominant levels as a
function of temperature
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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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Tunneling Selection Rules

H=-DS? - gupS.H, +Ha

Form of Hy determined by the site symmetry of the molecule

Feg Mn,-acetate
180°
90°
/
Co-site symmetry (rhombic] S,-site symmetry (tetragonal]

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

| andau-Zener Transitions

1 Pl

1
! !
P=e°

e = mA%/(2hv)
v =2SgupdB,/dt
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Oscillations and Parity Effect in the Tunnel Splitting

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

Predicted for a biaxial
system by Garg 1992!

- 3 : LR g _1_ 4- rr
H=-D5; +E[_5+ +52 |+C[s] +57 |+ eup SH

D=0.292K, E=0.046K, C=-29x10"K
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¢ Quantum Phase Interference in Fes

H=-DS?+ E(S? — S2) — gupS,H, SCIENCE VOL 284 2 APRIL 1999

v 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
H the quantum spin phase (Berry phase) in a magnetic system.
T
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¢ Micromagnetometry
e p-Hall Effect * M-SQUID
sample sample
=y | Z
Hall bars 1 t0 10 pm Josephson Junctions

— 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 pg

— Based on flux gquantization
— Measures magnetic flux

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

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

see, A. D. Kent et al., Journal of Applied Physics 1994 W. Wernsdorfer, IMMM 1995
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@ Nano-SQUID
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@ High Frequency EPR

|
S. Hiél, HMFML & FSU

Cylindrical TEO1n (Q~104-10°)

f=16 — 300 GHz

Single crystal 1 x 0.2 x 0.2 mm3
T=0.51t0300 K, u,H up to 45 tesla

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

M. Mola et al., Rev. Sci. Inst. 71, 186 (2000)
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Single-crystal, high-field/frequency EPR
|

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

Z, S,-axis

H,

| | m¢ represents spin-
projection along the
molecular 4-fold axis

E(m,) = _‘D‘mf + gUyBm,

*Magnetic dipole transitions (Am, = +1) - note frequency scale!
EPR measures level spacings directly, unlike magnetometry methods
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Energy level diagram for D < 0 system, B//z

S. Hill, HMFML & FSU /= DS? + w,B.8.S

400F  §=9/2
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HFEPR for high symmetry (C3v) Mn4 cubane; S = 9/2

[Mn,O5(OSIMe;)(O,CEt)5(dbm)]

5

3 v
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Sty f=138GHz|__ oo
= to -1, ——4K
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S. Hill, HMFML & FSU ~ Magnetic field (tesla)
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Fit to easy axis data - yields diagonal crystal field terms
|

H =DS*+B’0’ +u,g_BS., where O! =aS*S* +p S*

150
= 100}
&
e /
=
Q
>
I 50f S=972
2 D=-0.484 cm’
B, =-0.000062 cm”
g =2.00(1)
0 1 2 3 4 5

Magnetic field (tesla)
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Collective Effects in Single Molecule Magnets

Magnetic Molecules in crystals interact with one another through
magnetic dipole and exchange interactions

e Dipolar Interactions LA
- --—
. /‘LO — A — A — - /"( "‘)\\
Hij — 47’('7“3 (3(mz . T'Q;j)(mj . Tij) — my; - mj) ;
Y :
1 m = —~S v = |gus/h A
Hgip = 5 ZHz’j > €

e Interaction strength is small but the interaction is long range
Edip = ,uo(g,uBS)Q/Vce” ~ (0.1 K for Mn12

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

Magnetic ground state depends on the crystal structure and crystal shape
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Quantum Fluctuations and Long-Range Order

Mnio-acetate Single Crystals (bcc tetragonal lattice of molecules)

*A ferromagnetic phase was predicted:
-Fernandez and Alonso, PRB 2000
-Garanin and Chudnovsky, PRB 2008

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

eExpect Mn12 to be an example of a transverse field Ising system

Interacting Ising spins in a

transverse field } } $ $ * } } * . <

S

P. Subedi, ADK, B. Wen, M. P. Sarachik, Y. Yeshurun, A. J. Millis, S. Mukherjee and G. Christou, PRB 2012
B. Wen, Pradeep Subedi, Y. Yeshurun, M. Sarachik, ADK, A. J. Millis, PRB 2010

Myriam Sarachik, TUL 4 (Tuesday afternoon)
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@ Quantum Fluctuations and Long-Range Order

Mnio-acetate Single Crystals (bcc tetragonal lattice of molecules)

(arb. units)

Mz

Magnetic Field, H,

0.8 0 PM i
~~
Y 0
m ~ 0
=
S, R
> 0.4 i
g > -
@©
Hv O Experimental
! X I B Pure-system MFA
— Pure-system Random-field MFA
7 - --- Random-field % i
00 I 1 L 1 L 1 L 1 1 L 1 L 1
0, - e E— 0 1 2 3 4 5 6 7
TK HL(T)

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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Magnetic Deflagration

Magnetic Molecules in crystals also couple through photons and
phonons

Wl
Wl
Il

EEEEEEE

/
Y. Suzuki, et a., Phys. Rev. Lett. 95,147201 (2005) & A. Hernandez-Minguez, Phys.Rev. Lett. 95, 217205 (2005)

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