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I. Jibril and G. Huttner, 
Angew. Chem. Int. Ed. 
Engl. 23 (1984), 77. 

•
 

The magnitude of magnetic interactions between the spins of the
 ions is between 20 to 170K.

•
 

The magnetic interactions between the molecules are negligibly 
small (~0.05K).

Presenter
Presentation Notes
The magnetically active part of this molecule is constructed from 8 iron (III) ions (each having spin S=5/2).

 These ions interact antiferro-magnetically with each other

At the ground state, 6 individual spins point parallel to each other, while the other 2 point anti-parallel to the first 6. As a result - spin of S=10 and if we take Sz we get 21 “m stats”. 

The dipolar field is in the order of 0.01[T] (J. Low Temperature Physics, Vo 113 No 5 – 6 (1998), 1141-1146) to 0.05 [T] (W . Wernsdorfer et al. Phys. Rev. Let. 82 (1999), 3903) , 0.05*MuB/kB
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Single crystal of Fe8
•

 
Single crystal of Fe8 (array of 
nanomagnets) 

The magnetization is 
preferentially oriented parallel to 
an axis called the "easy axis“. 

Easy axis

Hard axis

Easy axis

Hard axis

(Synthesized in the Technion.)
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The molecular spin in low temperatures

( ) ( ) 102
522

56 =−×+×=S

M. Ueda & S. Maegawa, J. Phys. Soc. Jpn. 70 (2001) 

(This was confirmed by a polarized 
neutron-diffraction experiment) 

S=10

(a) is parallel to the easy axis. 
(b) is perpendicular to the easy axis.

2
5

3 =+FeS



5

Hysteresis loop of Fe8

TnHm 22.0×≈

A. Caneschi et al. JMMM 200, 182 (1999) 

• There is a temperature dependence above 0.4K.

• Equally separated steps can be seen at .

• The hysteresis shape depends on the field sweeping rate.

W . Wernsdorfer et al. J. 
Appl. Phys. 87 (2000), 5481 
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D –
 

anisotropic constant (~0.27 K) 
E –

 
rhombic parameter (~0.046 K) 

The main part of the spin Hamiltonian:

The Hamiltonian of Fe8: S=10

mHgDmmEnergy zBμ−−= 2)(

Hamiltonian

The energy levels (E=0) are:

where m is the quantum number of the level. 

E is responsible for the tunnel splitting.
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Energy levels and tunnel splitting 
in Fe8
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The model and the hysteresis loop

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

−
=

dH/dtmmgμ
π

--P
B

mm
mm '2

Δ
exp1

2
',

',
h

Landau Zener model

No tunneling

tunneling
M

H



10

The model and the hysteresis loop
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Δ
 

– theory and experiment
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Chudnovsky
 

and Garanin:
 

(PRB 87 187203 (2001))

This is only an approximate solution, because even very small 
higher-order transverse couplings can make an important 
contribution to Δk

 

 .

Wernsdorfer et al (J. Appl. Phys. 87 (2000), 5481)

 

have measured Δ10

 

for 
many different sweeping rates using the Landau-Zener model. Their 
experiment showed that Δ10

 

~10-7K. 

exp

theory
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Evidence for the Role of Nuclei 
in QTM

R. Sessoli et. al. JMMM 226 (2001) 1954–1960 

ΔT -
 

The time
 

needed to 
relax 0.5% of the 
saturation magnetization

Mini

 

= 0
H = 0.042 T

T = 40mK

Hole digging

30
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Evidence for the Role of Nuclei 
in QTM

Hole digging

30
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Research Goals 

In this research we try to observe the effect of the nuclear spins on 
the QTM in Fe8 by examining the influence of RF (radio frequency) 
on its hysteresis loop. 

By giving a comb of RF pulses we “warm”
 

the nuclei of the H atoms 
(more then 100 atoms in every molecule) and look at the effect on 
the magnetization curve.  



Faraday force magnetometer – 
The load cell

• Measuring the varying capacitance.

• spatially varying magnetic field → magnetic force 

•
 

The sample is glued with GE-Varnish to kel-f (without protons) as a 
thermal link to avoid metallic parts near the coil.

RF coil

Kel-f
Movable 
plate

Fixed 
plate

Thermal
link

Screwing

Phosphor-

 Bronze wire
Epoxy

Brass

Copper

Thermometer
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Faraday force magnetometer – 
inside the DR

Mixing
chamber

Vaccum
jacet

Thermal  
link

Superconducting
solenoid magnet

Coaxial
wires

center line

The load cell device, displaced from the center of 
a solenoid magnet in a dilution refrigerator. 

dz
dB

MaCC z
z⋅=− −− 11

0

a
 

–
 

Calibration constant

Superconducting
Gradient coils

DR

48



17

Magnetization measurements

• Because the sample is off-center, the gradient is a function of H.
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Field sweep rate dependance

• base temperature, 1 [T]/[min]=16.66 [mT]/[sec]
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Temperature dependance

•
 

The temperature of the sample is higher then the resistor 
(mesearment while cooling, sweep rate 0.5T/min)
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back

NMR Spectrometer
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NMR - T2  measurement
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NMR data of Fe8  - T2
Ueda T2
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Equation: y = A1*exp(-x/t1) + y0
Chi 2̂/DoF = 0.26343
R 2̂ =  0.99199
 y0 1.07792 ±0.44965
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t1 13.02162 ±1.13462A
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Presentation Notes
מדוע T2 קצר יותר בטמפרטורה נמוכה יותר?

מה שמשפיע על T2 זה האינטראקציה בין הגרעינים (ולא האי הומוגניות של השדה החיצוני, אותו מבטלת טכניקת האקו)

כאשר אני נותן פולס של 180, האינטראקציה בין הספינים לא מתבטלת I1*I2

ככל שהדגם קר יותר, האינטראקציה בין הספינים חזקה יותר (הגביש מתכווץ?) ולכן T2 קצר יותר 

(אם לא היתה אינטראקציה בין הספינים, T2 היה אינסופי.
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T2 NMR – High Temp
pure crystals in NMR system (without G-Varnish)
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the line is a fit to the function:

y = A1

 

*exp(-x/T2

 

) + y0

T2

 

(290K)=20±2 [μsec] and T2

 

(90K)=13.8±0.13  [μsec]. 
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Presentation Notes
מדוע T2 קצר יותר בטמפרטורה נמוכה יותר?

מה שמשפיע על T2 זה האינטראקציה בין הגרעינים (ולא האי הומוגניות של השדה החיצוני, אותו מבטלת טכניקת האקו)

כאשר אני נותן פולס של 180, האינטראקציה בין הספינים לא מתבטלת I1*I2

ככל שהדגם קר יותר, האינטראקציה בין הספינים חזקה יותר (הגביש מתכווץ?) ולכן T2 קצר יותר 

(אם לא היתה אינטראקציה בין הספינים, T2 היה אינסופי.
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T2 - Temperature dependence
Ueda T2
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Presentation Notes
מדוע T2 קצר יותר בטמפרטורה נמוכה יותר?

מה שמשפיע על T2 זה האינטראקציה בין הגרעינים (ולא האי הומוגניות של השדה החיצוני, אותו מבטלת טכניקת האקו)

כאשר אני נותן פולס של 180, האינטראקציה בין הספינים לא מתבטלת I1*I2

ככל שהדגם קר יותר, האינטראקציה בין הספינים חזקה יותר (הגביש מתכווץ?) ולכן T2 קצר יותר 

(אם לא היתה אינטראקציה בין הספינים, T2 היה אינסופי.
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NMR - T1 measurement
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NMR data of Fe8  - T1
Ueda T2
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Measuring with RF
•

 
We saw that we can saturate the nuclei (we give a comb of 
pulses until the echo is gone).

•
 

For technical reasons we can detect NMR signal only above 
~0.3T (12MHz).

•
 

Trying to transmit near or between the jumps cause thermally 
assisted QTM.

•
 

T1 is in the order of 100 sec.

•
 

Therefore we decided to transmit at 0.3T (when the jumps are 
expected at negative field) and sweep the field with a rate of 0.5 
T/min and see if it is effecting the jumps height. 
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Measuring with RF
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Measuring with RF
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We don’t see any effect of the RF radiation.
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Conclusions - NMR

•
 

We are convinced that the jumps come from the 
sample, but we are not sure why they are 
irreproducible.

•
 

We are confidant at the NMR T1
 

and T2
 measurements.

•
 

We don’t see any effect of the RF radiation.

But…
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Jumps and Temperature

sweep rate 0.1T/min
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Jumps and Temperature

(sweep rate 0.1T/min)
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Jumps and Temperature

sweep rate 0.2T/min
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• Same measurement with “fixed”
 

capacitance (no moving parts) 

Load cell



New setup for the Faraday force 
magnetometer 

• The thermometer and the sample are connected to the DR separately.
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Jumps and Temperature
Same measurement without close thermal link between the sample and 
the thermometer.

Load cell
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Super-radiance
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Jumps and Temperature

•
 

A jump in the Capacitance is always followed by a 
jump in the temperature.

•
 

The temperature jumps are not caused by the 
mechanical movement of the load cell 

•
 

We believe that the cause of the heat burst is super-
 radiance (which has been seen in similar molecular 

magnet).
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End
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The exchange pathways 
connecting iron(III) in Fe8

J1

 

= -147K

J2

 

= -173K

J3

 

= -22K

J4

 

= -50K

back

C. Delfs, et al. Inorg. Chem. 32, 3099 (1993).

Presenter
Presentation Notes
The origin of the interaction which lines up the spins in a magnetic system is the exchange interaction. J – the exchange coupling constant, comes from the interaction between the electronic spins of the atoms/ions. It arises from exchange of the electrons
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At temperatures lower than the 
magnetic coupling J between 
ions inside the molecule, the 
spins of the ions are locked, 
and the molecules behave like 
non -interacting spins. 

Blocking Temperature

(a)
 

parallel to the easy axis 

(b)
 

perpendicular to the easy axis.
M. Ueda & S. Maegawa, J. Phys. Soc. Jpn. 70 (2001) 

T [K]

back
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Zero field splitting

•
 

The large S ground state has 2S+1 spin microstates, which 
correspond to the MS

 

states in the absence of transverse 
anisotropy.

•
 

These can be split up in zero field by spin-orbit coupling
 

or 
magnetodipolar interactions

 
if S>½. This is called zero-field 

splitting.

•
 

Magnetodipolar interactions are usually small (10-1

 
cm-1)  

•
 

Spin-orbit coupling can mix orbital angular momentum of 
the electronically excited state into the ground state.

back

Presenter
Presentation Notes
spin-orbit coupling

The interaction of the electron spin magnetic moment with the magnetic moment due to the orbital motion of the electron. One consequence of spin-orbit coupling is the mixing of zero-order states of different multiplicity.

This effect may result in fine structure called spin-orbit splitting.

This is the most interesting term as it involves the electron spin. Furthermore, this type of interaction has found a wide-ranging interest in other areas of physics, for example in the context of spin-electronics (`spin-transistor') in condensed matter systems. 



The general derivation of spin-orbit coupling from the Dirac equation for an electron of mass ‘m’ and charge ‘–e < 0’  in an external electrical field   E(r)= - (r) yields

Hso=eħ/(2mc)^2∙σ(E(r)xp)‏

Where p=m∙v is the momentum operator and σ is the vector of the Pauli spin matrices, �
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Zero field splitting
•

 
The zero-field splitting can be described by a term in the spin 
Hamiltonian:

•
 

Here D is a 3 x 3 matrix:

•
 

We can rewrite the spin Hamiltonian term as:

•
 

where:

•
 

The D term changes the energies of the MS

 

states.
•

 
The E terms mixes the MS states (with ΔMS

 

=2), i.e. the pure MS

 
states are no longer the energy eigenstates of the system.

back
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The effective spin Hamiltonian (without the Zeeman term):

Hamiltonian of Fe8 

D. Gatteschi and R. Sessoli, Angew. Chem. Int. Ed. 42, No. 3 
(2003), p. 268

back
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a)
 

In zero field the two wells are equally populated.
b)

 
An applied magnetic field selectively populates the right well.

c)   After removing the field the system can returns to equilibrium 
(thermally) if T is high enough.

Experimental realization 

Ms =S Ms =-S
Ms =S

Ms =-S

Ms =S-1 Ms =-S+1

Thermally assisted QT pure QT

back
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The eigenvectors 
and eigenvalues of 
H0

 

are: 

The spin will tunnel at a rate given by:
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The eigenvectors 
and eigenvalues of 
H0

 

are: 

The spin will tunnel at a rate given by:
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=gμB hx known as tunnel splitting

The concept of tunnel splitting: S=1/2
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Zener time
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Zener Time – Mullen et al
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Adiabatic limit:

sudden limit:
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Hole digging Wernsdorfer et al., Phys. Rev Letters, 84 (2000), 2965

back

Starting from Minit

applying a small field Hdig

 

for 
a time tdig

A field H is applied to measure 
the short time square root 
relaxation rate Γsqrt

 

(H, Hdig

 

, tdig

 

) 

P(Hz

 

) –

 

the normalized distribution of 
molecules which are in resonance at Hz
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Hole digging Wernsdorfer et al., Phys. Rev Letters, 84 (2000), 2965

μ0

 

Hdig

 

=14 mT As a result a very sharp 
“hole”

 
is dug into the rather broad 

distribution of Γsqrt

Γhole

 

= Γsqrt

 

(H, Hdig

 

, tdig

 

=0)-

 
Γsqrt

 

(H, Hdig

 

, tdig

 

) 

back

The hole line width σ
 

is 
close to the hyperfine level 
broadening



52

E-S

 

=ES

 

+2gSμB

 

H+ξdip

ES

The nuclear effect on the QT - 
hyperfine interactions

2
2eff TΔ ∝ Δ �

Prokof’ev and Stamp
(Phys. Rev. Lett. 1998, 80, 5794) 

The dynamic nuclear field change the energy levels.

Consequently, tunneling will start before and will end 
after matching conditions.

The effective tunnel rate at 
the matching field:
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Research Goals 
In this research we try to observe the effect of the nuclear spins on 
the QTM in Fe8 by examining the influence of RF (radio frequency) 
on its hysteresis loop. 

( )
( )

( )
( )

2
2

2
2

2
0 0

eff

eff

T T T
T T T

Δ →∞ Δ →∞
∝ ≥

Δ → Δ →

By giving a comb of RF pulses we “warm”
 

the nuclei of the H atoms 
(more then 100 atoms in every molecule) and look at the effect on 
the magnetization curve.  
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Capacitance bridge

3 terminal method

A capacitance bridge with transformer 
ratio arms.

Basic bridge circuit of AH2550A Capacitance Bridge 

magnetometer

X

N

X

N

N

X
XXNN N

N
V
V

C
CCVCV ==→=
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magnetometer

Dilution refrigerator – 
schematic view
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NMR data of Fe8 - Ueda et. al

M. Ueda, PhD thesis, Kyoto 
University, 2001 
M. Ueda, S.  Maegawa, S. Kitagawa, 
Phys. Rev. B. 66 (2001) 073309 

NMR Data
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Results - jumps in matching fields - 2004
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Sampling Rate: 1/1.7 Hz
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With and without gradient coils

• The Gradient Coils give 100 Gauss/Cm  (1 T/m)

• Because the sample is off-center, the gradient is a function of H.
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Temperature and sweep rate

• The sample rate is similar to all runs

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1

0.16

0.20

0.24

0.28

0.32

Te
m

p 
[K

]

H [T]

 0.1 T/min
 0.2 T/m
 0.5 T/m
 0.7 T/min





61

Phonons
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