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Fe8 Molecule — Single Molecule Magnet
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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


Single crystal of Fe8
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The molecular spin in low temperatures

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



Hysteresis loop of Fe8
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Hamiltonian

(X

ZFS
The main part of the spin Hamiltonian: m
_ 2 2 2
H =-DS? - gu,H.S. —E-(5* - 5?)
D — anisotropic constant (~0.27 K)
E — rhombic parameter (~0.046 K)
The energy levels (E=0) are:
D
Energy(m)=-Dm’ — gu,H . m —— H(m)=——m0 0.2m [T]
EHp

where m is the quantum number of the level.

E is responsible for the tunnel splitting.
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7 The spin will tunnel at a rate given by A from up to down.



Energy levels and tunnel splitting
In Fe8

Energy levels Fe8
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The model and the hysteresis loop

tunneling




The model and the hysteresis loop




Chudnovsky and Garanin: (PRB 87 187203 (2001))

8D EY 0
A—S,S [(S 1)']2(25)'( j - A_10,10D7-10 K

This is only an approximate sc ition, bt cause evenvery small
higher-order transverse couplirigs car nake an.irportant
contribution to A, .

Wernsdorfer et al (J. Appl. Phys. 87 (2062), 5481) have measured A, for
many different sweeping rates using the Landau-Zener model. Their
experiment showed that A,,~10-"K.
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Evidence for the Role of Nuclel
In QTM
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Evidence for the Role of Nuclel
In QTM
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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.
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Faraday force magnetometer —
The load cell

Thermometer

Thermal

RF coil
: Phosphor-
L1 Bronze wire




Faraday force magnetometer —
Inside the DR




Magnetization measurements

0.1 T/min, field cool
| from 4.2K




Field sweep rate dependance
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Temperature dependance
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NMR Spectrometer
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NMR - T2 measurement

180




NMR data of Fe8 -T2

base Temp, 0.299T, 12.71MHz

Equation: y = Al*exp(-x/t1) +y0
Chi~2/DoF = 0.26343

R*2 = 099199

y0 1.07792  .0.44965

Equation: y = Al*exp(-x/tl) + y0
45 50 55 60 65 70 75 a y PEx/tL) +y
Time [uses] Chin2/DoF =0.42804
RA2= 0.9938

y0 0 43814 :0. 62454
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Time [micro sec]
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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.




T2 NMR — High Temp
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NMR - T: measurement

comb pulses 90° pulse 130° pulse




NMR data of Fe8 - T1

T1 measerement
140mK, 0.299T

Equation: y = y0 + Al*exp(-x/tl)
Chi*2/DoF =0.04854
RA2= 0.98142

y0 4.89885+0.16834
Al - 8031

tl 92.26445 +13.29025
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Time [sec]




NMR data of Fe8 - Pulse length
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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

—e— with stop 0.3T (no RF)
—x— with stop 0.3T (no RF)
—e— with stop 0.3T (no RF)
with stop 0.3T (with RF)
——— with stop 0.3T (with RF)




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

« We are confidant at the NMR T1 and T2
measurements.

 We don't see any effect of the RF radiation.
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Jumps and Temperature




Jumps and Temperature

—— Derivative of the capacitance




Jumps and Temperature




New setup for the Faraday force
magnetometer

Thermometer
Thermal .J/

RF coil
: Phosphor-
L1 Bronze wire




Jumps and Temperature

sweep rate = 0.1 [T]/[min],
Indipendent thermometer ,




Super-radiance

Superradiance from Crystals of Molecular Nanomagnets

E. M. Chudnovsky' and D. A. Garanin®

lﬂepa rtment of Physics and Astronomy, Lehman College, City University of New York,
250 Bedford Park Boulevard West, Bronx, New York 10468-1589
*Institut filr Physik, Johannes-Gutenberg-Universitdt, D-55099 Mainz, Germany
(Received 18 April 2002; published 20 September 2002)

We show that crystals of molecular nanomagnets can exhibit giant magnetic relaxation due to the
Dicke superradiance of electromagnetic waves. Rigorous theory is presented that combines super-
radiance with the Landau-Zener effect.

=

DOI: 10.1103/PhysRevLett.89.157201

i Super
| iradiance

FlG. 1. A pair of tunneling-split levels vs energy bias W.
Coherent light 15 emiited after crossing the resonance via
superradiance.




* 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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The exchange pathways
connecting iron(lll) in Fe8
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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


Blocking Temperature

(a) parallel to the easy axis

(b) perpendicular to the easy axis.



Zero field splitting >

42

The large S ground state has 2S+1 spin microstates, which
correspond to the Mg states in the absence of transverse
anisotropy.

These can be split up in zero field by or
if S>%,. This is called zero-field
splitting.

Magnetodipolar interactions are usually small (101 cm)

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


Zero field splitting ™

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

e Here Dis a3 x 3 matrix: D

D,

'

 We can rewrite the spin Hamiltonian term as:

‘H:_._ — D[S - S(S +1)/3]+ E(S2 - 82)
* where:

I~

[V =3D_

=~ =2

by

—
—| i — 1 J
LA ¥ s

 The D term changes the energies of the Mg states.

« The E terms mixes the Mg states (with AMg=2), i.e. the pure Mg
states are no longer the energy eigenstates of the system.
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Hamiltonian of Fe8

A# =D S? + E (85:-8)) + BjO; + BiO; + B0}

0; = {7182—S(S + 1) = 5|(S7 + $*) + (8] + $*)[78} - S(S

. +1)—5])/4
—50x106 —8x10°¢ oo
806x10%  5.96x10° 0} = (83 + §%)/2

ozl Al 03 = 18:(8% + &) + (83 + $)S.)/4

B, B,




Experimental realization




The concept of tunnel splitting: S=1/2

(-D/4- h h /2
H =DS>+gu, (hS —hS. )= EHs%: &M%
\ 8h /2 D/ 4+ gugh,
(1
i 1 E,=-D/4 Nk
The eigenvectors NZIW — Ly == +t8UpA\ N, T 1,
and eigenvalues of o
Hy are: — > E_=-D/4- h:+h’
\/5 _lj as gluB\/ X z

A,=gugh, kKnown as tunnel splitting

" 2 B 7]
<(1 o)e_l}[ Oj> - hf 1 1 [g,um/h)f+h22-t]

h —
(1 h+hi|2 2 h

The spin will tunnel at a rate given by: A/l = gu,+\h; +h: /h
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The concept of tunnel splitting: S=1/2

D—guph,  gugh, j
gluth D+gluBhZ

1 1 2 2
The eigenvectors N J > E ==D/4+gugh +h,
and eigenvalues of (1
%are ﬁ _lj_)Eas:_D/él'_g/uBﬂhj—i_hzz

A,=gugh, kKnown as tunnel splitting

<(1 0>e?[0j>2= h? PR [gﬂm/hf+hz2.t]
1

h:+h’|2 2
The spin will tunnel at a rate given by: Ah =g+ [
47
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D*(1/2*[1 0;0 -1])^2+h_x*(1/2*[0 1;1 0])-h_z*(1/2*[1 0;0 -1])‏

כלומר מציבים את מטריצות פאולי


Zener time

magnetic field h,




Zener Time — Mullen et al

magnetic field



Hole digging

preparing digging probing




Hole digging
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The nuclear effect on the QT -
hyperfine interactions

I Eg=Est2gSugH+Ey,
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Capacitance bridge
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NMR data of Fe8 - Ueda et.
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Results - jumps in matching fields - 2004
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With and without gradient coils

0.2 T/min, base temp

—a WithOUt grad
—e+—with grad -7.2A




Temperature and sweep rate
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H[T]




As said above, the orbital moment is quenched by the crystal field. This means
that diagonal elements of the orbital moment vanish in all eigenstates of the Hamil-
tonian. However, the off-diagonal elements of the spin-orbit interaction (L - S),
which can be treated by perturbation theory, lift the 21-fold degeneracy of the
s = 10 ground state resulting from exchange interactions in zero external field
(Fig. 3). At the lowest perturbative order, which is 2, the anisotropy gives rise to a
spin Hamiltonian of the form:

H, = —AS? (2.1)
where 2 is the tetragonal axis. Magnetic measurements show that the z direction is

an easy magnetization axis, which implies that A is positive. The numerical value
of A in Mn;5042 will be discussed in the next section.

4 Energy

Fig. 3. Energy of the eigenvectors of the Hamiltonian (2.1), or of the Hamiltonian (7.2) for H = 0.




Phonons

Conservation of Angular Momentum in the Problem of Tunneling of the Magnetic Moment

Eugene M. Chudnovsky

Physics Department, City University of New York Lehman College, Bedford Park Boulevard West,
Bronx, New York 10468-1589
(Received 5 January 1994)

Tunneling of the magnetic moment has some unique features not encountered in other tunneling prob-
lems. The conservation of energy and angular momentum prohibits transitions between degenerate mag-
netic states in a free single-domain magnetic particle. For such transitions to occur, the particle must be
firmly coupled with a large solid matrix that absorbs the change in the angular momentum. We show
that the contribution of this effect to the tunneling rate is determined by the ratio of the magnetic an-
isotropy energy to the shear modulus of the matrix. An experiment is suggested that can test this predic-
tion.
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