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Application of highApplication of high--frequencyfrequency

electron paramagnetic resonance to electron paramagnetic resonance to 

studies of singlestudies of single--molecule magnetsmolecule magnets

Supported by: NSF, Research Corporation, NHMFL, & University of Florida

PART I PART I -- IntroductionIntroduction

SingleSingle--molecule magnetsmolecule magnets
••Emphasis on quantum magnetization dynamicsEmphasis on quantum magnetization dynamics

PART II PART II -- ExperimentalExperimental

Overview of the highOverview of the high--frequency EPR techniquefrequency EPR technique

The National High Magnetic Field LaboratoryThe National High Magnetic Field Laboratory

PART III PART III -- ExamplesExamples

Symmetry of quantum tunneling in various MnSymmetry of quantum tunneling in various Mn1212 complexescomplexes

Origin of fast quantum relaxation in NiOrigin of fast quantum relaxation in Ni44 complexescomplexes

Quantum entanglement in [MnQuantum entanglement in [Mn44]]22 dimersdimers

Stephen HillStephen Hill

Department of Physics, University of Florida, Gainesville, FL326Department of Physics, University of Florida, Gainesville, FL3261111



The first single molecule magnet: Mn12-acetate

[Mn[Mn1212OO1212(CH(CH33COO)COO)1616(H(H22O)O)44]]··2CH2CH33COOHCOOH··4H4H2200

Mn(IV)

Mn(III)

Oxygen

Carbon

SS = 2= 2

SS = 3/2= 3/2

Lis, 1980

••EasyEasy--axis anisotropy due to Jahnaxis anisotropy due to Jahn--Teller distortion on Mn(III)Teller distortion on Mn(III)

••Crystallizes into a tetragonal structure with SCrystallizes into a tetragonal structure with S44 site symmetrysite symmetry

••Organic ligands isolate the moleculesOrganic ligands isolate the molecules

R. Sessoli et al. JACS 115, 1804 (1993)

••Ferrimagnetically coupled magnetic ions (Ferrimagnetically coupled magnetic ions (JJintraintra 100 K)100 K)Well defined giant spin (Well defined giant spin (SS = 10) at low temperatures (T < 35 K)= 10) at low temperatures (T < 35 K)



"up""up" "down""down"
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Spin projection - ms
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EE44EE 44

smE

21 discrete 21 discrete mmss levelslevels

Quantum effects at the nanoscale (S = 10)
Simplest case: cylindrical Simplest case: cylindrical 
(axial) z.f.s. interaction(axial) z.f.s. interaction

2ˆ ˆ ( 0)zDS D

Eigenvalues given by:Eigenvalues given by:
2( )s sm D m

••Small barrier Small barrier -- DSDS22

••Superparamagnet at Superparamagnet at 
ordinary temperaturesordinary temperatures

EE DS2

1010--100 K100 K

|D | 0.1 1 K 

for a typical 

single molecule 

magnet
Thermal activationThermal activation



"up""up" "down""down"
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Spin projection - ms

EE 66

EE 55

E
ne

rg
y

E
ne

rg
y
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smE

ThermallyThermally

assistedassisted

quantumquantum

tunnelingtunneling

Break axial  symmetry:Break axial  symmetry:

2

T
ˆ ˆ ˆ

zDS

T interactions which 
do not commute with z

Quantum effects at the nanoscale (S = 10)

EEeffeff << EE

•• mmss notnot good quantum #good quantum #

••Mixing of Mixing of mmss statesstates

resonant tunneling       resonant tunneling       
(of(of mmss) through barrier) through barrier

••Lower effective barrierLower effective barrier



"up""up" "down""down"

EE 1010
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EE55

Spin projection - ms
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EE44EE 44

smE

Pure quantum tunnelingPure quantum tunneling

Strong distortion of the Strong distortion of the 
axial crystal field:axial crystal field:

••TemperatureTemperature--independentindependent
quantum relaxation as Tquantum relaxation as T 00

••Ground states a mixture of Ground states a mixture of 
pure "up" and pure "down".pure "up" and pure "down".

"down""down""up""up"

±±
1

2{      }

••Ground state degeneracy Ground state degeneracy 
lifted by transverse lifted by transverse 
interaction:interaction:

splittingsplitting (( T)n

Tunnel splittingTunnel splitting

Quantum effects at the nanoscale (S = 10)



Spin projection - ms

Pure quantum tunnelingPure quantum tunneling

Hz

D/E

Spin projection - ms

ThermallyThermally

assistedassisted

quantumquantum

tunnelingtunneling

2 2 2ˆ ˆ ˆ ˆ ˆ 'z x yDS E S S
FeFe88,, SS = 10= 10MnMn1212--ac,ac, SS = 10= 10

2

T T
ˆ ˆ ˆ ˆ; ???zDS

}300 GHz

or 14.4 kB
}115 GHz

or 5.5 kB

D

••To firstTo first--order,order, TT mixes states withmixes states with mmss == ±±kk, where , where kk is the power to is the power to 
whichwhich SSxx oror SSyy appear in appear in TT..

Example:Example:

for Fefor Fe88,, TT mixes states for whichmixes states for which mmss == ±±22 in firstin first--order,order, mmss == ±±44 inin

secondsecond--order, and so on. Thus, the order, and so on. Thus, the mmss == ±±1010 states interact only in 10states interact only in 10thth

orderorder

2 2 2 21
2

ˆ ˆ ˆ ˆ
x yS S S S

10

7 710 so 10 10kHzo

E
DS

D
= 0.1 K

••This is why tunneling in high spin (classical) systems is not obThis is why tunneling in high spin (classical) systems is not observed.served.••Many potential sources of transverse anisotropy for MnMany potential sources of transverse anisotropy for Mn1212--ac:ac:

••Internal dipolar, exchange and hyperfine fields; Internal dipolar, exchange and hyperfine fields; 

••Higher order zeroHigher order zero--fieldfield--splitting interactions;splitting interactions;

••Disorder, lattice defects, etc..Disorder, lattice defects, etc..

••However, after 10 years, the symmetry is poorly understood. However, after 10 years, the symmetry is poorly understood. 

DD

Below TB 3 K,



2

T
ˆ ˆ ˆ ˆ

ˆ ˆ ˆ ˆ

z B

x x y y z z

DS g B S

B S B S B S B S

Spin projection - ms

•Applied field represents another 
source of transverse anisotropy

•Zeeman interaction contains odd 
powers of x and y

Several important points to note:

For now, consider only B//z :
(also neglect transverse interactions)

2( )s s B sm D m g Bm

"down""down""up""up"

••Magnetic quantum tunneling is suppressedMagnetic quantum tunneling is suppressed

••Metastable magnetization is blocked ("down" spins) Metastable magnetization is blocked ("down" spins) 

System off resonanceSystem off resonance
X

X

Application of a magnetic field



Application of a magnetic field
2

T
ˆ ˆ ˆ ˆ

ˆ ˆ ˆ ˆ

z B

x x y y z z

DS g B S

B S B S B S B S

Spin projection - ms

System on resonanceSystem on resonance

•Applied field represents another 
source of transverse anisotropy.

•Zeeman interaction contains odd 
powers of x and y.

Several important points to note:

For now, consider only B//z :
(also neglect transverse interactions)

2( )s s B sm D m g Bm

"down""down""up""up"

••Resonant magnetic quantum tunneling resumesResonant magnetic quantum tunneling resumes

••Metastable magnetization can relax from "down" to "up" Metastable magnetization can relax from "down" to "up" 

Increasing fieldIncreasing field



Hysteresis and magnetization steps

••Friedman, Sarachik, Friedman, Sarachik, 

Tejada, Ziolo, PRL (1996)Tejada, Ziolo, PRL (1996)

••Thomas, Lionti, Ballou, Thomas, Lionti, Ballou, 

Gatteschi, Sessoli, Gatteschi, Sessoli, 

Barbara, Nature (1996)Barbara, Nature (1996)

Mn12-ac

Tunneling "off"Tunneling "off"

TunnelingTunneling
"on""on"

Low temperature H=0 Low temperature H=0 

step is an artifactstep is an artifact

This loop represents an ensemble This loop represents an ensemble 
average of the response of many average of the response of many 
moleculesmolecules



field//field//zz

z, S4-axis

Hz

2( )s s B sm D m g Bm

•Magnetic dipole transitions ( ms = ±1) - note frequency scale!

Single-crystal, high-field/frequency EPR



Experimental Technique

B

3) Magnetic Field 3) Magnetic Field 

for Split Coil Magnetfor Split Coil Magnet

(QD PPMS 7 T)(QD PPMS 7 T)

B
1), 2) Magnetic Field 1), 2) Magnetic Field 
for Axial Magnetfor Axial Magnet
(Oxford 17 T,(Oxford 17 T,
NHMFL 45 T)NHMFL 45 T)

• Frequency Range: 8-800 GHz
–– MillimeterMillimeter--wave vector network analyzerwave vector network analyzer
–– SuperheterodyneSuperheterodyne detectiondetection
–– Association with various sources/detectorsAssociation with various sources/detectors

•• YIGYIG ((88--18 GHz18 GHz)) ++ SchottkySchottky ((up to nearly 300 GHzup to nearly 300 GHz))
•• GunnGunn ((7070--102 GHz102 GHz)) ++ SchottkySchottky ((up to 800 GHzup to 800 GHz))

–– Cavity perturbation up to nearly 400 GHzCavity perturbation up to nearly 400 GHz

• Cryogenics system:
–– 44He variable flow He variable flow ((1.3 to 400 K1.3 to 400 K))
–– 33He single shot He single shot ((down to 0.5 Kdown to 0.5 K))
–– 33He/He/44He planned He planned ((down to 0.05 Kdown to 0.05 K))

• Magnet Systems:
–– Axial MagnetsAxial Magnets

• Oxford Instruments (17 tesla)
• NHMFL (45 tesla)

–– Transverse MagnetTransverse Magnet
• QD PPMS (7 tesla)

• Angle Control:
–– Transverse Magnet. Transverse Magnet. 
–– Rotating CavityRotating Cavity



Rotating Cavity
• TE011 = 52 GHz (up to 400 GHz)

(Diameter Height = 0.3'' 0.3'')

• Q ~ 25,000 (TE011, 4.2 K)

• 45-320 GHz

• Resolution < ±0.2o (< ±0.1o PPMS)

1” 3/4”

1st Generation:
25 tesla, 4He system

2nd Generation:
45 tesla, 3He system

M. Mola M. Mola et alet al., Rev. Sci. Inst. ., Rev. Sci. Inst. 7171, 186 (2000)., 186 (2000).

S. Takahashi S. Takahashi et al.et al., Rev. Sci. Inst. , Rev. Sci. Inst. 7676, 023114 (2005). , 023114 (2005). 



Extended frequency coverage (2003)Extended frequency coverage (2003)

QuasiQuasi--optical setup at University of Floridaoptical setup at University of Florida

continuous coverage from 170 continuous coverage from 170 -- 715 GHz715 GHz



EPR in DC magnetic fields

Spectral domain (CW)

0.1 1 1O 1OO

B(T)

X-band

0.3 T

10 GHz

9 T NbTi 250 GHz

17 T at U of FL

ESA1, 550 GHz

NHMFL 45 T

ESA1/2, 150-800 GHz
W-band

3 T

95 GHz

Quasi Optics

Corrugated WaveguideWaveguide

D-band

5T

140 GHz

Spectral domain only (CW)

and time domain (Pulsed)

Variety in instrumentation and methodology
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Solid-state electronics

f = 50 800 GHz (in 45 T)

Sample rotation (50-200 GHz)HFEPR inHFEPR in

MnMn1212--acetateacetate



NHMFL (Gainesville & Tallahassee)  EPR

A Unique Multi-Frequency and High-Field Facility
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Specifications...Specifications...

NHMFL

– Two 20 MW supplies

Vm = 500 V; Im = 20 kA

– Ripple < 10ppm

– 33/30 T, 32mm bore

– 25 T, 52mm

– 20 T, 200mm

– T 35mK to >RT35mK to >RT

–– Optics, magnetometry, Optics, magnetometry, 

transport,transport, etc..etc..

Max field: 45 T (superconducting hybrid)Max field: 45 T (superconducting hybrid)

• World record magnet

– 33.1 tesla @ 38 kA

– 19 MW!!

– Water - 140 Lit/s 

T=35oC ( 19 MW)

Max resistive field: 33.1 TMax resistive field: 33.1 T



Magnetic field (tesla)

S. Hill, PRB 55, 4931 (1997)

S. Hill et al., PRL 84, 3374 (2000)

S. Hill et al., PRL 86, 2130 (2001)

S. Hill et al., PRL 86, 3451 (2001)

Kovalev et al., PRB 66, 134513 (2002)

Kovalev et al., PRL 91, 216402 (2003)

Original driving force behind these techniques:Original driving force behind these techniques:
Fermi surface spectroscopy of lowFermi surface spectroscopy of low--D superconductorsD superconductors



Symmetry of quantum tunneling Symmetry of quantum tunneling 
in various Mnin various Mn1212 complexescomplexes



field//field//zz

z, S4-axis

Hz

•How on earth are we going to measure tiny transverse terms?

2( )s s B sm D m g Bm

•Magnetic dipole transitions ( ms = ±1) - note frequency scale!
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z z
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•First of all, these 
terms are not so 
small:



s

z, S4-axis

Hxy
In highIn high--field limit (field limit (g BBBB >> DSDS),), mmss
represents spinrepresents spin-- projection along projection along 
the applied fieldthe applied field--axisaxis

2

T
ˆ ˆ ˆ ˆ

z BDS g B S21
2

ˆ( )s T s B sm D m g Bm

Rotate field in Rotate field in xyxy--plane and look for symmetry effectsplane and look for symmetry effects

Single-crystal, high-field/frequency EPR
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Data for h-Mn12-acetate in: S. Hill et al., PRLPRL 90,90, 217204 (2003)217204 (2003)

Hard-plane rotations for d-Mn12-acetate

f = 51.3 GHz

T = 15 K

arXivarXiv/cond/cond--mat/0404390mat/0404390

Note the fine structuresNote the fine structures
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Determination of transverse crystalDetermination of transverse crystal--field interactions in dfield interactions in d--MnMn1212--AcAc

HardHard--plane (plane (xyxy--plane)plane)
rotationsrotations

••FourFour--fold line shifts due to fold line shifts due to 
aa quarticquartic transversetransverse
interaction in interaction in TT

••Previously inferred from Previously inferred from 
neutron studiesneutron studies
Mirebeau et al., PRLMirebeau et al., PRL 83,83, 628 (1999)628 (1999)

••BB44
44 is the only free is the only free 

parameter in our fitparameter in our fit

S. Hill et al., PRLS. Hill et al., PRL 90,90, 217204 (2003)217204 (2003)
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Identical to hIdentical to h--MnMn1212--AcAc
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Determination of transverse crystalDetermination of transverse crystal--field interactions in dfield interactions in d--MnMn1212--AcAc

Identical to hIdentical to h--MnMn1212--AcAc

••TwoTwo--fold line shifts fold line shifts 
associated with the highassociated with the high--
and lowand low--field shoulders due field shoulders due 
to a to a quadraticquadratic transversetransverse
interaction in interaction in TT

del Barco et al.,del Barco et al., arXivarXiv/cond/cond--

mat/0404390mat/0404390

2 2

20mK

ˆ ˆ
x yE S S

E
Incompatible with the 
crystallographic
symmetry!

HC and HE incommensurate!



22

yx SSE

E. del Barco et al.,E. del Barco et al.,

PRLPRL 9191, 047203 (2003), 047203 (2003)
S. Hill et al., PRLS. Hill et al., PRL 90,90,

217204 (2003)217204 (2003)

Disorder lowers the symmetry of the moleculesDisorder lowers the symmetry of the molecules

=

del Barco et al.,del Barco et al., arXivarXiv/cond/cond--mat/0404390mat/0404390



[Mn12O12(O2CMe)16(H2O)4] 2MeCO2H 4H2O vs. [Mn12O12(O2CCH2But)16(MeOH)4] MeOH

•Less solvent of crystallization

•Bulky R group: well separated molecules 

•Well aligned

[Mn12O12(O2CMe)16(H2O)4]  + 16 RCO2H                   [Mn12O12(O2CR)16(H2O)4] + 16 MeCO2H
CH2Cl2

Synthesis:

Mn12-Ac
Mn12-tBuAc

Phys. Rev. B 70,

054426 (2004)



Physicists Hamiltonian:Physicists Hamiltonian:

== DD´́ zz
22 ++ BB zz

44 ++ CC(( ++
44 ++ 44))

Spectroscopists Hamiltonian:Spectroscopists Hamiltonian:

== DD zz
22 ++ BB44

00ÔÔ44
00 ++ BB44

44ÔÔ44
44

g// = 2; g = 1.94

••DD,, BB44
00,, gg//// from easy axis datafrom easy axis data

••BB44
44 from hard plane rotationsfrom hard plane rotations

••gg from perpendicular datafrom perpendicular data
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Spin Hamiltonian parameters for MnSpin Hamiltonian parameters for Mn1212--tBuActBuAc

(unpublished)(unpublished)



Origin of Fast Magnetization Origin of Fast Magnetization 
Tunneling in Tetranuclear Nickel Tunneling in Tetranuclear Nickel 

SingleSingle--Molecule MagnetsMolecule Magnets



Synthesis of [Ni(hmp)(MeOH)Cl]Synthesis of [Ni(hmp)(MeOH)Cl]44·H·H22OO

hmpH  =

N

OH

hmp-  =

N

O-

Polyhedron, 1999, 18, 909-914

••The 4 OThe 4 Oss in the hmp ligands bridge 4 in the hmp ligands bridge 4 SS = 1 Ni ions to form a cube= 1 Ni ions to form a cube

••The Ni ions couple ferromagnetically to give total spin The Ni ions couple ferromagnetically to give total spin SS = 4= 4

••All complexes have high (SAll complexes have high (S44) crystallographic symmetry) crystallographic symmetry

NiCl2 (H2O)4 + hmpH
MeOH/MeONa

[Ni(hmp)(MeOH)Cl]4•



List of Ni4 Cubane Samples

• [Ni(hmp)(MeOH)Cl]4---------------------EPR, Hysteresis

• [Ni(hmp)(EtOH)Cl]4 ----------------------EPR, Hysteresis

• [Ni(hmp)(tBuEtOH)Cl]4-------------------EPR, Hysteresis

• [Ni(hmp)(MeOH)Br]4--------------------- EPR, Hysteresis

• [Ni(dbm)(MeO)(MeOH)]4----------------- EPR, Hysteresis

• [Ni0.1Zn0.9(hmp)(MeOH)Cl]4-----------------________

• [Ni0.02Zn0.98(hmp)(tBuEtOH)Cl]4-------------- EPR

• [Ni(hmp)(tBuEtOH)Br]4-------------- EPR

• [Ni(hmp)(CychexPrOH)Cl]4--------- ______, Hysteresis

OH O O

dbm =

OH

tBuEtOH =



Structure of [Ni(hmp)(tStructure of [Ni(hmp)(t--BuEtOH)Cl]BuEtOH)Cl]44

N

OH

hmpH =

OH

tBuEtOH =

No solvent in No solvent in 

the structure!the structure!

= D z
2 + B4

0Ô4
0 + B4

4Ô4
4 + g BB·
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[Ni(hmp)(t[Ni(hmp)(t--BuEtOH)Cl]BuEtOH)Cl]44 Single CrystalSingle Crystal
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0 5 10 15 20 25 30

 (s) at 0.1 M s

 (
s)

1/T (1/K)

 = 6.3 x 10 -3  s * exp[2 K/T]

•Temperature-independent magnetization relaxation at low 
temperature indicative of quantum tunneling

FAST!FAST!
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••Typical for a SMM with negative magnetocrystalline anisotropyTypical for a SMM with negative magnetocrystalline anisotropy

••Note also the splittings and additional peaks at highNote also the splittings and additional peaks at high--TT

0
2
4
6
8

10
12
14
16
18
20
22
24
26
28

M
S
= 0

M
S
= ±1

M
S
= ±2

MS= ±3
S=3

S=4

M
S
= 0

M
S
= ±1

M
S
= ±2

M
S
= ±3

M
S
= ±4

E
n
er

g
y
 (

k
el

v
in

)

4
0

±±
2
 K

IntraIntra--molecularmolecular JJss

1
4
 K

J

J

J
J

JJ



0 1 2 3

172 GHz

C
av

it
y
 t

ra
n
sm

is
si

o
n
 (

ar
b
. 
u
n
it

s 
- 

o
ff

se
t)

Magnetic field (tesla)

 59K

 50K

 48K

 47.3K

 46.5K

 45.2K

 44.7K

 43.2K

 42K

 39.5K

 35K

 30.5K

 28.6K

 24.5K

 20.8K

 16.2K

 12.1K

 10.1K
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••Evidence for a structural transition at ~45 KEvidence for a structural transition at ~45 K
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••OrderOrder--disorder associated with tdisorder associated with t--Bu groupBu group



Frequency dependence of the easy axis spectraFrequency dependence of the easy axis spectra
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••Enables determination of diagonal spinEnables determination of diagonal spin--Hamiltonian parametersHamiltonian parameters



0 1 2 3 4 5

0 20 40 60 80 100 120 140 160 180

2

3

4

5

Angle (degrees)

M
ag

n
et

ic
 f

ie
ld

 (
te

sl
a)

C
av

it
y
 t

ra
n
sm

is
si

o
n

(a
rb

. 
u
n
it

s)

 Magnetic field (tesla)

1

1

0 1

4

4 1

4

//

0.600cm

0.577cm

0.00012cm

0.0004cm

2.30; 2.23

L

U

D

D

B

B

g g

Fit to hard axis data for [Ni(hmp)(tBuEtOH)Cl]Fit to hard axis data for [Ni(hmp)(tBuEtOH)Cl]44

101 GHz, hard plane rotation101 GHz, hard plane rotation ••FourFour--fold line shifts due to fold line shifts due to 
aa quarticquartic transversetransverse
interaction in interaction in TT

••BB44
44 is the only free is the only free 

parameter in the fitparameter in the fit

S. Hill et al., PRLS. Hill et al., PRL 90,90, 217204 (2003)217204 (2003)
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••Very effective at mixing Very effective at mixing 

MMss == ±±4 ground states.4 ground states.

•• 2nd order perturbation.2nd order perturbation.

••12 MHz tunnel splitting!12 MHz tunnel splitting!



SpinSpin--Hamiltonian parameters for [Ni(hmp)(Hamiltonian parameters for [Ni(hmp)(RROH)Cl]OH)Cl]44
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••The ability to deconvolute all The ability to deconvolute all 
of the various contributions to of the various contributions to 
these spectra would not have these spectra would not have 
been possible via powder EPRbeen possible via powder EPR

••Also, the broad lines Also, the broad lines 
observed for the strongly observed for the strongly 
exchanging complexes are exchanging complexes are 
best observed via direct best observed via direct 
absorption measurementsabsorption measurements

J. Appl. Phys. 93, 7807 (2003)J. Appl. Phys. 93, 7807 (2003)



[Ni[Ni0.020.02ZnZn0.980.98(hmp)(tBuEtOH)Cl](hmp)(tBuEtOH)Cl]
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DD == 5.30(5) cm5.30(5) cm

EE == ±±1.20(1) cm1.20(1) cm

gg//// = 2.30(5)= 2.30(5)

tilt = 15tilt = 15oo

InitializeInitialize DD andand EE
parameters from parameters from 

Frequency dep.Frequency dep.

FrequencyFrequency--dependencedependence
••SingleSingle--ion tensors are not collinear ion tensors are not collinear multiple EPR fine structuresmultiple EPR fine structures
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AngleAngle--dependence to find orientation of zfs interactiondependence to find orientation of zfs interaction



AngleAngle--dependence to find orientation of zfs interactiondependence to find orientation of zfs interaction
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Quantum entanglement in Quantum entanglement in 
[Mn[Mn44]]22 dimersdimers



Antiferromagnetic exchange in a dimer of MnAntiferromagnetic exchange in a dimer of Mn44 SMMsSMMs
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Antiferromagnetic exchange in a dimer of MnAntiferromagnetic exchange in a dimer of Mn44 SMMsSMMs
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To zeroth orderTo zeroth order, the exchange generates a bias field , the exchange generates a bias field BBJJ == Jm'Jm'//gg
which each spin experiences due to the other spin within the dimwhich each spin experiences due to the other spin within the dimerer

Wolfgang Wernsdorfer, George Christou, et al., Nature, 2002, 406-409

[Mn[Mn44OO33ClCl44(O(O22CEt)CEt)33(py)(py)33]]
Dimer Zeeman diagram

EPREPR

••Bias should shift the single spin (monomer) EPR transitions.Bias should shift the single spin (monomer) EPR transitions.

D = 0.75(1) K

B0
4 = 5 × 10-5 K

J 0.12(1) K 



This scheme in the same spirit as 
proposals for multi-qubit devices 
based on quantum dots

D. Loss and D.P. DiVincenzo, Phys. Rev. A 57, 120 (1998).

Systematic control of coupling between SMMs Systematic control of coupling between SMMs -- EntanglementEntanglement

••Zeroth orderZeroth order bias term, bias term, JJ zz11 zz22,, is diagonal in the is diagonal in the mmzz11,,mmzz22 basis.basis.

••Therefore,Therefore, it does notit does not couple the molecules quantum mechanically, couple the molecules quantum mechanically, 
i.ei.e. tunneling and EPR involve . tunneling and EPR involve singlesingle--spin rotationsspin rotations..

••Quantum mechanical coupling caused by the transverse (offQuantum mechanical coupling caused by the transverse (off--
diagonal) parts of the exchange interaction diagonal) parts of the exchange interaction JJxyxy(( xx11 xx22 ++ yy11 yy22))..

••This term causes the entanglement, This term causes the entanglement, i.ei.e.. it truly mixesit truly mixes mmzz11,,mmzz22

basis statesbasis states, resulting in co, resulting in co--tunneling and EPR transitions involving tunneling and EPR transitions involving 
twotwo--spin rotationsspin rotations..

••CAN WE OBSERVE THIS?CAN WE OBSERVE THIS?

Heisenberg:Heisenberg:
JJ 11.. 22



SS11 == SS22 == 99//22; multiplicity of levels = (2; multiplicity of levels = (2SS11 + 1) (2+ 1) (2SS22 + 1) = 100+ 1) = 100
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Look for additional splitting (multiplicity) and symmetry Look for additional splitting (multiplicity) and symmetry 
effects (selection rules) in EPR.effects (selection rules) in EPR.



SS11 == SS22 == 99//22; multiplicity of levels = (2; multiplicity of levels = (2SS11 + 1) (2+ 1) (2SS22 + 1) = 100+ 1) = 100
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Clear evidence for coherent transitions involving both moleculesClear evidence for coherent transitions involving both molecules

JJzz == JJxyxy = 0.12(1) K= 0.12(1) K

ExperimentExperiment SimulationSimulation

S. Hill S. Hill et al., Scienceet al., Science 302302, 1015, 1015 (2003)(2003)
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Summary and conclusionsSummary and conclusions

Useful references:
Mn12-Ac review: del Barco et al., arXiv/cond-mat/0404390 (JLTP, 2005)
More on Mn12: Petukhov et al., Phys. Rev. B 70, 054426 (2004)

Takahashi et al., Phys. Rev. B 70, 094429 (2004)
Hill et al., Phys. Rev. Lett. 90, 217204 (2003)

Ni4 systems: Yang et al., Inorg. Chem., May 2005 (cond-mat/0502564)
Mn4 Dimer: Hill et al., Science 302, 1015 (2003)

Very powerful combination of experimental capabilities for Very powerful combination of experimental capabilities for 

studies of polynuclear transitionstudies of polynuclear transition--metal complexes:metal complexes:
••tunable hightunable high--frequency millimeter and subfrequency millimeter and sub--millimetermillimeter--wave sources;wave sources;

••cavity perturbation and broadcavity perturbation and broad--band quasioptics;band quasioptics;

••high magnetic fields;high magnetic fields;

••oriented singleoriented single--crystal capabilities;crystal capabilities;

••and variable temperatures.and variable temperatures.

Improved understanding of various MnImproved understanding of various Mn1212 complexescomplexes

Thorough characterization of NiThorough characterization of Ni44 SMMSMM

Demonstration of entanglement between two MnDemonstration of entanglement between two Mn44 SMMsSMMs
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