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Abstract
QUANTUM PHYSICS OF MOLECULAR MAGNETS
by
Reem Jaafar

Advisor: Eugene M. Chudnovsky, Distinguished Professor of Physics
Co-Advisor: Dmitry Garanin, Prof. of Physics

In this thesis we focus on various aspects of quantum physics in molecular mag-

nets, in particular, in Mnjs-acetate. This thesis is divided into three parts.

In the first part, we present a review on molecular magnets. Since Mnjs-acetate
has a large spin (equal to 10), the theory of tunneling of a large spin is discussed as
well as the early experiments that were performed two decades ago and which has
shown spin tunneling, in particular, the ones that were performed on ~-Fe,O3 and
on antiferromagnetic ferritin. Then, the first experiments that presented evidence on
spin tunneling in Mnjs-acetate are outlined in detail. Magnetic hysteresis curves are
shown and Landau-Zener effect in molecular magnets is discussed. Quantum clas-
sical crossover between thermally assisted and pure quantum tunneling regimes is
described.

Finally, magnetic avalanches are introduced: they are another feature of the magne-
tization curve in Mnjs-Acetate where there is a sudden reversal in the magnetization.
We exploit the first two experiments performed to elucidate the nature of magnetic

avalanches in Mnis-acetate and the theory developed as a result of these experiments.

In the second part of this thesis, we focus on three of my publications on quantum

magneto-mechanical effects. First, a recent experiment on Einstein-de Haas effect in



a NiFe film deposited on a microcantilever is discussed. The cantilever was placed
inside a coil that generated an ac magnetic field. Oscillation of the cantilever was
measured by a fiber-optic interferometer positioned above the tip of the cantilever.
When the frequency of the ac field matched the resonance frequency of the cantilever
the amplitude of the oscillations was about 3 nm. The data were analyzed within a
model that replaced the mechanical torque due to change in the magnetization with
the effect of the periodic force acting on the fictitious point mass at the free end
of the cantilever so this model did not account for the microscopic dynamics of the
Einstein-de Haas effect. This motivated us to develop a more rigorous theoretical
framework for the description of the dynamics of the Einstein-de Haas effect that we
applied to the problem of the magnetic cantilever.

We then study the quantum dynamics of a magnetic molecule deposited on a

microcantilever. Amplitude and frequencies of the coupled magneto-mechanical os-
cillations have been computed. We show that oscillations of the spin and the can-
tilever occur independently at frequencies A/h and w, respectively, unless these two
frequencies come very close to each other.
The results show that the splitting ¢ has no free parameters and that for a given reso-
nance, A = hw,, the relative splitting ¢ depends only on the position of the molecule
on the cantilever. We then show that existing experimental techniques permit obser-
vation of the driven coupled oscillations of the spin and the cantilever, as well as of
the splitting of the mechanical modes of the cantilever caused by spin tunneling.

Finally, the dynamics of a magnetic molecule bridged between two conducting
leads is investigated. We start by reviewing various experiments performed when
there is a weak coupling between the molecule and the leads and when there is a
strong coupling which results in the Kondo effect. Experimental efforts were mainly
motivated to measure the electronic current through a single molecule. We study
the dynamics of the total angular momentum that couples spin tunneling to the

mechanical rotations. We show that the Landau-Zener spin transition produced by
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the time-dependent magnetic field generates a unique pattern of mechanical oscilla-
tions that can be detected by measuring the electronic tunneling current through the

molecule.

In the last and final part, we present our numerical work to describe quantum
magnetic deflagration in Mns-acetate. This part is related to magnetic deflagration
as discussed in part I of this thesis. The focus is on the quantum features of magnetic
deflagration which are exhibited by the maxima in the speed of deflagration front
as a function of the applied magnetic field. We review recent work on the effect of
the dipolar field in forming self-organized fronts of spin tunneling, and present our
enhanced computational work on the calculation of the relaxation rate. Previously,
spin relaxation rates were calculated using a simple Arrhenius exponent. In this
thesis we calculate the relaxation rate as a function of both the external field and
temperature using the density matrix formalism and use them to study the effect of

the transverse field on the front speed of deflagration.
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Part 1

Single Molecule Magnets



Introduction

In this part, we present a review on molecular magnets. We review the theory of tun-
neling of a large spin, we then discuss early experiments perfomed on 7-Fe;O3 and on
antiferromagnetic ferritin which exhibited quantum tunneling. We then discuss the
first experiments that presented evidence on spin tunneling in Mn,-acetate, a proto-
typical molecular magnet of spin 10. Magnetic hysteresis curves are presented and
Landau-Zener effects in molecular magnets are discussed. One important application
of Landau-Zener effect resulted is the discovery of the Berry phase in Feg, another
molecular magnet with a spin 10. We then discuss quantum classical crossover be-
tween thermally assisted and pure quantum tunneling regimes. Finally, we discuss
the first two experiments perfomed to elucidate the nature of magnetic avalanches in

Mnis-acetate and the theory developed as a result of these experiments.



Chapter 1
History

In this chapter we review the theory of tunneling of a large spin and the early exper-

iments performed to elucidate spin tunneling in ensembles of small particles.

1.1 The Theory of Tunneling of a Large Spin

Macroscopic quantum tunneling (MQT) corresponds to the tunneling of a macro-
scopic variable through the barrier between two minima of the effective potential of
a macroscopic system.

Various systems such as nanomagnets with a spin of the order 10 for example, small
ferromagnetic and antiferromagnetic particles and the Néel Vector in antiferromag-
nets exhibit various tunneling phenomena. Two decades ago, the problem has been
studied for small ferromagnetic particles [I] and the probability of tunneling of the
magnetization in a single domain particle between easy directions has been calculated.
MQT has been thoroughly studied and explored experimentally in several systems
ever since. Initially a very basic problem was solved by considering a macroscopic
spin in a metastable potential. It was proven that tunneling rate can be computed
by switching to imaginary time (instantantons solutions) [2]. Then Chudnovsky and
Gunther [I] considered tunneling of the magnetic moment of a nanometer size single

domain ferromagnetic particle with a size small enough to treat its moment as a fixed



length vector that can rotate as a whole at low temperature. A certain amount of
energy (the anisotropy energy) is required to rotate the spin vector as a whole.
It was shown that the monodomain magnetic particle must be firmly coupled to a
solid matrix in order for it to tunnel between spin up and spin down states [3].
The tunneling of the magnetic moment in a mondomain ferromagnetic particle is
given by an instanton solution of the equation of motion for M and perturbations
around this solution.

38_1\;[ = —yM X g—f/{ (1.1)
Equation has been proposed by Landau and Lifshitz in 1935 [4]. If M has a fixed

Figure 1.1: The spherical coordinate system used to describe the magnetic moment
of a monodomain particle, M.

magnitude M, we characterize this vector in terms of its spherical coordinates, 6 and



¢, see figure [1.1 Equation [1.1 can then be rewritten as:

do v OF

dt — Msinf 00 (1.2)
and

do v OF

dt ~ Msinf 0¢ (13)

where E(6,¢) is the magnetic energy of the particle.
In order to compute the rate of tunneling M out of a metastable state, path integral
and density matrix formalism are used [2]. For a mechanical motion, the partition

function is:
I |
Z = %DI(T)GZ']?[—E’/ dT(éi’i + U(x))] (1.4)
0
where T is the temperature of the bath with which the particle is in thermal equilib-
rium, U(x) is the potential and 7 = it is the imaginary time and the integral is taken

over all z(7) trajectories that are periodic in imaginary time with the period equal to

h/T [B]. A similar expression is found for a spin in a the spherical coordinate system

h/T
Z = %D9D¢exp[—%/0 dr(Lg)] (1.5)

where Lg is the FEuclidean magnetic Lagrangian. The latter is related to the real
time Lagrangian L through Lg = —L(t — —ir). To define L, conjugate variables are
used, x(7) and p(7). For a fixed angular momentum, L = M/~, they are: z = ¢ and

p=nhL,= %0086 and the Lagrangian is found to be:

L =pi— E(z,p) = %g{ﬁcas@ — E(0,9) + @ (1.6)

Equation [1.6| can be used to deduce the equations of motion:

. OF . oFE
T = o and p= o (1.7)

f is chosen to be f = %gb [6]

I = /dtL = /dt(%@(cose —1)—E9,¢)) (1.8)



is the area on the sphere of radius S swept by the total spin S = v~!M as it makes
a closed path around the north pole of the sphere. It is also known as Berry’s phase.
D. Loss, D. P. DiVincenzo, G. Grinstein [7] and J. von Delft, C. L. Henley [8] have
studied the significance of this term to quantum tunneling. He has proven that for a
wide class of ferromagnetic and antiferromagnetic systems, quantum tunneling of the
magnetization direction is spin-parity dependent: it vanishes for magnetic particles
with half-integer spin but is allowed for integer spin. Chudnovsky and Gunther [I]
calculated the probability of tunneling for several forms of the magnetic anisotropy.

If we consider a uniaxial single domain particles with the anisotropy along the

Z-axis, in a transverse magnetic field applied along the X-axis, then

H2M?
E = V(K sin*0 — HM,sinfcos¢ + 1 KO ) (1.9)

For H < H. = 2K /M, the energy [1.9/ has two minima (E=0) corresponding to ¢ = 0
with 0 = 6y and 0 = ™ — 6y where 6y = H/H..

Figure 1.2: Two classical degenerate magnetic states

These positions are shown in figure (1.2l The energy barrier between the two states
is U = Ke* where e = 1 — H/H,. At H = H,, when 6y = 7/2, the two equilibrium

orientations of M meet on the X-axis and the barrier disappears.



Equations [1.2] [I.3] and [1.9] yield an equation for € in 7:

4?0 df g ,,'?

i w1+ wﬁQ(%)Q]cotG — 2wywy[l + w?(E)Q] cost (1.10)
where wy = vH and w; = 7K /M. In the limiting case of a very low field, 6, — 0,
the approximate solution of corresponding to the switching of M from 6 = 7 at

T=—00tof=0at ™= o0 is given by
0 = arccos[tanh(w,T)] (1.11)

If the action of this trajectory is calculated and keeping in mind that the tunneling
rate P is given by P = A expl[il /h] , P is found to be proportional to (H/Hc)?o/(h),
As H — 0, P goes to zero and as H — H,, it is shown that [I] P is propor-
tional to exp|—(4My/(hy))e*/?] which means that the tunneling rate is proportional
to (H/H.)**. This follows from the fact that the transition between S, = S and
S, = —S appears in the 2S order of the perturbation theory of the transverse field
H. This idea will be revisited in the next chapter when we discuss quantum magnetic

hysteresis in molecular magnets.

1.2 Early Experiments on Spin Tunneling

1.2.1 Ensembles of Small Particles

At a given temperature any magnetic system has a certain state that corresponds
to the absolute minimum of its free energy. Particles in several systems (such as
monodomain particles embedded within a non magnetic solid matrix) can be in a
metastable state due to energy barriers produced by the magnetic anisotropy. The
presence of metastable states results in magnetic hysteresis and all magnetic systems
that exhibit hysteresis are expected to relax slowly toward the minimum of the free
energy. It is important to note that slow relaxation toward the thermodynamic equi-
librium is a non-linear effect and its long duration is due to the exponentially large

lifetimes of metastable states [2].



At a high enough temperature the relaxation proceeds over the local barrier due to
thermal fluctuations. Below we develop the necessary equations needed to understand
the relaxation of the moment of a system of identical non-interacting single-domain
particles frozen in a non-magnetic solid matrix whose axes are parallel to each other
and to the external magnetic field.

If M, and M_ are the total moments due to particles whose moments are aligned

along and against the field respectively, then they must satisfy the following equations.
dM dM_
dt* =Ty M 4T M. and —= =T M_+T M, (1.12)

where '+ are the rates of transition out of a given state. For thermal transitions,

we have I't = viexp[—Ki(H)V/T]. If the total moment of the system is M =

M, — M_ and if we consider uniaxial particles whose axes are aligned with the field

K. =K(1+H/H,)? then

M(t) = My + (My — M,,)exp(—Tt) (1.13)
where
r_.—T
M. (H) = ——==M, (1.14)
I +T,

is the equilibrium moment and My = M, + M_ is constant and is the total moment
at saturation, My =Mt =0)and ' =T_+1T.
Similar expressions were found for uniformly oriented non-interacting uniaxial par-
ticles with the same magnetization and anisotropy energy per unit volume but with
the distribution of volume, f(V), in that case exp(—I't) in is replaced by
JoSdV f(V)Vexp[—T (V)]
fooo av f(V)v

(1.15)
and for thermal relaxation
I'=v_exp|-K_(H)V/T| + viexp|—K(H)V/T)] (1.16)

In experiment, vt is of the order of 10 to 10! so that the exponential factor under

the integral in is ©(V — Vg) where Vg can be approximated by a step function:

T
Vi = K (i) In(v_t) (1.17)



and thus M(t) can be written as

VBV F(V)V
avivyv

M(t) = My, — (M(to) — Mey(H)) (1.18)

Vg can be called blocking volume. At a time t only particles with volume V()
can contribute to the relaxation: smaller particles have already relaxed and bigger
particles have their moment blocked in the initial direction. In most relaxation ex-
periments, the field is small compared with the anisotropy field and the dependence
of the energy barrier on the field and the orientation of the particle can be neglected.

It is assumed that f(V) changes slower than exponentially in the vicinity of Vg so
that in the thermal relaxation case, M depends on time only through the combination
T'In(vt). It is shown that T = %(‘1% where T is the blocking temperature and f(V)
dV drops rapidly above a certain value called V;. t is the characteristic measurement
time of the instrument and depends on the instrument. On that time-scale, the
transitions in most particles unfreeze above Ts. The condition T' << Tp (below
the blocking temperature) is equivalent to Vg << Vj and only the magnetization
confined within particles of volume Vg is relaxing whereas in the bigger ones it is
frozen. Based on the arguments above, In(t) relaxation is expected at T" << T and
ceases at T' > T. In the next section we explore the results of relaxation experiments

that were performed for various particles.

1.2.2 Experiments on Spin Tunneling

Relaxation measurements have been performed in order to detect change in the total
moment. Typically experimentalists collect data for the magnetization when the
sample is field cooled (FC) or zero field cooled (ZFC). FC data correspond to an
experiment in which the system was initially cooled down in the presence of a weak
magnetic field, then it was slowly warmed up and the magnetization data were taken.
The ZFC data are typically taken when the sample is initially cooled in the absence
of a field then a small field was applied and the data were taken as the temperature

was slowly raised.
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One of the earliest experiments on slow relaxation in small particles was done by
Vincent el al [9] using small (average of 4 nm) v-FeoOj3 particles. Electron microscopy
has shown the particles to be nearly spherical with diameter distribution around a
peak value of 4.2 nm. The Curie temperature of the sample is around 863 K. Mutual
interactions between particles was weak. A magnetization curve was obtained around
4.3 K and FC and ZFC magnetization curves are shown in [I.3] M, is the residual
magnetization that was obtained from a magnetization curve as a function of the
applied field at 4.3 K. It was subtracted from M to emphasize the effect of the 300
Oe field. The blocking temperature can be deduced from the peak of the ZFC curve.

25

M-Mo (emu)

0 10 20 30 40 50
T (K)

Figure 1.3: FC and ZFC magnetization curves for v-Fe,O3 [9]

From figure [1.3] it can be seen that for the FC curve as temperature increases,
the moments of the particles begin to flip leading eventually to thermal equilibrium
whereas for the ZFC curve the initial moment is zero and the moments of bigger
and bigger particles progressively flipped towards the direction of the field until the
blocking temperature when it goes down according to the equilibrium law [I0]. From

t = 1oexp(KVp)/T, and using values of Ts = 13K determined from the hysteresis
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curve with t ~ 1000 s and 75 = 107! one can estimate V3 to be around 6.7+ 10~2%cm?3.
This volume is equivalent to spherical particles of diameter 5 nm in accordance with

electron microscopy.

Magnetic relaxation was measured by heating the sample to 50 K in a 300 Oe
field. It was then cooled to low temperature (<12 K) and no relaxation was detected.
The field was then reversed from 300 Oe to -300 Oe and the sample was allowed to
relax towards equilibrium. Magnetization data were recorded right after reversing the

field. Relaxation curves are shown in [L.4]

—_—

-‘?Tii:?_:‘i--._‘_q__\_ MMW 110K |

S5 20! 1
g | Sy
w4
E g % 43K
3 ~
s 10 N |
S +300 — -300 Qe N MK
0! \‘
100 102 100 104 105

t (sec)

Figure 1.4: Typical relaxation curves obtained for y-Fe,Oj after field reversal [9]

A plot of M versus T'In(t/7y) should yield a universal curve for data collected at
various temperatures for purely thermal relaxation. This was achieved for «-Fe;O3
[9], as shown in [L.5| This experiment provides a good example of thermal behav-
ior of small particles and can help understand how to detect quantum tunneling if

there is deviation from this thermal behavior. Another experiment was performed on
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Figure 1.5: The magnetization of an ensemble of y-Fe;O3 particles versus T'In(¢/7)

(9]

CoFey O3 ferrimagnetic particles of average diameter 3.5 nm [11]. The Curie temper-
ature was 793 K and so no detectable change in the spin structure was expected at
low temperature. A magnetic hysteresis study at 250 K shows that the coercive field
is very low (few Oe), hence one can conclude that at high temperature the system is
superparamagnetic. A study of the coercive field versus temperature shows that as
the temperature is lowered, the value of the coercive field increases.

Figure |1.6| shows that more particles become superparamagnetic as the tempera-
ture is raised. Since the coercive field does not saturate for low temperature one can
conclude that thermal blocking of the smallest particles persists down to 1.8 K which
makes it interesting to investigate quantum tunneling. A magnetic hysteresis data
was taken at 2.4 T from which the authors in [11] estimated the bulk anisotropy field
to be about 1 T whereas the highest anisotropy field inside the particles was found
to be close to 5 T. This suggests that the anisotropy of the particles is of crystalline



13

0.0 1 i 1 " |-77_7 ,'_ — 8
0 50 100 150 200 250

T(K)

Figure 1.6: The coercive field versus Temperature for CoFe,O3 particles for T from
2 to 250 K [11].

origin. The anisotropy field is greater by a factor of 10 than that for v-Fe,O3 parti-
cles (anisotropy field was about 5000 Oe) which brings the crossover from thermal to
the quantum regime into the kelvin range. Several conclusions were drawn from the
study:

a. FC and ZFC curves were given for H = 0.01 T and H = 0.4 T, the higher the
value of the field the lower the value of the blocking temperature which is found by
locating the peak of the ZFC curve.

b. The value of the blocking temperature for low field was about 300 K from which
the barrier height was estimated to be 30 Tg ~ 770 meV.

c. Magnetic relaxation measurements were performed for temperatures between 8 K
and 1.8 K by cooling the sample down from 300 K at 5000 Oe and then reversing
the field. It was found that the lower the temperature the smaller the fraction of the
total magnetization that is relaxing during the observation time see figure [[.7] This

is expected because at lower temperatures, bigger particles are blocked and smaller
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size particles will contribute to the magnetization.

d. A plot of M versus T'In(7"/T}) for CoFeyO3 for temperatures below 5 K reveals a

0168 T v T v T ] 1

0.166 -

M (emu)

0.164 |-

0.162

In [1(s)]

Figure 1.7: The decay in time of the magnetic moment for various Temperatures for
CoFe,O3 particles [11].

systematic departure from the universal curve, and the authors of [I1] attribute that
as evidence for quantum tunneling and estimate the crossover from thermal to the

quantum regime to occur in the range 2.5 to 5 K.

1.3 Tunneling in Antiferromagnetic Ferritin

B. Barbara and E. M. Chudnovsky have studied macroscopic quantum tunneling in
antiferromagnets [12]. Starting from the Néel state of a uniaxial antiferromagnetic
particle, they showed that, due to the tunneling of the Néel vector between easy di-
rections, the ground state of a sufficiently small particle is a quantum superposition

of two equivalent Néel states. Awschalom et al. explored this effect in horse-spleen
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ferritin [I3]. Ferritin is an iron-storage protein that has a spherical cage of diameter
of about 8 nm that contains the mineral ferrihydrate combined with a phosphate [2].
Its core is equivalent to a small antiferromagnetic particle a-Fe;O3. Mossbauer stud-
ies have predicted a superparamagnetic behavior at high temperature and a blocked
magnetic state at low temperature with the blocking temperature between 10 K and
15 K [14], 15]. Low-field magnetic susceptibility data of ferritin also confirmed its
antiferromagnetic structure [16]. FC and ZFC data obtained by the authors of [16]
have shown that the particles are superparamagnetic above 13 K. The size of the
particles was estimated to be 7 nm and was in agreement with the upper limit on the
size of hematite core [2]. Other works have proven that the blocking temperature T
is proportional to V [17] in agreement with the formula Tz = E,V/30.

Other works focused on AC measurements of the blocking effects [I§]. Below the
Néel temperature the particles should appear magnetically ordered depending on the
period of the AC field. In that case Tp = —U/(Inwty) and a plot of In(1/f) vs 1/Tp
show a straight line [1§].

Measurements of M versus In(¢), like the case of CoFesO3 shows a straight line and
proves its logarithmic character [I8]. This is in agreement with the broad distribution
of sizes deduced from Méssbauer measurements [14], 15]. A small part of the total
magnetization relaxes below 4 K, which suggests that the relaxation is due to the

presence of the smallest particles just as in CoFe;Og3 see figure [1.8]

It was estimated [2]that the crossover temperature from the thermal to the quan-
tum regime to be around 5 K or less. Subsequent AC susceptibility measurements
have supported the hypothesis that below 2 K the magnetic relaxation is due to

quantum tunneling [19].
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Ferritin:

Figure 1.8: The decay in time of the magnetic moment for various temperatures for
ferritin molecules [18].

Several arguments, presented below explain evidence of magnetic quantum tun-
neling in ferritin [2].
a. Several reports have estimated the anisotropy constant and they were all consistent
[20], 16, [17].
b. High frequency magnetic noise and susceptibility measurements show resonance
in R(w) (the noise) and in the susceptibility [13]. However measurements of the same
quantities on an undiluted sample failed to show any resonance structure. The aim
was to observe a resonance in the absorption spectrum of ferritin that corresponds to
the tunnel splitting of the ground state level.
c. There is evidence for the exponential dependence of the tunneling rate on the
volume.
The problem with ferritin is that for successful resonant experiments, it is hard to
expect uniform size distribution of ferritin particles needed to produce a unique value

of the tunnel splitting A. Molecular magnets, which is the topic of the next chapter,
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provided lot of excitement for scientists to study the problem of MQT as it consisted

of identical particles.



Chapter 2

Spin Tunneling in Molecular

Magnets

Molecular magnets solved the problem of unique size distribution for an ensemble of
particles and became the ideal system to study spin tunneling. In this chapter, we
focus on spin tunneling in molecular magnets, in particular in Mnjs-acetate. Quantum
magnetic hysteresis, tunnel splitting and the effect of the sweeping field are discussed.
We end the chapter by studying the crossover between thermally assisted tunneling

and pure quantum tunneling.

2.1 Quantum Magnetic Hysteresis

2.1.1 Mnj,-Acetate

Magnetic molecules are an interesting area for investigating magnetic quantum tun-
neling. We focus this section on the properties of Mn,-Acetate which is a prototypical
single molecule magnet to help us understand quantum tunneling properties in sub-
sequent sections. Mnjo-Acetate was first synthesized by Lis in 1980 [2I]. However
few experiments were performed on samples of Mnjs-Acetate until its large magnetic

moment and magnetic bistability were recognized [22, 23]. A Mnj,-Acetate molecule

18
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has a spin 10 rigid at low temperatures. It is equivalent to a very small single do-
main magnetic particle. It has a very large anisotropy with the barrier of the order
of 60 K [23]. The presence of the barrier causes a relaxation time 7 that obeys an
Arrhenius law. The blocking temperature was estimated to be about Tg = 3 K
[22, 25, 26), 27, 29].

X-ray diffraction methods were used to find the characteristics of Mny,-Acetate
samples [2I]. It was shown that the molecular crystal has a tetragonal symmetry
with lattice parameters a = 1.732 nm and b = 1.239 nm. The molecule possesses S,
symmetry and has tetrahedral core of four Mn** ions at its center surrounded by a

crown of eight Mn* ions as shown in [2.1]

Mn,, acetate

é uniaxial crystal
@ 0 é each molecule spin
S
9 ego 9
0,0
& 8 x2=16

4x3/2=
] Q Mn¥*(s=+) )(3/76

l Q Mn* (S=-312) S=10

9 Oxygen

Figure 2.1: The structure of the core of Mnjs-acetate .

Each of the Mn3* ions has spin 3/2 whereas each of the Mn** ions has spin 2.
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The spins of the Mn ions are coupled through oxygen ligands which allow an indirect
exchange interaction between them. Magnetism of the molecule is of pure spin origin.
The value of g was found to be 1.9 from ESR studies [122]. In single molecule magnets
(SMM), for example in Mnj,-Acetate, the molecules are relatively far apart so that
the magnetic exchange between them is small and they only interact very weakly. At
low temperature, SMMs in general behave as single rigid spins. As the temperature
is lowered, the spin reversal process in SMM evolves from thermal activation to pure
quantum tunneling.

Because the molecule has a strong uniaxial anisotropy along the c-axis, to a first

approximation, one can write its Hamiltonian as:
H=-DS?—gupS-H (2.1)

where the z-direction is taken to be along the c-axis. ESR measurements [122] have
provided a value of D close to 0.6 K.

When H= 0, the energy barrier is U = DS? = 60 K. The blocking temperature can
then be estimated to be around 3 K, in accordance with experimental measurements
of the ZFC magnetization curve [24] and so above 3 K thermal energy is available for
the magnetization to achieve equilibrium and no hysteresis behavior is expected to
be observed in the magnetization curve.

Equation can include higher order longitudinal anisotropy term such as A S? and
A is estimated to be around A = 1.173 x 1073 K.

The spin’s energy is a double-well potential where one well corresponds to the spin
pointing up and the other one corresponds to the spin pointing down as shown in
figure [2.2]

The effect of applying an external magnetic field would be to unbalance the double
well shown in figure 2.2] For the simple Hamiltonian given by equation the level
crossings corresponding to each resonance occur pairwise at the same value of the
magnetic field: every level in the left well simultaneously crosses a level in the right
well at a certain value of the magnetic field. When higher order anisotropy terms

are introduced in equation such as A S%, the level crossings would not correspond
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Quantum Tunneling of Magnetization
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Figure 2.2: Double well potential in the absence of an external magnetic field .

exactly at the same value of the field and a structure is introduced in each step.

2.1.2 Quantum Tunneling in Single Molecule Magnets

Magnetic hysteresis curves for Mnjs-Acetate have been published by several researchers
[29] before Friedman et al. [24] observed the regular jumps in the magnetization curve.
Examination of the Hamiltonian 2.1 shows that tunneling is impossible unless a sym-
metry breaking term that does not commute with .S, is added to equation so that
a modification of [2.1| that exhibits tunneling is:

H=-DS?—gupS-H+ H' (2.2)

where H' can be written as:
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Figure 2.3: Magnetization of a Mnjs-Acetate crystal normalized by its saturation
value as a function of the applied magnetic field along the c-axis for various temper-

atures [31].

H' = —gupH,S, + E(S2 — S2) + (C/2)(S1 + 5%) + ... (2.3)

The first term includes hyperfine, dipolar and externally applied transverse field.
The second term on the right-hand side is the second order transverse anisotropy
that is present in many low-symmetry SMMs. The third term is the fourth-order
transverse anisotropy. Experimental measurements [30] on Mnj,-Acetate show steps
in the magnetization curve, see figure [2.3, The first term in equation [2.3| allows
tunneling for each level crossing. The second term allows tunneling for Am = 2 and
the third term allows tunneling for Am = 4 where m is given by S,|m >= m|m >
Dipolar fields alone are very weak to cause tunneling [30)].

Experimental and theoretical work have traced the source of tunneling to isomer
disorder in Mnjo-Acetate[32], [33], 116, B85 36l 37, B8, 39, 40]. It was shown that the

most relevant term in equation is the term H, and it is the term that causes spin
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tunneling in Mnjs-Acetate.

2.2 Landau Zener Effects in Molecular Magnets

2.2.1 Tunnel Splitting

As mentioned in the previous section, a symmetry breaking term in the Hamiltonian
such as, for e.g. H,, is needed in order for the spin to tunnel. Consider for example

the following spin Hamiltonian for

H= —DS? - AS;1 —gupS-H, + gupS.H, (2.4)

Figure [2.4] shows the eigenstates of the in the presence and in the absence of
the term A S1.

100

A) Energy of spin projection states versus the applied magnetic
field in the absence of the 4™ order anisotropy term. B) Energy
levels versus the applied magnetic field in the presence of the 4®
order anisotropy term AS; . The vertical shaded line clearly
shows that all level pairs cross simultaneously when AS? is
absent.

Figure 2.4: Eigenstates of the Hamiltonian in the presence and in the absence of
fourth order anisotropy [31].
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If the Hamiltonian does not contain the symmetry breaking term gupS,H,, m is
a good quantum number since H, commutes with the Hamiltonian. When gugS, H,
is included, the situation is different. In that case, for fields that do not place the
system near resonance, the eigenstates of the full Hamiltonian given by are ac-
curately given by the eigenstates of the unperturbed Hamiltonian ( that is m can
still be used as a good quantum number). For fields that do place the system near

resonance, mixing occurs between the two states that are near the resonance [10].

Energy (K)

Field (T)

Figure 2.5: Energy eigenvalues near the energy resonance E(m’=-2)=E(m=1) with
the symmetry breaking term included [41].

Consider for example the energy of the levels at first resonance between m’=-2
and m=1 see figure [2.5] [4I]. If the field is below the resonance field, the lower curve

corresponds to eigenstate | — 2 > and the upper one to eigenstate | + 1 >, however
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above resonance, one can see that the lower curve now corresponds to eigenstate
| + 1 > while the upper one corresponds to eigenstate | —2 >. The gap formed
between the eigenvalues near a transition is called the tunnel splitting. Garanin has
shown that the tunnel splitting can be calculated using perturbation theory that we

shall explore next [42].
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2.2.2 A Perturbative Approach to Spin Tunneling

Consider, for e.g. the following Hamiltonian
H=-DS*-1b,8S, (2.5)

where b, = YhH,. The term b, causes tunneling. Consequently, the magnetic moment
of a nanoparticle that was initially prepared in a state m can tunnel under the barrier
to the state -m and back. For small values of b, the problem is essentially reduced to
a two-state problem with known solution [43, [10]. The tunneling splits the degenerate
level £,, = —Dm? into two levels of energies F,,+ = F,, £ A, /2. The corresponding

eigenstates are:
1
mt = —(|m > —m >). 2.6
Yt ﬁ(l F| ) (2.6)

If the system was initially prepared in the state m or -m the tunnel splitting
A,, determines the frequency of the oscillation, w,, = A,,/h between m and -m.
Garanin computed A,, using perturbation theory for small b, [42]. Using the fact that
the second term in the second term has non-zero matrix elements only between

neighboring states,

1
Vm—i—l,m = Vm,m—i—l =< m]bex\m +1>= §b:(:lm (27)

where l,, = 1/S(S+1) —m(m +1). Tunneling between £m states appears in the
2|m|-th order of the perturbation theory on 0,5, and A,, is found to be:

2lm|—m—1 —m—1

b 1 2D (S —m)!, b, 2™
An=2Dyp 1 e 1T = ((—2m — 1)) (S+m)!(ﬁ)

n=m-+1 n=m

(2.8)

Equation can be simplified further for the limiting case of 1 < |m| < S. The
problem can be modified to include the Zeeman term b,.5,. In that case, equation [2.5

becomes:

H=-DS*~-b,5, —b.8S. (2.9)
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Figure 2.6: Energy levels of a nanomagnet with H = —DS? — b,S, which shows
the dependence of the classical energy E = —Dm? — b,m on the continuous variable

S, = Scosb.

As discussed earlier, the degeneracy of the m-states is removed and there is an
incidental degeneracy for pair of levels m < 0 and m’ = —m — k if b, is to be ignored.
At resonance, for b, # 0 the E,, = E,, level splits into two levels separated by
Ay Similar calculations can be done for equation [2.9) and in that case it is found

that [10]:
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2.2.3 Probability of Tunneling in a Field-Swept Experiment

As discussed in section [2.2.1] the eigenstates exchange character when crossing the
resonance in a field swept experiment. There is a probability for the molecule which
was originally in the metastable well to tunnel to the stable well because of the
presence of the symmetry breaking term. Since the wavefunction must obey the time
dependent Schrodinger equation, time-dependent perturbation theory can be applied
when the field is swept quickly or slowly. In the case when the field is swept quickly,
the wave function cannot change in a timely manner. In the case of the example shown
in section , the system that was originally in | —2 > before resonance will still be
in that state after crossing the resonance. This implies that the molecule remains in
the metastable well and there is no tunneling [41]. In the other limit, when the field
changes slowly, the wavefunction will have time to evolve so that he system that was
originally in | — 2 > before crossing the resonance will transit into the | + 1 > after
crossing the resonance. In between the two approximations comes the Landau-Zener-
Stueckelberg (LZS) solution. It is the exact solution to the Schrédinger equation for
a two-state system whose diagonal terms change linearly with time and off-diagonal
symmetry breaking terms that are constant [44, 45 [46]. If a certain energy level is
occupied by N molecules before it comes into resonance with an unoccupied level, we
want to know the fraction of the N molecules that will remain at the initially occupied
level after the resonance is crossed see figure

When the tunnel splitting A between the two levels is small compared to the
distances to all other energy levels, the probability P for the molecule to remain in

the initial state is given by
—mA?
2vh

and the probability for the molecule to transit to the final state is given by 1 - P(t). v

P = exp( ) (2.11)

is the rate at which the energy levels approach each other v = W (t)/t where W (t) is
the sweep rate. One can see from equation that the slower the field is swept the
higher is the probability of tunneling and that for very fast sweep rate, P approaches

1, in accordance with the expectation that the spins do not have enough time to
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Figure 2.7: Landau-Zener-Stueckelberg transition

tunnel.

2.3 Berry Phase in Molecular Magnets

In the previous sections we have focused our attention on Mnio-Acetate. It has
uniaxial anisotropy which makes it easy to be studied symmetry-wise. Another widely
used SMM is Feg. Like Mn,-Acetate, it also has a spin ground state of 10. The energy
levels can also be modeled by a double well potential. Its symmetry is, however, very
different from that of Mnjy. Feg has three inequivalent axes: it possesses a biaxial
(rather than a uniaxial as the case of Mnj;-Acetate) anisotropy. The anisotropy

barrier in Feg is about 22 K and shows resonant tunneling steps in the hysteresis
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loops [47, 148].

Interference of tunneling trajectories in Fe,

Figure 2.8: Feg magnetic molecule.

As shown in figure [2.8| Feg possesses three inequivalent directions, providing a hard
axis x and a medium axis y within the hard plane. In this case, the most relevant term
from equation is B(S% — SZ) which indicates that in the absence of a magnetic
field, the spin has two preferred tunneling paths through the y and -y directions.

A Berry phase is the phase acquired over the course of a cycle when a system is
subjected to a cyclic adiabatic process resulting from the geometrical properties of the
parameter space of the Hamiltonian. A typical example is the Aharanov-Bohm effect
in which a charged particle experiences a phase shift due to the enclosed magnetic
field despite the magnetic field being zero in the region through which the particle

passes.
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In the case of SMMs, when a spin’s orientation traverses a closed path, it acquires a
geometric phase proportional to the solid angle enclosed by that path. In particular,
Feg, which has a biaxial spin anisotropy, must have two least-action tunneling paths
for spin reversal. Each path acquires a different geometric phase and these paths will
therefore interfere [31].

In 1993, Garg [49] 50] predicted that a magnetic field could be used to modulate
the geometric-phase interference that is a magnetic field can change the geometric
phase difference between tunneling paths, therefore altering the interference. He
subsequently studied the oscillation in the tunneling rate with magnetic field for
magnetic quantum tunneling problem [50]. It was shown that the tunnel splitting
can be modulated by a factor cos (S ) where Q is the angle circumscribed by the
two paths. As the field increases, {2 decreases and destructive interference occurs for

SQ = (2n + 1) x w/2 for integer n. The predicted field interval between zeros is:

2
AH = _2\/2E(E+D).

In 1999 Wernsdorfer and Sessoli discovered interference effect in Feg [51]. They
used Landau-Zener tunneling method by rapidly sweeping the longitudinal field through
a tunneling resonance, to determine the tunnel splitting A of that resonance.

In their work they assumed that the cluster has a large anisotropy with a strong
transverse component, which makes x the hard axis. If the magnetization is prepared
by saturating along +z axis, when the field is switched off the system must return
to equilibrium by switching between the + directions. The rotation will occur pref-
erentially in the yz plane, and it can be either clockwise or anticlockwise.When a
transverse field is applied, the two minima A and B are still connected by two paths,
which depend on the strength of the transverse field and its orientation in the xy
plane see figure 2.10] If the two paths are in phase there will be a reinforcement and
a tunnel splitting will result, while if they are dephased by 7 /2 then the splitting will
be quenched. These topological interferences are also known as Berry phases [52 51].
The results are shown in figures [2.9]
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Figure 2.9: Interference of Tunneling Trajectories in Feg

They showed oscillations of the tunnel splitting as a function of the magnetic field
applied along the hard anisotropy axis and argued that they are due to topological
quantum interference of two tunnel paths of opposite windings. They also showed
that 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 was a direct evidence of the topological part of the
quantum spin phase (Berry phase) in a magnetic system see figure 2.9 There was a
qualitative agreement with the theory of Garg and quantitative agreement is obtained
when the fourth order anisotropy term is included in the Hamiltonian (see the bottom
left figure in[2.9). Interference was observed for several resonances (k=0, 1, 2) as can

be seen from the lower right figure in . It also shows that k = 1 resonance (odd
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Figure 2.10: Unit sphere showing degenerate minima A and B which are joined by
two tunnel paths (heavy lines). The hard, medium, and easy axes are taken in x,
y and z direction, respectively. The transverse field is applied in the xy plane at
an azimuth angle ¢. At zero applied field, the giant spin reversal results from the
interference of two quantum spin paths of opposite direction in the easy anisotropy
plane yz [51].

resonance) is out of phase with the k = 0, 2 resonances (even resonances). This is
called parity-effect. It results from the selection rule imposed by the second-order
transverse anisotropy in Feg, in particular the fact that odd resonances are forbidden
for an integer spin.

The fact that the tunnel splitting does not go to zero prompted the authors for a
follow up work [53] where they made every possible effort to align the transverse field
well in the direction of the hard axis. They then measured A(M;,) (where M, is the
initial magnetization) and noticed a strong dependence of the minimal tunnel splitting

on the initial magnetization which demonstrates the dipolar interaction between Feg

molecular clusters [53], see figure [2.11]
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Figure 2.11: Detailed measurement of the tunnel splitting A around a topological
quench for the quantum transition between M = 10 and (10 n) at ¢ = 0 for Feg, [53].

We end this section by noting that more recently there has been renewed interest
in geometric-phase interference effects in SMMs that behave as exchange-coupled

dimers [54, [55], and in antiferromagnetic SMMs [56, [57].
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2.4 Quantum Classical Crossover Between Ther-
mally Assisted and Pure Quantum Tunneling

in Molecular Magnets

As mentioned in earlier sections, molecular magnets exhibit bistability which made
them an interesting system to investigate quantum tunneling. Transition between
two states in such a system is temperature dependent. At high temperature, the
transition follows the Arrhenius law, I' =~ exp(—AU/T) with AU being the height
of the energy barrier between the two states. At very low temperature, the tran-
sitions occur by quantum tunneling. Thus there exists a crossover temperature T
from the thermally activated regime to the pure quantum tunneling regime. For a
quasiclassical particle in a potential U(x), Goldanskii [58] defined the temperature
more accurately as T0(2) = h71y where 7y is the period of small oscillations near the
bottom of the inverted potential —U(x). Above TéQ) quantum effects are negligible
and transitions occur via the top of the barrier by thermal activation whereas below
TO(Q), thermally assisted tunneling occurs from the excited states that reduces to the
tunneling from the ground state at T=0. More extensive theoretical work of the
crossover were done by Affleck [59], Larkin and Ovchinnikov [60] who showed that a
second-order crossover from thermal to quantum regimes can occur at 7y by using
the standard instanton technique. Chudnovsky [61] demonstrated that the crossover
can be first and second order depending on the potential. Later on Chudnovsky and
Garanin [62] applied this to the problem of spin tunneling. The escape rate can
change sharply for the case of first-order crossover or smoothly for the case of second-
order crossover around the crossover temperature. They argued that both kinds of
crossover can exist for Mnjs-Acetate depending on the strength of the transverse field
[62, 63]. The dependence of the crossover temperature on the transverse field was

calculated and was shown to be non-monotonic [62] 63].

There were no experimental evidence of the crossover in SMMs until 1999 when
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Kent et al. [64], [65] presented experimental evidence for the crossover in Mnj,-acetate.
They studied steps in the magnetization curves for various temperatures ranging from
0.4 K to 2.4 K. They found that, at lower temperature there is an abrupt shift in the
step position and it could be attributed to transition from thermally assisted tun-
neling to pure quantum tunneling. They also showed that the transverse magnetic
field makes the crossover more gradual (that is a second order cross-over) and leads
to a continuous shift in the dominant energy levels with temperature, thus validating

prior theoretical work [62 [63].

In the experiment of Kent et al. [64], the derivative of the magnetization as a
function of the applied field was obtained for various temperatures see figure [2.12]
The important features presented in the data of figure [2.12] are:

a. As the temperature is lowered, lower field peaks decrease in amplitude consistent
with the model of thermally assisted tunneling.

b. As the temperature is lowered, peaks shift continuously to higher fields.

c. For temperatures below 1.2 K peaks in % shift dramatically in position as a
function of the temperature. For example the n = 7 peaks shifts from 3.10 T at 1.6 K
to 3.53 T at 1 K, that is, it has shifted by a full quantum field Hy. All steps observed
at low temperatures exhibit this type of shift.

The dependence of the peak positions on temperature is then plotted see figure [2.13]

One can note from figure the following:
a. Initially, starting from 1.8 K, as the temperature if lowered the peaks shift to
higher magnetic fields.
b. The solid vertical line shows demarcates the approximate temperature at which
sudden shifts in peak positions occur.
c. Below the solid line, the step positions are independent of temperature except for

the high indices line (n=9).
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Figure 2.12: Derivative of the magnetization with respect to the applied field versus
the field for various temperatures [64].

Based on the data presented in figure|2.13] one can distinguish between two differ-
ent temperature regimes. At high temperature the step positions shift gradually with
temperature, which is the regime of thermally assisted tunneling. The second regime
is that of low temperature (below the solid line) in which the positions of peaks in the
magnetization is independent of temperature. This is quantum tunneling from the
lowest levels in the metastable well. The abrupt shift in step position with tempera-
ture can be the evidence for first-order transition between thermally assisted and pure
quantum tunneling in line with the prediction of Chudnovsky and Garanin [62] [63].
The authors of [64] [65] followed up with data on the effect of the transverse field,
and they found [65] that the crossover between the two regimes can be first-order

or second-order depending on the magnitude and orientation of the applied field as
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Figure 2.13: The dependence of the peak positions on temperature [64].

suggested by theory.

More recently, Wernsdorfer et al [66] explored sharp crossover between thermally
assisted and pure quantum tunneling in Mnj,-tBuAc molecular magnet. Similar to
Mns-acetate, it has spin S = 10 but the molecules are better isolated and the crys-
tals have less disorder and a higher symmetry. They found a sharp crossover between

thermally assisted and pure quantum tunneling.



Chapter 3
Magnetic Deflagration

In this chapter, we are going to discuss the first two experiments performed to study
magnetic avalanches in Mnjs-acetate. We will then proceed to explore the theory
that explained in detail the experimental results as well as its prediction for various

parameters.

3.1 Nature of Magnetic Avalanches

We have seen in the previous chapter that the magnetization of a prototypical molec-
ular magnet such as Mnjs-acetate exhibits a series of steps at low temperature due to
quantum tunneling at certain values of the applied longitudinal magnetic field. It was
first reported by Paulsen and Park [29] that Mnjs-acetate crystals sometimes exhibit a
sudden, complete reversal of the magnetic moment during a field-swept experiment.
Initially when early experiments were performed by Friedman et al. [24], sudden
jumps in the magnetization were also occasionally observed and were an impediment
to understand the nature of the steps in the magnetization see figure [3.1]

Those sudden jumps in the magnetization represent an abrupt reversal of the
magnetic moment and are called avalanches. Later on in 2005, Suzuki et al. [67]
investigated magnetic avalanches using local time-resolved measurements of the re-

versal of the magnetization. The sample was first magnetized in a certain direction

39
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Figure 3.1: Magnetization curve for a Mnjs-acetate sample. Note the sudden jump
in the magnetization in the red and purple curve.

(+ or —c-axis), the field was then swept in the opposite direction and avalanches
ignited at a certain value of the field. The local magnetization was tracked using an
array of micron-sized Hall sensors placed on the surface of Mnjs-acetate crystals see
figure . They discovered [67] that a magnetic avalanche propagates through the
crystal at speed of about 10 m/s in the form of a narrow interface between regions of
opposite magnetization.

Chudnovsky suggested that the phenomenon was analogous to the propagation of
a flame front through a flammable chemical substance. A crystal of Mnj, molecules
placed in a magnetic field opposite to the magnetic moment is equivalent to a metastable
chemical substance with the Zeeman energy (AE = 2gupHS) playing the role of the

chemical energy as illustrated in figure A well-known mechanism for the release



sensor B

L5t

«'d_ | .“- / g
el 41
052 054 056 0587
time (ms)

101

3G)

= 0.50

B (10

0.0

04 05 0.6 07 08 09 1
fime ( ms)

Figure 3.2: Signals recorded during a magnetic avalanche by Hall sensors placed on
the surface near the middle of a bar-shaped sample of Mnis-acetate. The schematic
indicates the field line configuration that gives rise to the signals as the avalanche
propagates from one end of the sample to the other. The inset shows sensor positions
versus the time at which each sensor recorded the peak amplitude for an avalanche
that started at the top and travels downward [6§].

of energy by a metastable chemical substance is combustion, often referred to as de-
flagration [69]. From this mechanism, one can write the time of the chemical reaction

T as:

] (3.1)

where 75 & 10775 is the attempt time [24] and T} is the temperature of the flame. The
dynamics of the flame are governed by heat diffusivity x which obeys: 5 = V=T
and the dependence of v, the velocity of the flame front, on H, the field, was found

to be:

5 R U(H)
- R/ =,/— — 2
v - KT 7_Oeacp[ ZkBTf] (3.2)

where k =~ 107°m?/s for the case of Mnj,-acetate. This approach to magnetic de-
flagration was explored in further detail by E. M. Chudnovsky and D. A. Garanin
[70]. We will explore their theory in more details at the end of this chapter. The

experimental values for the velocity of progapation of avalanches versus the applied

field are shown in figure (3.4
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Figure 3.3: A crystal of Mn;s molecules placed in a magnetic field opposite to the
magnetic moment is equivalent to a metastable lammable chemical substance. In our
case the role of the chemical energy stored in the molecule is played by the difference
in the Zeeman energy AE = 2gugHS.

The experiment of Suzuki was an important first step towards the understanding
of avalanches. The process is similar to flame propagation through a metastable
chemical substance and the analogy derives from the bistability of molecular magnets.
In contrast to the destructive nature of chemical deflagration, magnetic deflagration is
a non-destructive, reversible process. The only setback was the fact that the authors
had no control over the value of the field at which avalanches were triggered. A more
controlled ignition of avalanches was performed by Herndndez-Minguez et al. [71] as
we’ll discuss next. Finally, it is important to note that direct measurements of the
heat emitted have confirmed the thermal nature of the avalanches: molecular crystals

can also emit bursts of radiation during avalanche [72] [73] [74].
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Figure 3.4: Velocity of propagation of avalanches versus the magnetic field at which
the avalanches occurred for samples whose magnetization is prepared differently, when
AM/2M,; = 1, we have a full change of the magnetization whereas for zero-field-
cooled conditions AM/2M,,: = 0.5 [67].

3.2 Quantum Features of Magnetic Avalanches

Hernédndez-Minguez et al. [71] studied avalanches by igniting them using surface
acoustic waves (SAW). A plot of the velocity as a function of the magnetic field
showed peaks at certain values of the field unlike the previous results obtained by
Suzuki et al.[67] see figure in comparison with figure . The presence of those
peaks indicated that deflagration in Mnj, acetate is assisted by quantum tunneling

between spin states.

This has motivated lot of theoretical and computational work in the subject which



44

25 L L L L B L N
20 F | -
: . Lo
7~ : ,' \\\ /,i
\é 15k o B 4
| 5 n nn
> m" "
i N 7 ! l
| Iy .\\‘..., . |
" ]
05 | 1 L | i | 1 | 1 | | 1 |
8 9 o 11 12 13 14 15
H (kOe)

Figure 3.5: Velocity of propagation of avalanches versus the magnetic field. The
vertical dashed line shows the position of the tunneling resonances [71].

we will explore in the next chapter and in Part III of this thesis. I end this section by
noting that McHugh et al. [75] employed a resistive wire as a simple electric heater

to trigger avalanches.

3.3 Theory of Magnetic Deflagration

Motivated by the experimental work mentioned in the previous two sections, Garanin
and Chudnovsky [70] developed a comprehensive theory of magnetic deflagration. In
their paper, they calculated the combination of parameters (magnetic field, initial

temperature, and size of the sample) that sets off the deflagration process and the
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temperature of the flame and the velocity of the deflagration front. The most im-
portant aspect of the theory of the deflagration is the fact that energy is released by
the metastable spins as they relax to the ground state and that this energy diffuses
as heat through the crystal and thermally causes the reversal of neighboring spins in
the metastable state.

So when a magnetic molecule makes a transition from the metastable state S, = —10
to the absolute energy minimum S, = 10, the energy AFE is released. This leads
to temperature change AT = AE/C,y,, where Cp, is the phonon heat capacity per
magnetic molecule. The magnetic relaxation creates a source in the heat conduction
equation. Another term added to this equation is due to heat flow ¢ = —kVT so that
the system of equations that describe the temperature T and the populations of the

metastable minimum n_ has the form:

oT 1 AE on_
P ypvr - 22 .
ot Cphv v Cpn Ot (33)
on_ eq
where n® is given by
1
n = —— (3.5)

and I is given by an Arrhenius law

KgT

[' = Toexp| ] (3.6)

One important feature of magnetic deflagration is the strong temperature depen-
dence of the heat capacity and thermal conductivity at low temperatures. The phonon

heat capacity C,;, has the form:

T

o (L) o

where o = 3 in 3 D, A is a numerical factor and ©p is the Debye temperature.

From the simple crystal model that assumes that at low temperatures only acoustic
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phonons are excited [76], A = 127?/5. The thermal diffusivity & is given by
k= K/Cl, (3.8)

and depends on the average mean free path of thermal phonons. Since the heat
capacity and thermal conductivity strongly depend on temperature, equations [3.3]
3.4] are coupled nonlinear differential equations.

Several aspects of deflagration were investigated. Below we summarize the most
important findings.
1. Ignition time is defined as the time it takes the thermal runaway to develop and is
denoted by ;4. If the rate of heat transfer out of the sample is very high, ignition does
not occur. For an infinite and/or thermally insulated samples, the temperature of the
sample is the only relevant variable and its dynamics are determined by the compe-
tition between the heat release due to relaxation (that is nonlinear in temperature)
and the heat loss due to heat conduction (that is linear in temperature). Ignition
threshold occurs when one changes various parameters (sample size, energy barrier,
temperatures at the boundaries, initial magnetization) until the thermal runaway

begins. Ignition is mainly controlled by the parameter § given by:

5 (@)2 _ RUAEn_,I(Ty) (39)

lo 2K(KpT¢
where R is a typical shortest distance from the center of the sample to its boundary
and K, is thermal conductivity K at T' = Tj. [y is the characteristic thermal length
at T' = Ty. The exact value of d. depends on the geometry of the sample. Various
values of . are given in [70] for various dimensions. In one dimension, §,=0.439.
2. Ignition threshold is also calculated in the presence of field gradient and in the
presence of temperature gradient.
3. Solutions to equations|3.3|and [3.4]describe deflagration. Because of the dependence
of the heat capacity and thermal conductivity on temperature, the authors switch

to the phonon energy F as their dynamical variable instead of the temperature T,

equations [3.3] and [3.4] become:
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OF - =~ On
v wvE-Z (3.10)
T or
and
on -~
— = —I'(E)n 11
= —T(B)n (3.11)
where F, 7 and T are given by:
E= =T 12
RN R (3.12)

where xy and I'y are thermal diffusivity and relaxation rate at the flame temperature
Trp and Iy = \/m describes the width of the deflagration front. f(E) is given by
P(B) = — = eap[Wy(1 — ——) (3.13)
Iy T
where & = r/r; and T = T/T;.
4. The real deflagration speed is given by

v =0l = 0\/k'y = O\/KsToexp(—W;/2) (3.14)

if v = \/% o775 then v becomes:
Iy
v= | Ll eap(—W;/2) (3.15)
vr

The flame Arrhenius exponent W; is given by:

U

W, =
I KTy

(3.16)

5. From the theory of magnetic deflagration, avalanches can be ignited by either
increasing the magnetic field or temperature. The simplest situation is when the
magnetic field and temperature of the sample boundary 7j are independent of coor-
dinates. In this case, the crystal loses stability against formation and propagation of
the flame when the rate of the spin flip for an individual molecule, I'( H, Ty) exceeds:

8K (Ty)KpT?

Fe= U(H)AE(H)n_,[2

(3.17)
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n_,; can be expressed as n_; = M2 A}éw Ty is field dependent and the dips in Ty(H)

at regularly spaced fields are due to the maxima of I'(H,Tj) at tunneling resonances

see figure as found experimentally by Herndndez-Minguez et al [73].
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Figure 3.6: The dependence of the magnetic field that ignites deflagration on the

temperature of the crystal of Mnj,. A is given by A = %%T‘k’; [70].

6. The study has elucidated the fact that magnetic avalanches start as an instability of
a smooth temperature profile when the spin-flip rate of individual molecules exceeds
the rate at which the heat flows out of the burning region.The effect is exponentially
sensitive to the magnetic field and temperature of the sample.

7. The speed of the developed deflagration front is:

| [AKgToR(T)T(H, T)
v(H) —\/ ! U(J;i[) ! (3.18)
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where « is the thermal diffusivity and

_ ©p [5n,,iAE(H) 1/

Tf s BKB@D ]

(3.19)

is the flame temperature.

This theory was a very important first step towards understanding the nature
of magnetic avalanches. It will be extensively used in Part III when we develop a
numerical framework to study front of spin tunneling in molecular magnets where the

relaxation rates will be determined without using Arrhenius exponent.
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Introduction

In this part, we present our work on magneto-mechanical effects. In the first work, we
devised a microscopic theory to describe the Einstein-de Haas effect in a microcan-
tilever. This theory has been motivated by an experiment performed at NIST in 2006
in which the mechanical modes of the cantilever have been coupled to the frequency
of the ac field and the maximal displacement of the cantilever at the free end was
measured to be 3 nm. In the second work, we studied resonant coupling between the
mechanical modes of the cantilever and the frequency of spin tunneling in a molecular
magnet deposited on a nanocantilever. Finally, in the third project, we studied the

spin-rotation effects in a magnetic molecule bridged between two conducting leads.



Chapter 4

Einstein-de Haas Effect at the

Nanoscale

In this chapter, we start by describing the NIST experiment on the Einstein-de Haas
Effect in a NiFe Film Deposited on a Microcantilver, we then present the theory that

we came up with to describe the experimental results.

4.1 Einstein-de Haas Effect in a NiFe Film De-

posited on a Microcantilver

4.1.1 What is the Einstein-de Haas Effect?

Einstein - de Haas effect [77] consists of the mechanical rotation of a freely suspended
body, caused by the change of its magnetic moment. The latter can be induced by the
applied magnetic field or by rapid warming. The Einstein - de Haas effect is a direct
consequence of the conservation of the total angular momentum (spin + orbital).
Consider, e.g., a solid made of N atoms of magnetic moment M = ~,;J, where
J =S + L is the operator of the total angular momentum of the atom (that includes

spin S and orbital moment L), v, = gse/(2mc) is the gyromagnetic ratio for J, e < 0

02
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is the charge of electron, and g; = 1+ [2J(J+1)] 7 J(J+1)+S(S+1)— L(L+1)] is
the Lande factor. Total angular momentum of the magnet suspended from a string is
a sum of N(J) and the mechanical orbital moment, £, due to the rotation of the solid.
If, for example, the solid, initially non-magnetized and at rest, develops a macroscopic
magnetic moment M = N(M) = ~v;N(J), then the conservation law requires that
N(J) + L = 0. This gives L = —M /v, that is, the solid begins to rotate on being
magnetized.

Experiments on Einstein - de Haas effect and the related Barnett effect [78] (gen-
eration of the magnetic moment by mechanical rotation, see figure , performed at
the dawn of quantum physics, provided first measurements of the gyromagnetic ratio

for various materials [79]. Even today the Einstein - de Haas method can still provide

Barnett Effect (1915)

Rotation of a body with angular velocity Q will
magnetize the body by m A
/4

Figure 4.1: The Barnett Effect.
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a more accurate value of g; as compared to electron spin resonance and ferromag-
netic resonance methods that require precise knowledge of the effective magnetic field
inside the sample [80]. Nevertheless fundamental questions about the Einstein - de
Haas effect remain unanswered. In particular, the global conservation of the angular
momentum does not explain how the angular momentum is actually transferred from
individual atoms to the whole body. This question is clearly related to the magnetic
relaxation and decoherence at the atomic level. The latter determine the width of
para- and ferromagnetic resonances, as well as functionality of spin-based qubits. Ad-
vances in manufacturing and measuring of nanomechanical devices promise to revive

interest to the local dynamics of Einstein - de Haas effect.

4.1.2 NIST Experiment

In 2006, an experiment was performed at the National Institute of Standards and
Technology (NIST) laboratory in Boulder, Colorado [82]. In that experiment, a 50nm
permalloy film was deposited onto a 200pmx20pmx0.6pm cantilever. The cantilever
was placed inside a coil that generated an ac magnetic field. Oscillation of the can-
tilever was measured by a fiber optic interferometer positioned above the tip of the
cantilever. When the frequency of the ac field matched the resonance frequency of the
cantilever the amplitude of the oscillations was about 3nm. The data were analyzed
within a model that replaced the mechanical torque due to change in the magnetiza-
tion by the effect of the periodic force acting on the fictitious point mass at the free
end of the cantilever. The amplitude zy of the cantilever deflection was calculated

using

F el
2 = 0/ Mmodt (4.1)
V(@R — w22 1 w2 /Q?
where
4m.A
Fp = et l (4.2)
l.eg’

w is the driving frequency of the alternating magnetic field, Au is the change in

the magnetic moment of the film, m,,,q is the modal mass of the beam, wy = 27 fy
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is the resonant frequency of the beam, () is the quality factor, and [. is the length
of the cantilever and ¢ = 267;—;‘: is the magnetomechanical ratio with m, being the
mass of the electron, p the magnetic moment, and J;,; the total angular momentum.
In order to determine the value of ¢/, the authors determined the deflection of the
cantilever as a function of the frequency of the magnetic field. The results are plotted

in 4.2} Tt is important to note that Ay was already determined from magnetometry
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Figure 4.2: Root mean square (rms) cantilever deflection [82].

measurements. The authors fitted the data in [4.2] giving f, = 13180 Hz, Q = 24, and

2lceMunmodwo

g' = 1.82. Another confirmation of the value of ¢ is obtained by plotting =<7 2

versus Ay which gives a straight line whose slope is 1/¢’. The value of ¢’ obtained
in that case is 1.83 £ 0.10. In Bulk permalloy, ¢’ is 1.91. Although this experiment

provided evidence of the Einstein-de Haas effect at the microscale, the explanation
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presented in equation is insufficient for the study of the microscopic dynamics
of the Einstein - de Haas effect. This motivated me to study the dynamics of the

Einstein-de Haas effect which will be the subject of the next two sections [81].

4.2 Spin Rotation Interaction

4.2.1 Introduction

In order to develop the theoretical framework to describe the Einstein - de Haas
effect, we shall assume (as is the case for many magnetic solids) that the magnetism
is of spin origin and can be described either by individual spins, S;, localized at the
atomic sites ¢, or by a continuous spin field S(r,t). (Generalization to magnetism
of spin and/or orbital origin can be obtained through a straightforward re-definition
of the constants). We shall derive general equations describing the transfer of the
spin angular momentum to the mechanical angular momentum of the body. In the
NIST experiment, the effect of the ac magnetic field was likely the displacement of
the domain wall separating two magnetic domains inside the permalloy film. We
shall pay special attention to this case. The cantilever problem will be solved by
adding the internal torque due to the motion of the domain wall to the equations of
the elastic theory describing the motion of the cantilever. The obtained dynamics of
the cantilever is rather rich and it allows a detailed comparison between theory and

experiment.

4.2.2 Microscopic Theory of Spin-Rotation Coupling

Spin-lattice interaction comes from magnetostriction and spin-rotation coupling. Only
the latter, however, is responsible for the Einstein - de Haas effect. The most obvious
effect of local elastic twists comes from the dependence of the energy of a spin on its
orientation in the crystal - magnetic anisotropy. This effect is due to spin-orbit in-

teractions and is of relativistic origin. It is described by the crystal-field Hamiltonian
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that can be very generally written as
2 aff o aByé oo
Hy=Y K808+ Ly°8e87S180 + .. (4.3)
J J

Here the Greek letters denote Cartesian components of a dimensionless spin vector
S; belonging to the site j of the crystal lattice. Tensors K]‘-)‘ﬁ , L;‘ﬁ 7 ete., describing
magnetic anisotropy, are defined in the coordinate frame e§1’2’3) that is rigidly coupled

to the locally-defined crystal axes, see Fig[4.3]

Figure 4.3: Rotation of the crystal field due to local elastic twist at the location of
the spin.
Local rotation of the lattice is performed by the (3 x 3) rotation matrix R,

29y R o2 (4.4)

J J
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It results in

af aym B 176
K7 — RR7K

afvyo o O de e
LY’ — RYRFR)RILY (4.5)

For a small rotation at the site j by an angle d¢;, one has
aB _ saf af
RS” = 6% — e*75¢). (4.6)

We now notice that due to the rotational invariance of H A, the rotation of the local

frame (egl), e§-2), e§3)) is equivalent to the rotation of the vector S; by the same angle in
the opposite direction, S — R™!S. As is known [83], this rotation can be equivalently

performed by the (25 + 1) x (25 4 1) matrix in the spin space,

~

S; = R;S;R;',  Ry=e S, (4.7)
Consequently, in the presence of rotations, H , becomes (84, 94]
H', = RHAR™',, (4.8)

where

A

R=e 2800 (4.9)

In the linear order on d¢; one obtains

REHJR'=Ho+Hp,  Hp=i)_ [ﬁA,Sj] ;.. (4.10)
J

By quantizing d¢; one can apply this Hamiltonian to the study of rigid spin clusters
and quantum dots [86] 87, [8§].

The total spin Hamiltonian Hg may include exchange interaction, magnetostric-
tion, Zeeman interaction and dipole-dipole interaction. The dipole-dipole interaction

is usually the weakest one and will not be considered here. The magnetostriction
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is local on spin. Consequently, it is transformed by rotations the same way as the

crystal field. The Zeeman interaction of spins with the external magnetic field B,
J

is not affected by rotations; g being the gyromagnetic factor for the spin. Here we
take into account that the magnetic moment due to spin, M = —gugS, has direction
opposite to S because of the negative gyromagnetic ratio for the electron. Finally,

the exchange interaction,
. 1
Hy = —521@,8@»-8]»,, (4.12)
ij

only depends on the local arrangement of spins that is not affected by rotations. In
the first order on d¢;, the generalization of Eq. (4.10)) is

=iy [Hs,Sy| 00, — 1Y [(Hz+ Ha), 85 - 06 (4.13)
J J

The last two terms appeared in Eq. because Zeeman Hamiltonian and
the exchange Hamiltonian , that are included in Hg, are independent from local
rotations. Consequently, one should subtract Hy and H,, from H s when computing
the effect of rotations.

Let the total Hamiltonian of the system that incorporates all couplings, including
interactions with rotations, be H. It is clear that the difference between [I:I s,S;] and
[ﬁ ,S;] begins with the terms that are linear on d¢;. Thus, in the linear approximation
on d¢p;, we can replace i[]:IS, S;] in Eq. with z[]:.l, S;| = th. Working out the
commutator with the Zeeman Hamiltonian in Eq. one obtains

Hp=3" (hsj +8;xb =iy [ e SjD 5. (4.14)

J J
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4.3 Theory of a Magnetic Microcantilever

4.3.1 Elastic Theory With Internal Twists due to Spin-Rotation
Coupling

Our approach to Einstein - de Haas effect is based upon Eq. (4.14). To apply this
equation to long-wave torsional deformations of the body we shall write d¢; in terms

of the displacement field of the elastic theory u(r,¢) [95],
1
do(r) :Ev x u(r), (4.15)

and replace S; by the spin density S(r,¢). The classical energy of the body then
becomes
H=Hs+Hr+ Hgr. (4.16)

Here Hp is the elastic energy of the body written in terms of u(r, ¢) while Hg = (Hg)
includes exchange, anisotropy, Zeeman and dipolar energies, magnetostriction, etc.,

written in terms of S(r,¢) and u(r,¢) [I0]. The last term in Eq. (4.16]) follows from

equations ([(£.14)) and (4.15),

1 .
Hp = §/d3r [hs +Sx (b +bex)} (V x ), (4.17)
where [2]
OH ex 0*S
bex = = —log7—7— 4.18
oS Baraarg (4.18)
and
Top =5 Z (ri =% rﬁ—rf). (4.19)
The dynamical equation for the d1sp1acement field is [95]
82ua 8%5
= 4.20
P ot? 8$5 ( )

where 0,5 = 0H /deqs is the stress tensor, e, = Ou,/0rs is the strain tensor, and p

is the mass density of the material. The stress tensor can be divided into two parts,
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OaB = O'S\B/I) + US;), with

o) 5(7‘[5 + HE)

= 4.21
O-aﬁ 56045 ( )
and
(R) _ OHR 499
Ua5 5604,8 . ( . )

Here a%) is the mechanical part of the stress tensor, e.g., the part coming from the

elastic properties of the cantilever plus magnetostriction, while USZ) is the part of the
stress tensor produced by the internal rotations due to spins,

1 .
Tas = ~5Casy {h‘sv +[Sx(b+ bex)]v} : (4.23)

Notice that, contrary to the symmetric stress tensor (0,5 = 0,) used by the conven-
tional elastic theory, O'g;) is antisymmetric. The immediate consequence of that is a
non-zero torque,

AK®) = (0u — 082)dr (4.24)

«,

acting on the volume element d®r. Such torques, neglected by the conventional theory
of elasticity, are responsible for the Einstein - de Haas effect.

Equations - allow one to obtain the general dynamical equation of
the elastic theory that accounts for local internal forces due to the dynamics of spins
in a ferromagnet:

P, Oo %)

P atz 8ZE5 = fc(uR)7 (425)

where

1 .
£ = 2V [hs +S % (b+be)| . (4.26)

Let us check that these equations conserve the total angular momentum (spin +

orbital). Writing the total angular momentum due to the spins and the crystal as

J = /d% [AS +p(r x 0)], (4.27)
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one obtains the following equation for the time derivative of the a-th component of
J,

J, = /d?’r [hS’a + €apy73 (pliy)

= /d37“ {FLSQ + 6a57T5V50,(YI:5/[)
1
— §[T5Va—(r-V)5a5]><

(1S5 + (8 X b)s = €355, V.V, 55 } (4.28)

where we have used equations (4.25)), (4.26) and (4.18)). If one prohibits transfer of

spin angular momentum through the surface, integration by parts with account of

the symmetry of a%) and I,z gives

J=K™ L K® (4.29)

with
K(EIM) = /dA5 [eaﬁwmaﬁg)] (430)

and
KR = /d3r (b x8). (4.31)

Here K™) is the external mechanical torque applied to the surface of the body A,
while K is the volume spin torque due to the external magnetic field. Thus, in
accordance with our expectation, when external forces are absent, Eq. conserves
the total angular momentum, J = 0.

If the spin-lattice interaction were absent there would be no deformation induced
by the dynamics of spins. This condition provides another check of the validity of
equations and . In the absence of dissipation the spin field satisfies [2]

hS = —S X beg (4.32)

where by = 0H /S is the effective field that can be presented as beg = b + bey + b'.

Here b’ is determined by the spin-lattice coupling. Its main part is usually the
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anisotropy field, by = dH 4/0S. Equations and then show that Zeeman
and exchange interactions alone do not provide any force on the body. This is in
accordance with the fact that spins should couple to the lattice in order to produce
such a force. Dissipation can be incorporated into the problem by adding standard

damping terms to the elastic equation (4.25)) and Landau-Lifshitz equation (4.32)).

4.3.2 Dynamics of Magnetic Cantilever

Among many problems involving internal forces due to spins, Eq. can be used
for computation of the elastic motion of a magnetic cantilever. For example, in
the case of the motion of a domain wall inside the cantilever, one substitutes the
known domain wall solution for S(r,¢) into the right-hand side of Eq. ({£.25)), while
the left-hand side follows from the elastic theory of cantilever in the absence of spins
[95]. Sudden increase of the external magnetic field should result in the domain
wall sweeping the cantilever, thus providing a source of deformation during a finite
time. Application of a harmonic ac magnetic field, as in the NIST experiment, should
lead to the oscillation of the position of the domain wall inside the cantilever. The
geometry of the problem is shown in Fig. [4.4]

The cantilever of length L, parallel to the Y-direction, is magnetized in the X-
direction. The y = 0 end of the cantilever is attached to the holder while the y = L
end is free. We are interested in small displacements of the cantilever in the Z-
direction, u,(y,t), caused by the time-dependent external magnetic field. Vectors B
and S are assumed to lie in the XY plane. The latter property of the magnetization
is common for thin films. It is easy to see that in this case the terms proportional
to S x b and S x b, in the right-hand side of Eq. give zero contribution
to the Z-component of the elastic equation. Adding the term proportional to S to

the right-hand side of the conventional equation of motion for a cantilever [95], one

obtains from Eq. (4.25))

0%u, n hWE 0,
Porr T 12(1— 02) oyt

0 0

o | St
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y Domain Wall
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777

Figure 4.4: The geometry considered.

where h is the thickness of the cantilever in the Z-direction, F is the Young’s modulus,
and o is the Poisson coefficient, —1 < o < 1/2.

If the magnetization of the cantilever was rotating uniformly in space, then accord-
ing to Eq. the force from spins would only act on the free end of the cantilever
where the magnetization has a discontinuity. However, for a soft magnetic material
like permalloy, deposited on a cantilever that is large compared to the dimensions of
a monodomain particle, the change in the magnetization should occur through the
motion of a domain wall. For that reason we shall describe the magnetic state of the
cantilever by two domains separated by the domain wall at y = yo(t). Then S,(y,t)

is given by the domain wall solution centered at y = yo(t),

Sz(y,t) = Saw [y — yo()] - (4.34)
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In the absence of the dc magnetic field this gives
0%u, hWE  0*u,

P o * 12(1 — 02) Oy*

5 () sl o] (4.35)

For the dissipative motion of the domain wall the speed of the wall is proportional to
the field. When the ac magnetic field, B = By cos(wt), is applied in the X-direction,
one has yy(t) = yo(0) + asin(wt), where a < L is the amplitude of the oscillations
around y(0). The domain wall is given by Saw(y,t) = SoF [y — yo(t)] where Sy is a
constant spin density and F' changes from —1 to +1 as one crosses the wall. Note the
connection of Sy to the magnetization, My = gupSo.

It is convenient to switch to dimensionless variables,

Uy

B oy _ Eh?
2= =, = —, t = t s = y 436
T YT v \/12p(1 —0?) [ (4:36)

where L is the length of the cantilever and v determines the scale of the eigenfre-

quencies of its vertical oscillations, wu,(y,t). In terms of these variables Eq. (4.35)

becomes ) ) )
Pu, 0, dyo \ O°F
— —_— _— _— 4
oz oyt ‘ ( dt) oy’ (4.37)
where
12p(1 — o2

- 2pL2v B 2p Eh?
is a dimensionless parameter that does not depend on the length of the cantilever L.
By order of magnitude, € ~ h/(Msh), where M ~ p/Sy is the mass of the material
per spin 1/2 and s ~ \/E_/p is the speed of sound. It is easy to see that € is a
small parameter that can hardly exceed 0.01 even for the smallest cantilevers. For
the given function g,(t) that describes the motion of the domain wall, Eq. has

to be solved with the following boundary conditions:

=0 2% _0 at g=o0,
0y
0%u, A3,
=0 =0 at g=1. 4.39
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The first two conditions correspond to the absence of displacement and the absence
of bending of the cantilever at the fixed end, while the last two conditions correspond
to the absence of torque and force, respectively, at the free end [05]. For the free

oscillations of the cantilever, e = 0, one writes

u:(y,t) = u(y) cos(wt) . (4.40)
Substitution into Eq. (4.37) with e = 0 then gives
o'
8_3;: — k=0, K=o. (4.41)

The general solution of this equation is
u(y) = Acos(ky) + Bsin(ky) + C cosh(ky) + D sinh(ky) , (4.42)

where A, B,C, D are constants of integration. With the help of the first, second, and
fourth boundary conditions (4.39) one obtains

sin k — sinh Kk

C=-A, D=-B, B= (4.43)

cos k + cosh k

Substitution of these expressions into Eq. (4.42)) gives up to a normalization factor

u(y) = (cos k + cosh k) [cos(ky) — cosh(ky)]
+(sin k — sinh k) [sin(ky) — sinh(k7)] . (4.44)

The third of the boundary conditions (4.39)) provides equation,
coskcoshk +1=0, (4.45)

for the frequencies of the normal modes of the cantilever, &, = k2 (measured in the
units of v of Eq. (4.36))). Fundamental (minimal) frequency is @; ~ 3.516. The next
two frequencies are Wy ~ 22.03 and w3 ~ 61.70. The profiles of the oscillations of the
cantilever for three normal modes (n = 1,2, 3) are shown in Fig. [4.5]

We shall now turn to the forced oscillations of the cantilever due to motion of the

domain wall. We first neglect dissipation and write for the displacement

@(5,8) = Y Rn(D)in(9). (4.46)
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uz(y,f)
n=1 (I)lf =T
T ay=0
0.0 0.2 0.4 0.6 0.8 y 1.0
n= 2 72f =T
a)zf:
0.0 0.2 0.4 0.6 0.8 j} 1.0
n=3 —p.f=
O3t =
0.0 0.2 0.4 0.6 0.8 j) 1.0

Figure 4.5: Profiles of the oscillating cantilever at different moments of time for
n=1,2,3.

where R,,(t) are functions of time to be determined and @,,(y) are normalized eigen-
functions (4.44)) of the free cantilever that correspond to eigenvalues k,, given by Eq.

(E.45),

1
/ AY U (§)Un(Y) = S - (4.47)
0
Substitution of Eq. (4.46) into Eq. (4.37) gives
&R, dijo\ O°F
St () = —¢ (=2 ) = 44
5 (G ) () = — () S5 (1.45)

m

where we have used Eq. (4.41). Multiplying both parts of this equation by (%)
and integrating over ¢ from 0 to 1 with account of Eq. (4.47), one obtains linear
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second-order differential equation for R, (1),

d’R, dy L) A

When the width of the domain wall is small compared to the length of the cantilever,
the first derivative of F' can be replaced by the d-function,

OF

Bl 20[y — yo(t)] - (4.50)

In this case, integrating by parts in the right-hand side of Eq. (4.49)), one obtains

&R, dijo di,,
g Tl =2 (E) (d_>
Y/ g=50®)
d
= —2e ()] (451)

Dissipation can be included into the problem by adding the first time derivative of
R, to this equation. This results in a conventional problem of damped oscillations

induced by a periodic force:

d*R, b ARy,

@ O, d

d
+ @R = =26 10 [G0(D)] (4.52)

Here @), is the quality factor of the oscillations of the cantilever at the eigenfrequency

wy,. The most interesting case is when the position of the domain wall,
Yo(t) = b+ asin(wt) , (4.53)

oscillates at a frequency @ that is close to one of the resonant frequencies of the

cantilever w,, = k2. To solve Eq. (4.52)) we write u,, and R, as Fourier series,

un(f) = D uVe* e R =Y Yt (4.54)

k=—o0 k=—o0

Substitution into Eq. (4.52)) gives

(n) —Qiek@u;")

T ——
k -2 29 ikw@n
Wy — k*w? + 5

(4.55)




69

where

" _ 1 27 ] _

u,(C (a, b) = —/ dée ™", (b+asing) . (4.56)
2 Jo

Writing (™ as u{” = |u\™]exp [i7"™] one obtains the following expressions for the

amplitude || and phase 6" of the k-th harmonic of R, (t):

n ek (n)
| = hoju | 2 (4.57)
\/ (K22 — 2)? + (152
5 = 4™ _ I 4 arctan ] (4.58)
BT T Qn(k20? — ©2) '

According to Eq. (4.57)), resonances occur at frequencies w = w, /k that are indepen-
dent of damping. At w = w,/k the maximum displacement of the free end of the

cantilever is given by

(1) = eQ, P (a,b), (4.59)
where
_ 21, (1 -
P (a,b) = “w( ) ]u; )(a,b)‘ . (4.60)

The dependence of Pk(”) on a@ and b for various k and n is illustrated in Fig. .
Note the non-monotonic dependence of the amplitude of the free end on the equi-
librium position of the domain wall for n = 2 and n = 3. It is due to the profile of
the normal modes of the cantilever shown in Fig. [£.5] When equilibrium position of
the wall coincides with the antinode, the effect of the oscillation of the wall on the

cantilever is minimal.
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Figure 4.6: The dependence of Pk(") (a,b) on the amplitude of the oscillations of the
domain wall whose equilibrium position is in the middle of the cantilever: a) k = 1,

b) k = 2.
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4.3.3 Suggestions for Experiment and Comparison With NIST"’s

Experiment

Expressions derived in this chapter provide the framework for theoretical analysis of
the experimental data on Einstein - de Haas effect. To illustrate applications of the
theory we have derived rigorous formulas for the mechanical motion of a magnetic
cantilever, induced by the motion of a domain wall when the cantilever is placed in the
ac magnetic field. In our theory we assumed that the entire volume of the cantilever
was magnetic. The formulas can be easily adjusted, however, to the situation when
the magnetic layer has thickness ph < h, as was the case in the NIST experiment. In
this case the strength of the source in the right hand side of Eq. reduces by the
factor p. Consequently, one should replace € in the above formulas with €, = pe < e.

Accurate comparison between theory and experiment requires precise knowledge
of the mechanism by which the magnetic moment is changing. If it is due to the
motion of the domain wall, as we believe was the case in the NIST experiment [82],
then one needs to know the initial equilibrium position b and the amplitude of the
oscillations of the wall a. The parameter b can be controlled by a weak dc magnetic
field, while a can be controlled by the amplitude of the ac field. It is also desirable
to excite various harmonics w,, /k and to identify the fundamental frequency w;. This
would allow one to obtain the value of the parameter v in equations and (4.38).
If the magnetization and the g-factor are known, the ratio Sy/p in the first of Eq.
(4.38) can be computed with good accuracy. The precision with which the parameter
€ can be determined will then depend on the knowledge of the length of the cantilever
L. Alternatively, € can be extracted from experiment and used to obtain the spin
density Sy. If the magnetization M, is known this would allow one to obtain the
gyromagnetic factor g = My/(upSo).

In the NIST experiment the fraction of the magnetic material p was close to 1/12
while the dimensions of the cantilever were L = 2 x 10™*m, h = 6 x 10~"m. This
gives €, ~ 107", If a is comparable to L, then according to Eq. , the deflection

of the free end of the cantilever at the fundamental frequency w = w; must be of
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order €,Q)1L. The observed deflection in the nanometer range then corresponds to
Q1 ~ 100. We should notice in this connection that the effect could be stronger for
a cantilever with a higher quality factor. As a matter of fact the quality factors as
high as 10, 000 have been reported for microcantilevers [90]. For a cantilever of length
L = 0.2mm such a high quality factor would allow the deflection of the free end due
to Einstein - de Haas effect as high as a few tens of a micrometer. This work led
up to think about another problem: what if we replace the magnetic layer with a
single molecule magnet? In the next chapter, we report on how to detect quantum
oscillations of the spin of a single molecule magnet through its resonant coupling to

the mechanical modes of a microcantilever.



Chapter 5

Magnetic Molecule on a

Microcantilever

Magnetic molecules exhibit quantum tunneling between different orientations of the
spin in macroscopic magnetization measurements [2), 24]. Detection of coherent quan-
tum spin oscillations, similar to those observed in a SQUID [91], would be of great
interest. In a crystal of magnetic molecules this effect is difficult to observe because
of the inhomogeneous broadening of spin levels and decoherence arising from various
interactions. Nevertheless a significant progress has been recently made in this di-
rection [92]. Magnetic measurements of individual molecules would have been more
promising because of low inhomogeneous broadening of spin levels and low decoher-
ence [93]. However insufficient sensitivity of existing magnetometers has prohibited
such studies so far. Efforts have been made to observe spin tunneling effects in the
electron transport through a single magnetic molecule bridged between metallic elec-
trodes [96] which we will report on in the next chapter.

In this chapter, we show our work on how to detect quantum oscillations of the
spin of a single magnetic molecule through their resonant coupling to the mechanical

modes of a microcantilever [97].

73
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5.1 Projection on a Two-State System

In chapter 2, we showed that for a uniaxial spin Hamiltonian, for low values of the
transverse field, the problem of finding the eigenstates and eigenvalues is essentially
reduced to a two-state problem with known solutions. The geometry of the proposed

experiment is shown in Fig[5.1]

magnetic
molecule

i ! : / 2h
77

Figure 5.1: The geometry of the problem.

A magnetic molecule of spin S is deposited on a microcantilever of length L, Fig.
.1} The y = 0 end of the cantilever is fixed while the y = L end is free. The molecule
is assumed to be imbedded in or firmly attached to the cantilever at y = vy, with

the magnetic anisotropy axis being parallel the X-direction. Let A be the tunnel
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splitting of the two lowest energy states of the molecule,
1
V2

where | +.5) denote two opposite spin orientations along the X-axis. A weak ac mag-

Vi) = —=(15) [ =9)), (5.1)

netic field of frequency w = A/h, applied along the X-axis, will force the spin of the
molecule to oscillate between the two orientations. Conservation of the total angular
momentum requires that the oscillations of the spin are accompanied by the mechan-
ical oscillations of the cantilever (Einstein - de Haas effect [77, [82]). Consequently,
if w = A/h coincides with a resonant mode of the cantilever, one should expect the
effect of the ac field on the cantilever.

If the cantilever rotates by a small angle d¢ at the location of the spin, the

Hamiltonian of the molecule Hg becomes [84], [94]
Hy= RHsR™ = Hetiy [ﬁs, s] 5 =hS - . (5.2)

Due to strong magnetic anisotropy the molecule can be considered as a two-state
system. The Hamiltonian of such a system, H,, is a projection of the Hamiltonian
onto the two states given by Eq. . These states can be viewed as the
eigenstates of the Pauli matrix o,. For the geometry shown in Fig. the projection

can be performed by writing

Ho= 3 (U] (Hs i [Hs, S0 66, ) |9) W) (¥ (5.3)
with
or = U)W+ [T ) (T (54)
oy = =W (W[4 W (] (5:5)
or = (W = [T )| (56)
This gives

1
Ho = —§Aaz + SAdp,0, . (5.7)
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with H, can be written as:
off A 1
Hoy = Hs + th + Hs—ph = (562 — SAquxey) -0+ th = _ébeff -0+ th (58)

The states with a definite X-projection of the spin are eigenstates of o,: | £.5) =
\%(N&r) +|W_)). The expectation value of o satisfies the Landau-Lifshitz equation:

ho = —o x beff, (59)

with
b = —Ae, +25Ad¢pe, . (5.10)

If the cantilever was held stationary (d¢, = 0), the solution of Eq. (5.9)) would describe

pure quantum oscillations of the spin: o, = const, o, o cos(At/h), o, o sin(At/h).

5.2 Coupled Dynamics of Spin and Cantilever

We are interested in the coupled oscillations of the spin and the cantilever. Since the
latter contains macroscopic number of atoms, its oscillations can be studied within a
continuous elastic theory that deals with the displacement field u(r,¢) and the local
rotation d¢ given by [95]

do(r) :%V x u(r). (5.11)

Within such a model the spin of the molecule at a point ry can be replaced by the
spin field
3(r,t) = So(t)o(r —ro), (5.12)

where o (t) satisfies Eq. (5.9)). With account of Eq. (5.2)) the energy of the cantilever
becomes

%C:Hﬁ%/d%hiz-(v“), (5.13)

where H g is the part of the elastic energy that is independent of the spin.
The dynamical equation for the displacement field is

82Ua . 000,5
P 8252 N 895/3 ’

(5.14)
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where 0,5 = 0Hc/deqp is the stress tensor, e,3 = du,/0xs is the strain tensor, and

p is the mass density of the material. This gives

DUy 80,(1? h :
i T A (5.15)

where 02?3) = 0Hp/deqap. 1t is easy to see that in the absence of the external torque,

K = $ dAs [eamrﬂag)] , applied to the surface of the body A, Eq. ((5.15)) provides

conservation of the total angular momentum,
J:/d3r[h2+p(rxu)], dJ/dt =0. (5.16)

Writing the left-hand side of Eq. ((5.15)) in the conventional form for a cantilever
[95] one obtains the elastic equation that couples vertical displacements of the can-

tilever, u,(y,t), with the oscillations of the spin:

0*u, h’E 0%, hS 0 0
Por TTa(l—o%) oyt 2Vayor o2 (t) Lo (y — yo)] - (5.17)

Here h and V' are the thickness and the volume of the cantilever, respectively, E is
the Young’s modulus, and o is the Poisson coefficient, —1 < o < 1/2.

It is convenient to switch in Eq. to dimensionless variables u, = u,/L,y =
y/L,t = tv, where

Eh?
_ 1
Y \/12p(1 — o2 (5.18)

determines the scale of the eigenfrequencies of the oscillations of the cantilever. By
order of magnitude v ~ v,h/L? where v, ~ \/E/p is the speed of sound. In terms of

these variables Eq. (5.17) becomes

o*u, O'u, €9 0 o
o2 ™ oyt 55’_378_5[036@)5(3/_%)]’ (5.19)

where 0 < 7y < 1 and
RS AS [12p(1 —o?)
- MIL2v M Eh?

is a dimensionless small parameter. By order of magnitude, € ~ hS/(Muvgh), where

(5.20)

€

M = pV is the mass of the cantilever. For, e.g., a molecule of spin S = 10 on
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a cantilever of dimensions 100nmx 10nmx Inm the parameter ¢ should be of order

107", Eq. (5.19) has to be solved with the following boundary conditions:

ou,
azzo,a—zzo at =0,
0?1, 0,
=0 =0 at 7=1. 5.21

The first two conditions correspond to the absence of displacement and the absence
of bending of the cantilever at the fixed end, while the last two conditions correspond
to the absence of torque and force, respectively, at the free end [95].

For the free oscillations of the cantilever (¢ = 0) one writes

0.7, ) = (7) cos(@P). (5.22)
Substitution into Eq. (5.19) with e = 0 then gives
Ot
8_;: — k=0, K=m. (5.23)

Solutions are

u(y) = (cos k + cosh k) [cos(ky) — cosh(ky)]
+(sin k — sinh k) [sin(ky) — sinh(ky)] . (5.24)

The third of the boundary conditions ({5.21]) provides the equation,
coskcoshk +1=0, (5.25)

for the frequencies of the normal modes of the cantilever, &, = 2 (measured in the
units of v of Eq. (5.18))). The fundamental (minimal) frequency is &; ~ 3.516. The
next two frequencies are wy ~ 22.03 and w3 ~ 61.70. The profiles of the oscillations
of the cantilever for three normal modes (n = 1,2, 3) are shown in Fig. in chapter
4.

To consider coupled oscillations of the cantilever and the spin of the molecule we

first neglect dissipation and write for the displacement

@(5,8) = Y Ru(D)in(9)., (5.26)
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where R,,(t) are functions of time to be determined and ,,(y) is a normalized eigen-
function (5.24]) that corresponds to the eigenvalue k,, given by Eq. (5.25)),

1
0
Substitution of Eq. (5.26) into Eq. (5.19) gives
&R, _ ., €edd o
S (G ) wle) = S @3- w629

m

where we have used Eq. (5.23). Multiplying both parts of this equation by @, (7)
and integrating over y from 0 to 1 with account of Eq. , one obtains linear
second-order differential equation for R, (1),
d’R,
dt?

€ (doz\ _, ,_
razm, = -5 (L) a ). (5.20

where @, (4o) = (diin/dy)z—g,-
Coupled magneto-mechanical oscillations near the ground state correspond to
small o, 0y, R,, and 0, ~ 1. This requires temperatures k7" < A. In this case Eq.

(5.9) gives for o,
d?o,
dt>
where A = A/(hv). Substituting into Eqgs. (5.29) and (5.30)) o.(f), R, () o exp(iwt),

one obtains the following equation for the eigenmodes of the coupled oscillations:

+ Ao, = SM;(@O)T, (5.30)

(0 — @) (@* — A?) = %eSAag(go)wz. (5.31)

Due to the smallness of €, oscillations of the spin and the cantilever occur indepen-
dently at frequencies A/h and w,, respectively, unless these two frequencies are very
close to each other. The latter can be achieved by, e.g., changing A with the help
of the dc magnetic field perpendicular to the anisotropy axis of the molecule. At

A = hw, one should observe the splitting of the mechanical mode of the cantilever,

5 | eSa2 (o)
— 14+ = = —D1 7 .32
Wnt = Wy, < 2> , 0 N (5.32)

Wy, into two modes
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The remarkable property of Eq. (5.32)) is that it has no free parameters. For a chosen
resonance A = hw,, the relative splitting § depends only on the position of the

molecule on the cantilever. We will explore various plots of § in the next section.

5.3 Quantum Magneto-Mechanical Oscillations

The dependence of the splitting of the first three cantilevers modes on the position

of the molecule is shown in figure [5.2]

0
0.0014

0.0012

0.0010

0.0008

0.0006

0.0004

0.0002{}

Figure 5.2: The dependence of the splitting of the first three cantilevers modes on
the position of the molecule.

As expected, the first resonance n = 1 has no nodes whereas the second one n = 2

has one node and the third resonance n = 3 has two nodes.



81

We shall now demonstrate that the above experiment can be performed by study-
ing the response of the system to a weak ac magnetic field, B(t) = Bye, sin(wt),
applied along the anisotropy axis of the magnetic molecule. In the presence of such

a field beg becomes
ber = —Ae, + 25Ad¢p,e, + be, sin(wt) , (5.33)

where b = gug By, with g being the gyromagnetic factor for the spin and g being the
Bohr magneton. To obtain the amplitude of the forced oscillations of the cantilever we
need to include dissipation in the equations of motion of the spin and the cantilever.

The damping modifies the Landau-Lifshitz equation [10]:
ho = —0 X beg +2Q, 0 x (00 X beg) . (5.34)

Here @), is the quality factor of the spin oscillations. Small oscillations (|o,,| <

1,0, =~ 1) now satisfy

d _ _ _
% + A Q" 1) 0 = SAT, (§0) Ry T ibsin(aF) (5.35)

where oy = 0, +io, and b = b/(hv).
Dissipation of the mechanical motion of the cantilever can be introduced by adding

the first time derivative of R, to Eq. (5.29)):

PR, @, dR, e, .d
o, @ T wr Ry = — iy, (o) 7 (04 +0_). (5.36)

Here @), is the quality factor of the oscillations of the cantilever at the eigenfrequency
Wn. One can now obtain the time dependence of R, and oi by solving together
Eq. and Eq. . The displacement of the cantilever at a point y is given
by @.,(t,y) = Rn(t)u.(y). The simplest way to obtain the solution is to replace
isin(wt) in Eq. with exp(iwt) and solve the resulting three algebraic equations

for R, s+ o< exp(iwt). This gives the following expressions for the amplitudes of the
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oscillations:

-
[@:(f)] = Sbe@ Al (Fo)l[un(7)]

{ {(@2 — @) (@* — A?) - %eSAaf(go)wz} 2 + @? {éA(aﬂ —@2) + —n@n(aﬂ — AQ)] 2}1/2
(5.37)
and
ou] = { [(w - A) (@ —a?) - %eSAu’Z(yO)} L {QA @ -+ 22 (o A)} 2}1/2 ‘
{ [(aﬂ — @2 (@* — A?) — %ESAﬁ’i(yo)wQ] 2 + @? [é&(aﬂ — )+ éwn(uﬂ - 52)] 2}(51./;8)

The applicability of the above equations is limited by the range of variables that
provides the condition |si| < 1 used to derive Eq. from Eq. (5.9). It is easy to
see from Eq. that this requirement is easily violated for s_ when w is close to A.
This is an indication of the breakdown of the linear approximation for the dynamics
of the spin that occurs due to the strong pumping of the spin excitations by the ac
field. To avoid this problem, let us consider oscillations at, e.g., w = w,, # A, in the

practical range of the quality factor 1 < @, < 1/e. In this case, one obtains from

Egs. (5.37) and (5.38)
beQ, A b

— _ ! (5 7 7 — _ X
= oo wg B NE@, losl = g

|a=(9)| (5.39)

A plot of |u,(y)| for y = 1 (that is at the free end of the cantilever) as a function of
@ and A for the molecule being positioned at 1, = 0.9 along the cantilever is shown
in figure [5.3]

The parameter A can be controlled by a dc magnetic field applied perpendicular
to the anisotropy axis of the molecule. The condition |o_| < 1 determines how close
to the double resonance, A = w,, one can still use equations (5.39): @, — A| > b/2.
Substitution of |@, — A| ~ b into the first of Eqs. (5.39) provides estimate for the
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Figure 5.3: 3D plots of the amplitude of oscillation at the free end as a function of
A and @ when the molecule is at gy = 0.9.

maximum amplitude of the oscillations of the cantilever at A — w,:

€Qn
4y,

[ty (80) |t ()] (5.40)

max [ (§)] ~

Equation is valid in the practical range of quality factors 1 < @, s < 1/e, and
is a function of the distance y from the fixed end of the cantilever, parameterized by

the position of the molecule yg.
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Figure 5.4: 3D plots of the amplitude of oscillation at the free end as a function of A
and w when the molecule is at go = 0.9. It is the same as figure [5.3| but shown from
a different angle.

A cantilever of dimensions 100nmx10nmxInm will have v ~ 10%s7!, see Eq.
(5.18). For the first harmonic of the cantilever, w; = 3.52r, the magneto-mechanical
resonance will then occur for A in the mK range. In that case, fi = 3.52v/(27) ~ 30
MHz and the splitting d f; of the first harmonic of the cantilever occurs in the ballpark
of a few kilohertz. Note that the splitting of the spin energy levels A in a magnetic
molecule, regardless of its magnitude, is a well-defined quantity: A as low as 0.1uK
has been measured in the context of the interference of spin tunneling trajectories [51].
This parameter can be easily controlled by the magnetic field normal to the anisotropy
axis. Smaller cantilevers will have higher v and, thus, will permit work with higher

A. Our approach is valid when the probability for the molecule to occupy the excited
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spin levels is small. The first excited state is separated from the ground state by the
energy A. Consequently, if the system is at thermal equilibrium, the temperature
should be low compared to A. There are ways around this condition, though. One
such a possibility consists of studying resonances at higher harmonics: wy = 22.03v,
w3 = 61.70v, and so on. Another possibility follows from the observation that the
relaxation of our system towards thermal equilibrium can be very long. Consequently;,
if one uses the external field to prepare the initial magnetic state of the molecule, the
coupled magneto-mechanical oscillations can, in principle, be studied during much
shorter times than the time required for thermalization.

Very high quality factors (up to 10°) have also been reported for mechanical oscilla-
tions of microcantilevers [98], 00]. For a cantilever of dimensions 100nmx 10nmx Inm,
carrying a magnetic molecule of spin 10, the parameter ¢ of Eq. , responsible
for the magneto-mechanical coupling, is of order 10~7. A definitive observation of
the coupled quantum magneto-mechanical oscillations would be the detection of the
splitting, dw,, of the mechanical modes of the cantilever. Such a splitting should
appear in the spectrum of the cantilever regardless of the measuring procedure. For
the first resonance (w = wy), d of Eq. would be generally of order v/eS ~ 1073.
The condition for the detection of the splitting of the cantilever modes is @, s > 1/9.
This means that the quality factors of 10, 000 reported for microcantilevers should be
sufficient to observe this effect. When the molecule is near the tip of the cantilever,
Eq. with € ~ 1077 and Q,, ~ 10* gives for the tip: |u.| ~ 5 x 1074, For a
100-nm long cantilever this would correspond to the oscillations by 0.05nm. Such a
displacement can be detected by tunneling or force microscopy.

The possibility of the observation of quantum magneto-mechanical oscillations
studied comes from the resonant nature of the effect. While the coupling between
quantum spin oscillations and the mechanical oscillations of the cantilever is always
weak, the resonant condition (A = w,) generates a large effect similar to the one
produced by a very weak periodic resonant force acting on a pendulum with a high

quality factor. Working with smaller cantilevers would provide higher values of the
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coupling parameter € and would relax the requirements on temperature and the qual-
ity factors.

In Conclusion, we have shown that driven quantum oscillations of the spin of a
magnetic molecule can be observed by placing the molecule on a microcantilever.
Since such cantilevers consist of hundreds of thousands of atoms, this would be a
remarkable example of a macroscopic quantum effect. Our theory has no free param-

eters and, therefore, it must be helpful in designing the proposed experiment.



Chapter 6

Magnetic Molecule Between

Conducting Leads

In this chapter, we present our work on molecular magnet bridged between two con-
ducting leads. Dynamics of the total angular momentum couples spin tunneling in
such a molecule to the mechanical twists. We’ll focus on Landau-Zener spin transition
due to a time-dependent magnetic field and we’ll show that these transitions generate
a unique pattern of mechanical oscillations that can be detected by measuring the

electronic current through the molecule.

6.1 Recent Experiments

6.1.1 Introduction

In the last two decades there has been a great interest in the field of spintronics.
Spintronic systems make use of the fact that the electron current is composed of spin-
up and spin-down carriers which carry information encoded in their spin state. In a
closely related field, molecular spintronics is emerging, which combines the ideas of
spintronics and molecular electronics. There is a strong interest in designing molecular

devices using a few magnetic molecules. Single molecule magnets are a candidate for

87
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that purpose: they have a long relaxation times at temperatures lower than 3 K. To
this end, a significant experimental effort has been developed to measure the electronic
current through a single molecule bridged between conducting leads. The properties
of single molecule magnets (such as Mnjs-acetate) have been outlined in the first two
chapters of this thesis.

In most experiments, a magnetic molecule was attached between two non-magnetic

tips, see figure for example [103].

b)

Source . Drain

Figure 6.1: (a) Side view of a Mnj, molecule with tailormade ligands containing
acetyl-protected thiol end groups. Atoms are color labeled: manganese (orange),
oxygen (dark red), carbon (gray), sulfur (yellow). The molecule diameter is about
3 nm. (b) Schematic drawing of the Mnl12 molecule (red circle) trapped between
electrodes. A gate changes the electrostatic potential on the molecule enabling energy
spectroscopy. (c¢) Scanning electron microscopy image of the electrodes [103].

The device pictured in|6.1|is called a three-terminal transport device or a molecular
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spin-transistor. The current passes through the magnetic molecule through the source
and drain electrodes and the electronic transport properties are tuned using a gate
voltage V,. Two experimental regimes are distinguished and they are the subject of
various research papers: when the coupling between the electrodes and the molecule
is weak (the weak coupling limit) and when the coupling between the electrodes and

the molecule is strong. We will briefly describe each of the coupling limits next.

6.1.2 The Weak and the Strong Coupling Limit

In the weak coupling limit, Heersche et al. observed striking voltage dependence of
the current through a single-molecule magnet Mnjs, with a complete current sup-
pression and excitations of negative differential conductance on the energy scale of
the anisotropy barrier [103]. Jo et al. measured the magnetic field dependence of the
electron tunneling spectrum in a transistor incorporating a Mn;, molecule [104]. Hen-
derson et al. observed a Coulomb blockade effect by measuring conductance through
a single-molecule magnet Mn;o [I05]. Voss et al. conducted experiments and devel-
oped theoretical model for the dependence of the tunneling current on the orientation
of the Mnys molecule [106]. In the cases mentioned above, the experiment was done
using Mn;s molecules where the acetate of the molecule has been substituted by a
thiol-containing ligands which bind the single molecule magnet to the gold electrodes
with strong and reliable covalent bonds.

In the strong coupling limit, paramagnetic molecules containing one or two magnetic
centers have been used but not molecular magnets [I07]. In references [99] 100, 10T
102], a simple molecule containing two magnetic centers was used. The molecule was
tuned using V, into two different charged states. The neutral state, due to antiferro-
magnetic coupling between the two magnetic centers, has S=0, whereas the positively
charged state has S=1/2. Kondo features are found, as expected, only for the state in
which the molecule has a non-zero spin moment. This nicely demonstrates that mag-
netic molecules with multiple centers and antiferromagnetic interactions enable the

Kondo effect to be switched on and off, depending on their charge state. Theoretical
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investigations have explored various aspects of the field.

The effect of the exchange coupling between spins of conducting electrons and
the spin of the Mn;» molecule has been studied by G.-H. Kim and T.-S. Kim [10§].
Elste and Timm [I09] developed a model for the Coulomb blockade in a transport
through a single magnetic molecule weakly coupled to magnetic and nonmagnetic
leads. They also studied the possibility of writing, storing, and reading spin informa-
tion in memory devices based upon single-molecule magnets [I10]. Kondo effect in
transport through a single-molecule magnet strongly coupled to metallic electrodes
has been investigated by Romeike et al [I1I]. The effect of spin Berry phase on
electron tunneling has been studied by Gonzélez and Leuenberger [112]. Misiorny et
al. investigated magnetic switching of the molecular spin by a spin-polarized current
[T13], as well as tunneling magnetoresistance [114]. Cornaglia et al. have studied the
effect on the transport of a soft vibrating mode of the molecule [115]. First principle
DFT calculations of the electron transport through a Mn, single-molecule magnet
and of spin-filtering effect have been performed by Barraza-Lopez et al. [116]. There
also has been some effort to compute Josephson current through a magnetic molecule

coupled to superconducting leads [117].

6.2 Rotational Dynamics of the Molecule

Recently Chudnovsky and Garanin have demonstrated [11§] that quantum states of
a magnetic molecule that is free to rotate are different from quantum states of a
magnetic molecule whose position is fixed in a crystal. This effect arises from the
conservation of the total angular momentum (spin + orbital). Somewhat intermedi-
ate situation occurs when a molecule is bridged between two electrodes. While such
a molecule is not free to rotate, its orientation can still vary due to the spin-rotation
coupling. In our work we studied the Landau-Zener transition between quantum

states of the molecule caused by a field sweep. We showed that coupled dynamics of
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the molecular spin and the mechanical rotation of the molecule leads to the modifica-
tion of the Landau-Zener dynamics. It also results in a specific pattern of mechanical
oscillations of the molecule. Since electron tunneling through the molecule should
strongly depend on its orientation, this effect should be seen in the tunneling current
[119].

We consider geometry depicted in Fig. [6.2] The magnetic anisotropy axis of the
molecule, Z, is perpendicular to the direction of the transport current Y. The mechan-
ical motion of the molecule is restricted by its coupling to the leads. For simplicity we
consider only small torsional oscillations about the Z-axis that we describe by the an-
gle of rotation ¢. This is justified by the fact that quantum tunneling of the molecular
spin between two opposite directions along the Z-axis changes only the Z-component
of the angular momentum, thus generating the Z-component of the torque. In our
approximation, small rotation of the molecule due to this torque produces negligible
deformation of a rigid magnetic core of the molecule. On the contrary, the tunneling
current through the molecule must have exponential dependence on ¢. We assume
that electrons in the leads have only marginal effect on the quantum spin states of
the molecule.

The main part of the Hamiltonian of the molecule has three terms:

H=H.,+H;+ Hs. (6.1)
Here
. 1
H,p = o7 (RPL2 + IZw2 ) (6.2)

describes mechanical rotations about the Z-axis. I, is the corresponding moment of
inertia and w, is the frequency of free torsional oscillations of the molecule due its
coupling to the leads. Operator of the mechanical angular momentum, L, = —i0/0¢,

satisfies the commutation relation

[0, L] = i. (6.3)

Interaction of the molecular spin S with the external magnetic field, B applied along
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Figure 6.2: Mnjs spin-10 magnetic molecule bridged between metallic leads [116].

the Z-axis, is described by the Zeeman term in Eq. (6.1)):
Hy = —gupS.B. (6.4)

with g being the gyromagnetic factor and pp being the Bohr magneton. Operator
Hg in Bq. (6.1) is given by [84] 94]
Hs = RHAR™, (6.5)

where H is the crystal-field (magnetic anisotropy) spin Hamiltonian and

~

R =59 (6.6)
is the operator of rotation in the spin space. The general form of Hy is

FIAZI:]”—FI:IL, (67)
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where H | commutes with S, and H | is a perturbation that does not commute with
S.. The existence of the magnetic anisotropy axis Z means that the |+ 5) eigenstates
of S, are degenerate ground states of I |- Operator H, slightly perturbs the | & )
states, adding to them small contributions of other |mg) states. We shall call these
degenerate normalized perturbed states |1)Lg). Physically they describe the magnetic
moment of the molecule looking in one of the two directions along the anisotropy axis.
Full perturbation theory with account of the degeneracy of H, provides quantum
tunneling between the [¢1g) states. The ground state and the first excited state

become

v, — % (Is) % [1_s)) - (6.8)

They satisfy
HyUy = B0, (6.9)

with £ — E, = A being the tunnel splitting. Expressing |¢15) via U4 according to

Eq. , it is easy to see from Eq. that
(Wes|Halbws) =0, ($-s|Halts) = —A/2. (6.10)

This gives
. N A )
(Yrs|Hglrs) =0, (Ygs|Hg|trs) = —geﬂzw- (6.11)

for the matrix elements of Hg.
Since the low-energy spin states of the molecule are superpositions of |1).g), it is
convenient to describe such a two-state system by a pseudospin 1/2. Components of

the corresponding Pauli operator o are
0r = |t-s)(ths| + [tbs) (V-s| (6.12)

oy = i|lv_g)(bs| —ilihs) (s
0. = |[Ys)(Ws| — [v_s)(¥-s].

The projection of any operator H onto |11g) states is given by

Y Wl Hln) o) (W] - (6.13)

m,n==+S
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Noticing that

S.lhrs) =2 S|+ S) = £S|his), (6.14)

it is easy to project Hamiltonian (6.1)) onto 1.

The projection of e~*5+¢ H ,¢!5:% on the two-state basis is

<w75 ‘ ¢ iSO f] 15+
1

7/’S> [-s) (¥s| + <¢5 ‘e*iszqﬁ H 6759

¢75> 1s) (Y—s

= A (7 yos) (Us| + 7 [us) (osl)

2

= 5205 (256) (-s) (sl + bs) (sl) — 5 A sin (259)  ([0-s) {s] = i) (9s1)

— _%ACOS (25¢) 0, — %Asin (286) 7. (6.15)

One can see that the full effective Hamiltonian has the form

. 1 1 .
He = —§WO'Z - §A [cos (25¢) 0, + sin (25¢) 0] + Hyo (6.16)
or
A 1 .
Heﬁ' = _§Heﬁ‘ -0+ Hl"Oty (617)
where
Her = We, + Acos (25¢) e, + Asin (25¢) e, (6.18)
and
W =2SgugB, . (6.19)

Note that for a non-rotating magnetic molecule the effective Hamiltonian has the

form
Hy = —%WO’Z — %Aam : (6.20)
Its eigenvalues are
By = %m (6.21)

with

E, —E_ =hw=VvVW?2+ A2, (6.22)
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Using the Heisenberg equation of motion for an operator A(t),

. 2T~
Ay = 1 [frar, A®)] | (6:23)
one obtains
. i [R2LA ih hL
= — - = L, L L L) =2 24
b= 50| = o Gledl + il ) = (624
and
. 1 1
hL, = i[§lzwf¢2 - §A [cos 2S¢, + sin2S¢a,], L,]=—Lw?d — SAsin(25¢)o, + SA cos(2S¢)a,
Elimination of L, provides the following system of equations:
he, = Wo, — Asin(p)o, (6.25)
hoy, = Acos(p)o, —Woy, (6.26)
ho, = Asin(p)o, — Acos(p)oy, (6.27)
and
¢+ wlo = w?[cos () o, —sin () a,] . (6.28)
Here
0 =25¢ (6.29)
and

we = /25?1, | (6.30)

Combining the above equations it is easy to see that they satisfy

%(mz + hSo.) = —Lw?¢. (6.31)

The left-hand side of this equation is the time derivative of the Z-component of the
total angular momentum, A(L, + S,), while the right-hand side is the elastic torque
due to the coupling to the leads (see Fig. . This torque acts such as to return the
molecule to its equilibrium position, ¢ = 0. In the absence of such a torque the total

angular momentum of the molecule alone would be conserved.
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Equations ([6.25)) - (6.28)) are operator equations. To obtain numerically tractable
equations, these operator equations should be averaged over quantum states of the

system. If one decouples the quantum averages as

(sin () 02) = (sin (¢)) (02) , (6.32)

in the spirit of the mean-field approximation, one obtains classical-like equations
of the same structure as above. Without such a decoupling the equations for the
Heisenberg operators are useless and one has to go back to the Schrédinger equation
for the whole system consisting of coupled spin and mechanical subsystems. While
the decoupling cannot be justified in the general case, we notice that the cross terms
containing o and ¢ become small when () is small. Since ¢ = 2S¢ this condition
for large S is stronger than the condition of small oscillations, |¢| < 1. Nevertheless,
even for S = 10, which is the case of a Mn5 molecule, it is likely that rotations of the

molecule in the geometry depicted in Fig. will still satisfy the condition |p| < 1.
In this case Egs. (6.25) - (6.28)) can be treated as classical.

6.3 Landau-Zener Effects in a Magnetic Molecule
Bridged Between two Conducting Leads

6.3.1 Landau-Zener Dynamics

The behavior of the system depends on the dimensionless magneto-mechanical con-

stant of a free molecule,

hw.\?  2h%S?
0= °) = 6.33
and the resonance parameter,
hw,
= ) 6.34
r=- (6:34)
For a linear field sweep, W = vt, another relevant dimensionless parameter is
A2
e=" (6.35)

= o
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Figure 6.3: The fraction of molecules n that transit to the final state for a) fast
sweep, b) slow sweep.

It determines probability,

P=ec (6.36)
of staying in the initial ¢)_g state in the standard Landau-Zener problem. Typical
plots for the fraction of molecules n that transit to the final state for various sweep

is presented in figure [6.3]

Using the above parameters and dimensionless variables
vt hvt  wT

tA
YT AT AT T % (6.57)

Egs. (6.25) - (6.28) for |¢| < 1 can be re-written in the form

T

/

o, = wo,— o,
a; = 0, — Wo,
oL, = o, — 0y (6.38)
and
"+ + 10 =6[0y — o,] (6.39)

where prime means d/dr. Notice that in the last equation we introduced a term ~¢'

that describes damping of the mechanical oscillations of the molecule.
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Figure 6.4: Typical time dependence of the rotation angle ¢. The inset shows the
fine structure of the oscillations.

The above equations have been solved numerically using Mathematica. With
the Mnis molecule in mind, we compute the time dependence of the angle of twist,
¢ = ¢/(28), for S = 10, § = 10®> and r = 10® (see discussion below). For the
illustration purpose, the value of the damping constant v = 0.1 has been chosen to
provide the finite duration of the oscillations. Fig.[6.4shows the results for a relatively
fast field sweep corresponding to € = 0.1. For a slow sweep (e > 1) the amplitude of
the oscillations is significantly smaller.

Simple arguments allow one to understand the behavior shown in Fig. [6.4 Os-

cillations of ¢ are excited when the time-dependent distance between the spin levels
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given by Eq. , coincides with the frequency w, of the mechanical oscillations of
the molecule. For large er this happens at 7 = 2er /7 in excellent agreement with Fig.
[6.4] [6.5] and Oscillations continue at the frequency w, until they are completely
damped due to the finite 4. To obtain the dependence of the initial amplitude of
oscillations on the parameters the approximate solution of Egs. for o,(7) at
small ¢, € <1 and 7 > 1 can be used [120]:

0,(7) = —2y/e—(1 — e sin (7;—7:) . (6.40)

This gives an approximate solution of Eq. (6.39)) at v = 0:

r

o(7) = 21m [e /O ' dee—"T’o—y(T’)} | (6.41)

The result of the integration can be expressed in terms of trigonometric and error

functions.

0 = gheforsmin (302 e -2])
+(a11 + a(T (Cos {rr ;r } + Sin {TT - %D
(Sln { } + Cos {w + —}

)
+ (ags(7) — ass) (COS [7‘7 + 7} — Sin {w + ﬁ} ﬂ (6.42)

<

+(—as + as(T -

~z>l|

where various unknowns in equation [6.42| are given below:

T I

V2 V2

(- 3) (oret ) (3=4) (2remn)

NN ] ,  ag(7)=Im [Erf NN

e e[ g = [0 20T

Erf

as(7) = Re

|



100

su(+) = Ro [Erf l(_1)12/3;r\2+ 7r7‘)” an(r) = Im {Erf {(—1)12/3?\;; m>”

Equation [6.42]can be verified by plotting ¢ obtained from analytical work with the one

obtained numerically, as shown in figure[6.5] While the formula is rather cumbersome

0.010r5 = 1 = 1000
e=0.1
0.005¢
< 0.000
—0.005¢
—0.010¢
0 50 100 150 200

Figure 6.5: The evolution of the angle ¢ when 6 = r = 1000, ¢ = 0.1. The red plot
is the result of the analytical solution shown in equation whereas the blue one
represents the numerical solution for ¢.

it provides a simple dependence of the final amplitude of the undamped oscillations

on the parameters:

2h
¢maw = Iz(«i ee”¢ (1 - 676) . (643)

It reaches maximum at e = 1.45. This expression is in excellent agreement with
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Figure 6.6: The evolution of the angle ¢ when: a) §

0 = 1000, r = 500, = 0.1.

numerical results. It can be used as long as 25¢,,4. < 1.
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6.3.2 Conclusion

Most of the existing experiments on transport through individual magnetic molecules
have been done with Mn;, acetate. The moment of inertia of the Mn;5 molecule is in
the ballpark of 10~3*g-cm?. The tunnel splitting A depends strongly on the transverse
anisotropy, H, in Eq. . For the molecule bridged between two leads it may differ
drastically from that in a Mnis crystal. With I, ~ 10~3*g-cm? our choice of § ~ 103
in Fig. corresponds to A/h ~ 105571, The resonance frequency of the rotational
oscillations of the molecule must be much higher. The choice of r = 10? in Fig.

-1

corresponds to w, = 10% The mechanical oscillations of the molecule begin at

t = 2eh*w, /(mA?) or 7 = 2~ (as demonstrated in figures and after the

spin states 1_g and g cross due to the field sweep. For the choice of parameters
used in Fig. this time is of order 10~%s. Spin oscillations given by Eq.
must dissipate on a longer time scale for the mechanical oscillations to be observable.
In a Mn;, crystal, dissipation is dominated by phonons. For a setup shown in Fig. [6.2
phonon processes must be suppressed, making spin relaxation times of order 10~%s
quite reasonable. For A/h ~ 10%~! the fast field sweep, ¢ < 1, corresponds to a
few kOe per second, which is also reasonable. Magnetic molecules other than Mny,
acetate may prove to be even better candidates for such an experiment.

If a tunneling current flows through the setup depicted in Fig. [6.2] the amplitude
of the current should be affected by the mechanical oscillations of the molecule. Same
as in tunneling microscopy, this effect should be detectable due to high sensitivity of
the electron tunneling rate to the orientation of the molecule [106]. Following the field
sweep, the current should acquire an oscillating component similar to that shown in
Fig. 6.4 Such an experiment is practicable and it would be of great interest as it

would prob quantum dynamics of spin in individual magnetic molecules.
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Introduction

In this part, we follow up on the work mentioned in chapter 3 of part I of this
thesis. Peaks in the deflagration speed versus the external applied magnetic field
were observed by Tejada’s group in Spain and were attributed to the resonance spin
tunneling. I will talk about these quantum features first, then I will mention my work
on the experimental determination of the dipolar field in Mnjs-acetate followed by
the theoretical work of Garanin and Chudnovsky on the low temperature resonant
spin tunneling in molecular magnets induced by a field sweep with account of dipole-
dipole interactions. The authors have discovered self-organized fronts of tunneling, a
non-thermal process triggered by the dipolar field. The aim of my work was to unify
the theories of the standard (hot) deflagration and the fronts of tunneling induced by
the dipolar field (non-thermal process).



Chapter 7

Recent Experiments

7.1 Quantum Deflagration Maxima

In chapter 3 of this thesis, quantum features of magnetic avalanches were introduced.
They were discovered in 2005 by A. Herndndez-Minguez el al. [71]. In figure |3.5]
peaks in the speed of the deflagration fronts versus the field were an indication of
“quantum” magnetic deflagration: the speed of the avalanche is enhanced at those
particular values of the field for which the peaks occur. In that case, the anisotropy
barrier is effectively lowered by quantum tunneling of the spins. The velocity maxima
were attributed to thermally-assisted quantum deflagration. Those peaks have been
confirmed by the theory of Garanin and Chudnovsky see Fig. [3.6] [70]. A follow-
up investigation that I was a part of in 2007 confirmed the existence of maxima in
the velocity of propagation. This work is detailed next [121I]. In that experiment,
magnetic avalanches were triggered using a wire heater in a fixed magnetic field
applied along the easy axis of single crystals of Mnjs-acetate. Fast local measurements
of the temperature and time-resolved measurements of the local magnetization as a
function of the magnetic field were reported. The measurements were performed
on single crystals of Mnj,-acetate with typical dimensions of 1.5 x 0.3 x 0.3 mm?
immersed in liquid *He at 0.3 K.

It is well known that all crystals of Mnjs-ac contain a small amount of a second
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species of spin S = 10 molecules that have a lower anisotropy barrier of roughly
45K. This minor species is homogeneously distributed in the crystal at typical levels
between 5 and 8 % [22, [122]. The presence of the minor species was found to have a
significant influence on both the temperature for ignition and the propagation velocity
of the avalanches. Consequently, we used the following protocol to quench the effect
of the minor species spin relaxation [123]: after fully magnetizing the crystal in the
up direction, the field was swept to a value in the opposite (downward) direction that
is large enough to flip the minor species downward but small enough that it leaves the
major species intact. Bringing the magnetic field back to zero then yields a crystal
with the major (spin up) and minor (spin down) species fully magnetized in opposite
directions. This allows the magnetic relaxation of minor and major species of Mnjs-ac
to be studied independently. For samples prepared as described above, we report the
behavior of avalanches of the major species where the minor species plays no role,
having already relaxed along the direction of the applied field.

Studies of avalanches of the major species were carried out using the following
experimental protocol. After preparing the sample as described earlier, the magnetic
field was ramped to a preassigned value in a direction opposite to the polarization of
the major species, with the sample immersed in liquid *He at 300 mK. It is important
to note that this temperature is well below the blocking temperature of ~ 3 K so that
below about 2 T, there was negligible reduction of the magnetization by relaxation
via tunneling as the field was swept through the resonant fields; the sample thus
remained fully magnetized. The wire heater was then turned on at a fixed magnetic
field, and the temperature of the sample was monitored by measuring the resistance
of the Ge thermometer using standard four-terminal techniques.

Figure shows the threshold temperature required to ignite avalanches plotted
as a function of the magnetic field for fixed fields between 0.4 and 2.0 T. Sharp dips
in the ignition temperature occur at magnetic fields denoted by vertical lines. These
magnetic fields correspond to thermally assisted spin tunneling across the anisotropy

barrier in Mnjs-ac,[24 [64) 35] effectively reducing the anisotropy barrier.
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Garanin and Chudnovsky have recently provided a detailed theoretical foundation
for the newly discovered process of magnetic deflagration by extending many of the
results from the classical theory of combustion to the process of spin reversal in
molecular magnets [70]. Consistent with the data shown in Fig. , their theory
predicts a significant drop in the threshold temperature required to trigger avalanches
at the resonant values of magnetic field where the barrier against spin reversal is

effectively reduced due to resonant quantum spin tunneling.
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Figure 7.1: Temperature required to ignite avalanches plotted as a function of mag-
netic field. All data were taken for field-cooled samples. The vertical lines denote the
magnetic fields where sharp minima occur in the ignition temperature corresponding
to thermally assisted tunneling near the top of the anisotropy barrier [64, [35]. The
overall decrease in ignition temperature is due to the reduction of the anisotropy
barrier as the field is increased.
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In separate experimental runs, time resolved magnetization measurements of the
local magnetization obtained for similar Mnjs-ac crystals were obtained. The veloc-
ity of avalanches was shown in Fig. where the filled circles denote results for
avalanches that entail the reversal of the full magnetization from one direction to the
other along the c-axis, and the open circles are for zero-field-cooled samples where
the magnetization changes by half the amount, from zero to full magnetization. The
ignition temperatures shown in Fig. are also plotted as triangles for comparison.
The vertical lines drawn in Fig. denote the magnetic fields at which minima occur

in the ignition temperature and maxima occur for the velocity.
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Figure 7.2: Velocity of propagation of avalanches (right-hand yaxis) for field-cooled
(filled circles) and zero-field-cooled (open circles) samples versus magnetic field at
which avalanche was triggered. The triangles show the ignition temperature (lefthand
y-axis). The solid vertical lines drawn from the bottom denote velocity maxima; the
dashed vertical lines drawn from the top denote ignition temperature minima. The
overall increase of the velocity with increasing magnetic field is due to the decrease
of the anisotropy barrier.
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The velocity of propagation increases as the field is raised and the barrier due
to spin reversal is reduced. From measurements at ~ 2.1 K, Hernandez-Minguez
et al.[7I] have reported maxima at 0.9 T and 1.35 T, (see in agreement with
predictions of the theory of Garanin and Chudnovsky [70]. Although maxima are
barely discernible at low magnetic fields at the lower (initial) temperatures of our
experiments, they become evident at higher magnetic fields. To summarize, using
fast local measurements of the temperature and time-resolved measurements of the
local magnetization, we have shown that quantum tunneling of the magnetization
plays a significant role in determining the threshold temperature for the ignition as
well as the propagation of avalanches, as predicted by Garanin and Chudnovsky [70].

In conclusion, using fast local measurements of the temperature and time-resolved
measurements of the local magnetization, we have shown that quantum tunneling of
the magnetization plays a significant role in determining the threshold temperature
for the ignition as well as the propagation of avalanches, as predicted by Garanin
and Chudnovsky [70] and confirming the peaks in the speed of propagation of the

avalanches as discovered by A. Hernandez-Minguez el al. [71].

7.2 Effect of Dipolar Fields

Recent work on molecular magnet has focused on circumstances where the assump-
tion of independent spins breaks down. Thus, ferromagnetic ordering due to magnetic
dipole-dipole interactions has been demonstrated experimentally in high-spin molec-
ular magnets by Morello et al.[124] in Mng by Evangelisti et al.[125] in the high-spin
molecular magnet Fe;;. Based on neutron scattering experiments, Luis et al.[126]
have claimed that Mnjs-ac also orders ferromagnetically provided a large transverse
field is applied to reduce the magnetic barrier and increase the relaxation rate. In
this section we focus on two studies: first I report the results of a direct measurement
of the dipolar field obtained by exploiting the properties of the fast-relaxing minor

species in crystals of Mnjs-ac, a project I was part of. Second, I report on recent
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detailed calculations by Garanin and Chudnovsky [127] that indicated that dipolar
ferromagnetism in a transverse field should indeed be found in Mnjs-ac below a Curie
temperature T, ~ 0.8 K and the authors’ theoretical calculations of the dipolar field

in Mnlz-ac.

7.2.1 Experimental Determination of the Dipolar Field in

Mns-acetate

It is well known that Mnjs-ac crystals contain a small fraction of low-symmetry species
molecules at a level of roughly 5% [128]. This minor species, an isomer of the major
species of Mnjs-ac, has a reduced energy barrier of ~ 42 K at zero field [129]. The
magnetic relaxation rates, typically determined by AC susceptibility measurements,

are fit with an Arrhenius equation:

I' =Texp[-U(H)/T] (7.1)

Land Ty &~ 4.5 x 10%s7! for the fast-relaxing

For the major species, I'y &~ 4.2 x 1075~
minor species [129].

The different relaxation rates are also evident in magnetization curves. Figure|7.3
shows a hysteresis loop for a single crystal of Mnj,-ac taken at 0.3 K with an external
field sweep rate of +£10 mT/s. Starting from zero field, the total magnetization is
constant as the field is increased to 0.90 T. Small steps are observed at ~ 0.9 T and
1.28 T corresponding to the resonant relaxation of the minor species magnetization.
Above 1.5 T, all minor species molecules have reversed and no further change in the
total magnetization is seen until &= 3 T. Between 3.1 and 5.3 T, evenly space steps are
observed due to tunneling of the major species. Above 5.3 T, all the major species
molecules have reversed and the crystal is completely magnetized. Using a simple
protocol similar to one described in Ref. [130], the difference in the fields required to
flip the spins of the major and minor species allows one to magnetically prepare the
crystal with:

(A) Minor species are aligned and major species spins are random; This is achieved
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Figure 7.3: Magnetization versus magnetic field of a single crystal of Mnjs-ac mea-
sured for an external field sweep rate of £10 mT/s.

using the following protocol: Starting with an unmagnetized (zero-field-cooled) crys-
tal, and maintaining the temperature at 300 mK: a magnetic field of —2 T is applied
which is sufficient to completely magnetize the minor species while leaving the major
species spins unchanged; sweeping the field back to zero yields a sample with minor
species spins aligned and major species spins random with zero net magnetization.
(B) Major and minor species spins are aligned in the same direction; This is achieved
by applying a larger magnetic field of —6.0 T is applied along the c-axis of the crys-
tal, sufficient to magnetize both species; reducing the magnetic field to zero yields a
sample with major species and minor species spins aligned in the same direction.
(C) Major and minor species spins are aligned in opposite directions. This magnetic

preparation is described schematically in Figure [7.4] Starting with the spins aligned
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in same direction (Fig. [7.4a)), the magnetic field is ramped to —2 T in the direction
opposite to the magnetization, reversing the direction of the minor species spins while
leaving the major species spins unchanged, as shown in (Fig. [7.4(b)). Reducing the
field back to zero, (Fig. [7.4(c)), yields a sample in which the minor and major species

are magnetized in opposite directions.

Figure 7.4: Procedure used to prepare Mnjs-ac with minor and major species mag-
netized in opposite directions. (a) First, a +6 T field is applied to align all spins.
(b) Then, a —2 T field is applied, reversing the magnetization of the minor species.
(c) Finally, the field is returned to zero, leaving the major and minor species spins
anti-parallel.

With the sample prepared according to these three methods, the hysteresis loop
of the minor species was measured by sweeping the magnetic field between +2 and

—2 T, taking care not to reach fields large enough to reverse the spins of the major
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species. The magnetization was measured using an array of micron-sized Hall sensors
for single crystal of Mns-ac with typical dimensions of 1.0 x 0.3 x 0.3 mm?® immersed
in 3He.

Fig. (a) shows hysteresis curves for the minor species taken at 0.3 K and an
external field sweep rate of 5 mT /s for the three different magnetic preparations. The
curves are normalized by M, the saturation value of the minor species. The minor
species hysteresis curves exhibit a similar staircase structure as the major species.
However, the smaller anisotropy leads to a smaller spacing between steps. Fig. [7.5((b)
shows the derivative of the magnetization curve, which is useful for determining the
location and widths of the tunneling resonances. It is clear that the externally applied
magnetic field corresponding to the tunneling resonances depends on the direction of
the magnetization of the major species. The circles of Fig. are data taken with
the net magnetization of the major species equal to zero. Fully magnetizing the
major species in the positive direction shifts the location of the tunneling resonance
fields by &~ 0.05 T, as indicated by the triangles. Here the dipolar field adds to the
external field to satisfy the resonance condition. The squares are data taken with the
major species magnetized fully in the negative direction with a consequent shift in the
resonance field of 2 0.05 T. In this case, the external field is larger to offset the dipolar
field in the opposite direction. A close determination of the shift corresponding to
the dipolar field associated with full magnetization of the major species of Mnjs-ac
yields 51.54+8.5 mT.

The dipolar fields of a completely magnetized crystal of Mnjs-ac was calculated in
[127] and was found to be 52.6 mT, in excellent agreement with our data. These cal-
culations as well as the existence of dipolar ferromagnetism in Mnjs-ac are discussed

next.
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Figure 7.5: (a) Magnetization of the minor species as a function of external magnetic
field swept at +5 mT /s with the major species magnetization prepared following the
three protocols described in the text. The triangles (squares) are data taken with
the major species aligned in the positive (negative) direction. The circles are data
taken with the minor species randomly oriented to yield zero magnetization. (b) The
derivative of the curves shown in frame (a).
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7.2.2 Theoretical Calculations of the Dipolar Field

Theoretical calculations of the dipolar field were performed by Garanin and Chud-
novsky [127]. In that work, the authors found that dipolar interactions favor ferro-
magnetic ordering of elongated crystals of Mnjs-acetate below 0.8 K. Ordered crystals
must possess domain walls, and it was proved that the motion of the wall corresponds
to a moving front of Landau-Zener transitions between quantum spin levels. The au-
thors accounted for local spin transitions and long range dynamics of the dipolar field
to study relaxation in molecular magnets: the change in the spin state of one molecule
results in the change in the long range dipolar field.

Quantum tunneling was considered between two nearly degenerate ground states
of magnetic molecules at low temperature interacting with each other as magnetic
dipoles. The molecules are then effectively described by spin 1/2 instead of spin
10. In the absence of Quantum tunneling between states | & .5), these states do not
communicate with each other so that any initial distribution of molecules in spin up
and spin down states will be preserved. The measure of communication between |£.5)
states is the tunnel splitting A. Ferromagnetic ordering and motion of domain walls
can be observed only if A is sufficiently large. In Mnj,-acetate, it can be controlled by
the transverse magnetic field. The authors chose an elongated sample of the shape of
a long cylinder of length L and radius R, the quantization axis of spins being directed
along the z axis of the cylinder and ignored inhomogeneities along the perpendicular
axes x and y and o, depends on z only.

The effective Hamiltonian of one magnetic molecule taking into account only the two
ground states | = 5) of a molecular magnet at low temperature can be formulated in
terms of pseudospin &

Hypf = —%W&Z - %A&x (7.2)
Here W = 2SgupB. is the energy bias that generally depends on time via the total
longitudinal field B, including the external and dipolar fields. A is the tunnel split-

ting defined by uniaxial anisotropy D and the terms in the Hamiltonian that cause

tunneling (like the transverse field), &, 7, are Pauli matrices. The energy levels of
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this Hamiltonian for an instantaneous value of W are:
1
€4+ = :l:ghwo hu)o =V W2 + AQ, (73)

where wy is the corresponding transition frequency.

The energy bias W in the equations above at the site i is given by :
W; =2Sgup(Bz + B,) = Wep + W (7.4)

where B, is the z component of the external field and BZ% is the dipolar field at site

i. The dipolar component of the bias is given by:

VVz'D = 2E‘D Di,zz (75)
where
Di.. =Y _ ¢ijo0 (7.6)
J
and ,
S
B, — (9155) (7.7)
Vo
is the dipolar energy and vy is the unit cell volume and ¢;; = %2”)2_1 and n;; = :ﬂ

i
is the dimensionless dipole-dipole interaction between the spins at sites ¢ and j # 4.

The z-component of the dipolar field itself is given by:

By, = guBSDi,zz“ (7.8)
: o
To calculate the dipolar field, one can introduce a macroscopic sphere of radius r
satisfying vé/ ® < ro < L around the site i where L is the macroscopic linear size of
the sample. The field from the spins at sites j inside the sphere can be calculated by
direct summation over the lattice whereas the field from the spins outside the sphere
can be obtained by integration. In particular for a uniformly magnetized ellipsoid,one

has [127]
Dzz =0, Z ¢ij = Ezzo-z (79)
J
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independently of ¢ where
D.. =D 4470 (1/3 — n?) (7.10)

where v is the number of molecules per unit cell. For the demagnetizing factor one

has n* = 0,1/3, and 1 for a cylinder, sphere, and disk respectively. One obtains

sph

D..*"" = 0 or a simple cubic lattice and D, < 0 for a tetragonal lattice with

a=0b>cand D_..**" >0 for a = b < ¢ Define Ey = _ETZ}ED to be the dipolar energy

per site.
For Mnj,-acetate we have S = 10, a =b = 17.319 A, ¢ = 12.388 A so v is 3716 A3
with 2 molecules per unit cells v =2. Then f—g = 0.0671K. It was proven that for

Mnjs-ac, Ezh =2.155 that results in bzl = 10.53 for a cylinder. In that case, Eq.
yield the dipolar field BP ~ 0.0526 T or 52.6 mT very close to the experimental
value of 51.5+8.5 mT. For a cylinder magnetized with o, = 0.(z) the field along the

symmetry axis has the form:

L/2 2 /
Do(2) =v / 2nito.(7) _—dZ — ko (2) (7.11)
—r2 [(2' = 2)? + R?| /

where k = 8mv/3 — Ezh = 4nv — Ezl > 0, k = 14.6 for Mnjs-acetate. Equation
will be used in the next chapter when numerical work related to deflagration
combined with the effect of the dipolar field is discussed.

In the next chapter we discuss self-organized front of tunneling, a non-thermal
effect triggered by the dipolar field, then we investigate its application to the problem

of thermal deflagration.



Chapter 8

Theory of Quantum Magnetic
Deflagration

In this chapter, we present numerical work on deflagration with quantum and dipo-
lar effects. First, it is necessary to introduce the recent discovery of self-organized
fronts of tunneling, a non-thermal process triggered by the dipolar field that can
bring the system on or off resonance, then I present details of my numerical work on

deflagration.

8.1 Self-Organized Patterns of Macroscopic Quan-

tum Tunneling in Molecular Magnets

Garanin and Chudnovsky recently discovered self-organized patterns of the magneti-
zation when studying low temperature resonant spin tunneling in molecular magnets
induced by a field sweep with the account of dipole-dipole interactions [I31]. It is
well-known that molecular magnets do not show significant exchange interaction be-
cause the magnetic core of the molecule is screened by organic ligands. So magnetic
molecules remain largely superparamagnetic. Garanin and Chudnovsky have shown,

as mentioned in the previous chapter [127], that below 0.8 K molecular magnets can
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order due to dipole-dipole interaction. One important role of dipole-dipole interaction
is that the dipolar field created by the spins is large enough to change the resonance
condition for the up and down spins and thus to influence spin tunneling. It is also
known that in molecular magnets, the reversal of any individual spin changes the
long-range dipolar magnetic field of the entire crystal, which can tune other spins out
of resonance as explained below. Fully ordered spins in an elongated Mnj, sample
create a dipolar field at a molecule that was estimated theoretically [127] and exper-
imentally [121], in a project I was part of, to be &~ 52 mT. This becomes comparable
with the resonance width defined by the tunnel splitting A in transverse magnetic
fields above 5 T, for the k = 1 tunneling resonance. For smaller transverse fields, A
is much smaller and thus the dipole-dipole interactions can completely block the res-
onant tunneling. The action of the dipolar field is dynamical and self-consistent since
tunneling of spins causes the dipolar field to change, blocking or allowing resonant
transitions.

In their work, the authors derived and solved integro-differential equations that
govern the self-organized tunneling dynamics of spins coupled by dipolar interactions
[131]. The calculations used are similar to the ones outlined in the previous chapter
where the dipolar field was calculated. The problem was solved for a long cylindrical
sample of length L and radius R such as R < L. As mentioned in earlier work [70],
deflagration is mathematically described by the system of coupled rate equation for
the number of particles (magnetic molecules) in the metastable state and the heat
conduction equation. Here the effect studied is non-thermal so the heat conduction
equation will not be used. Using the expressions of the bias at site ¢ of W1 from
section 7.2.2, the authors numerically solve for n_g (the initial population of spins
which was magnetized in the —z direction initially) as a function of the time (tI',c; in
dimensionless units) and of dimensionless spatial variable for Mn;s-acetate (see fig.
51).

The relaxation rate in the dipolar mechanism of spin tunneling resembles the
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Figure 8.1: Moving wall of resonant spin tunneling induced by a slow sweep, for
Mnis-acetate. There are well-developed spatially quasiperiodic, time independent
structures behind the wall [I31].

magnetic deflagration in Mnjs-acetate: however, instead of the temperature, the re-
laxation rate is controlled by the self-consistent dipolar field bringing the system on
or off-resonance. The resulting wall of resonant spin tunneling induced by a slow field

sweep is shown in figure |8.1}

8.2 Computation of the Spin Relaxation Rate

Tunneling and relaxation in molecular magnets can be described by the density ma-
trix equation [132] the most comprehensive account of which is given in Ref. [133].

The latter numerically implements the universal spin-phonon interaction suggested
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in Refs. [134) 135]. This interaction is due to distortionless rotation of the crystal
field acting on the spins by transverse phonons and it is completely expressed in
terms of the crystal-field Hamiltonian H4 without any unknown spin-lattice coupling
constants.

As mentioned earlier, experiments in [67, [71] showed the existence of propagating
deflagration (burning) fronts in the molecular magnet Mnjs-ac that are similar to
chemical burning. A. Hernandez-Minguez et al. observed peaks in the deflagration
speed on the bias magnetic field B, that were interpreted as contribution of resonance
spin tunneling. This was shown in chapter 3 in Fig. 3.5 A detailed, mainly classical,
theory of the magnetic deflagration including the ignition threshold and the accurate
prefactor in the Arrhenius-type expression for the speed of the burning front was
proposed in Ref. [70] as detailed in chapter 3: in that work quantum effects in mag-
netic deflagration were taken into account, as a first attempt, by using the Arrhenius
relaxation rate that contains the effective barrier lowering at tunneling resonances
taken from experiments.

The physics of deflagration is based on the relaxation from a metastable state
triggered by the temperature increase and the feedback due to energy release. The
burning front forms because the temperature in the regions still unburned (e.g., be-
fore the front) rises as the result of heat conduction from the hot areas where burning
just occurred. The two main ingredients of deflagration thus are the Arrhenius de-
pendence of the relaxation rate on temperature (making burning in the cold areas
before the front negligibly slow) and the heat conduction. Deflagration is mathemat-
ically described by the system of coupled i) rate equation for the number of particles
(magnetic molecules) in the metastable state and ii) the heat conduction equation.

Subsequent theoretical search for an essentially quantum form of deflagration led
to the discovery of self-organized fronts of tunneling, a non-thermal process triggered
by the dipolar field (rather than by temperature) that can bring the system on or
off resonance [131], 127, 136]. A hallmark of these fronts is the self-consistent adjust-

ment of the metastable population (or magnetization) to the optimal spatial profile
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Figure 8.2: Thermal activation in the nonresonant case vs tunneling in the resonant
case.

that creates the dipolar field that is constant in some region of space, maintaining
the resonance condition (fig. |8.1). The width of the resonance region forming the
front core is about the transverse dimension R of the sample that allows an efficient
tunneling and thus front propagation. On the other hand, in front and behind the
front core the system is off resonance and tunneling is blocked. Fronts of tunneling

can be realized in the dipolar window of the external field B,
0< B, — B, < BP (8.1)

Here By is the field corresponding to the kth resonance in the absence of the dipolar
field and B is the dipolar field created by the uniformly magnetized elongated

crystal. It was shown [I31] that the adjustment mechanism is robust with respect
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to resonance spread (e.g., due to defects) smaller than BgD). There are two regimes
of the front propagation: Laminar regime at smaller bias and non-laminar regime at
larger bias. In the laminar regime the speed of the front increases with the bias but
in the non-laminar regime it decreases with the bias. There is a sharp drop of the
front speed at the breakdown of the laminar regime.

The aim of my work was to unify the theories of the standard (hot) deflagration
and fronts of tunneling (cold deflagration). The first equation to be used for the fronts
of tunneling have been elucidated in chapter 7, see equations [7.8] [7.9] [7.10]

We use the generic model of a molecular magnet with Hy = —DS?, where the

tunneling resonance fields are given by

By =kD/ (gus), k=0,1,... (8.2)

)~ By, between the metastable

Resonance tunneling occurs at Biy, = B, + BéD
ground state |—S) and an excited state at the other side of the barrier |m') with
m’ = S —k. At temperatures much smaller than the barrier height (that also includes
the temperature of the deflagration front) one can describe magnetic molecules as
two-level systems occupying the states |£S). Let us denote the probability for a
molecule to be in the metastable state |—S) as n. Then the average value of the
effective pseudospin o, is

o.=1-2n, (8.3)

so that n = 1 corresponds to o, = —1. The general expression for the longitudinal
component of the dipolar field on magnetic molecule 7 is the sum over positions of all
other molecules j

Sghp
Vo

Bff) = Di,z27 Di,zz = Z gbijo-jz‘ (84)
J

Here vy is the unit-cell volume, D,, is the reduced dipolar field, and

3(e.-n;) -1 ri;
bij = vo : ;J , n;; = —.
ij

(8.5)

Tz'j
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For a long crystal of cylindrical shape of length L and radius R with the symmetry
axis z along the easy axis, magnetized with o, = 0,(z), we will use equations for
D.. and for the reduced magnetic field along the symmetry axis D...

Now the total field is given by

Sgps
Vo

Btot,z<z) = Bz + BgD) = Bz + Dzz<z)- (86)

One of the dynamical equations of the model is the rate equation
on(t, z)

ot
for the metastable population n(z). In Eq. (8.7), T'(B.,T) is the relaxation rate taking

= T (Biow.-(2), T(2)) [n(t, z) — nV(T)] (8.7)

into account both thermal activation over the barrier and resonance spin tunneling
that is calculated from the density matrix equation. In the next section, I will show
some plots for I'(B,, T") as a function of the field and temperature. As Bio . depends
on n(z) everywhere in the sample via Egs. and ), this is an integro-
differential equation. We will set n(*® = 0 which is a good approximation for strong
enough bias [132].

The second equation is the heat conduction equation that is convenient to write
in terms of the energy & of the system per unit cell. In the full-burning case n(*® = 0

this equation has the form

0E(t,z) 0 0&(L,z) on(t, z)
5 = 5.° 4, — ngAE et (8.8)

In Eq. (8.8)) & is the thermal diffusivity and AFE is the energy released in the transition

of a spin from the metastable state to the ground state,

B
AE = 4hDS? = IHBD:
hDS?, h=Ee

The relation between the energy £ and temperature is given by £(T') = fOT c(T")dT”,

(8.9)

where C(T') is the experimentally measured heat capacity per unit cell [137].
To solve the system of Eqs. and numerically, it is convenient to intro-

duce reduced variables [132]

£ _ r

& NQAE’

(8.10)
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B.=3T, first
resonance k = 1

B1=2T, first b)
resonance k = 1

a5 0

Figure 8.3: Relaxation rate I'(B,,T) in a generic model of a molecular magnet when
a)B, =2Tand b) By =3 T.

where ny < 1 is the initial population of the metastable state and I'; is the relaxation
rate at the flame temperature 7 defined by the energy balance ngAE = £(Ty) and
some fixed value of By, . that we set to the resonance field By. The characteristic
distance l; = \/m defines the width of the deflagration front in the case of

normal (thermal) deflagration and x; is the thermal diffusivity at 7. In terms of

these variables, Eqs. and (8.8) become
o€ 0 _0E on

9~ 9:"9: o (8.11)
on ~ -
E = I (Btot,za T(8)> n, (812)

where T' = T'/T 7 is the reduced relaxation rate and & = k/ky. It remains to add the
expression for Bi . in reduced variables, Eq. with D,,(Z) given by Eq.
with z = Zand R = R = R/l4. The important parameter R is the ratio of the width
of the front of tunneling that is of order R (see Refs. [I31], 136]) and the width of the
standard deflagration front [67].
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Eqgs. and have been solved numerically by choosing a finite-length
sample and discretizing the problem in z. This yields a system of ordinary differential
equations in time. We set £ = 1 for simplicity that means temperature-independent
thermal diffusivity. Before solving the equations, I' was calculated from the density
matrix equation[I33] for the transverse field B = 3 T and tabulated as a function of
Biot» and £. As [ increases by many orders of magnitude near tunneling resonances
one has to use many different values of Bi . for interpolation here. In Fig. m one can
see that for such a strong transverse field the barrier is reduced to zero at resonance
where I' practically does not depend on temperature. Thus near the resonance the
cold deflagration should dominate, while off resonance the regular deflagration should

take place.

8.3 Quantum Deflagration Fronts

8.3.1 Various Types of Fronts

In Eqgs. and , if one switches off the field sweep, while the temperature
is rising, a typical thermal fronts develops. This front is shown in figure for 2 T
and 3 T transverse field at the first resonance.

The effect of the transverse field on the front speed can already be seen. When
B, =3 T, one can see shortly after the front starts, the transverse field accelerates
the speed of the deflagration front. These fronts were calculated using the numerically
calculated relaxation rates from the density matrix formalism. Plots of Log(I'(B,,T))
are shown in Fig. for the cases when B, = 2 T and when B, = 3 T, with the
external swept field expressed in K.

When the field is swept, a small term was added to in order to kill self-
ignition when computing the solution numerically. The results are shown in fig. [8.5|
Hot or cold deflagration take place depending on the various conditions as discussed

next.
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a) Bi=2T, first b) Bi=3T, first
resonance k = 1 resonance k = 1
1.0«
1.0
n 0.9 20 N
0.5
0.0

Figure 8.4: Deflagration fronts for R = 10 and L = L/l; = 50 as a function of 7 and
dimensionless spatial variables when a)B; =2 T and b) B, =3 T.

a) Bi=3T,£=0.1, first b) Bi=3T, ¢=0.1, first
resonance k = 1 resonance k = 1

Figure 8.5: Deflagration front when the field is swept for B, = 2, R = 10 and
L=1L/l; =50 and e = 0.1 when the added term to 1) is a) 0, b) slightly greater
than zero.
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Figure 8.6: Profiles of the metastable population n and the total bias W across the
front for two values of the external bias Wey: (a) Wexy = 0, laminar regime; (b)

Wext = 5, non-laminar regime.

8.3.2 Front Speed

For the discussion it is convenient to consider the energy bias W = ¢_g —¢,,,» between

the two resonant levels,

W = (S +m) gup (B. + BP) — By) = W + W), (8.13)

where W, does not contain BgD). It is convenient to use the reduced external bias

17 Wext m/ Yo
W = = (14 =) =~ (B. - By), 8.14
== (147 ) e (B - (814

where Ep = (Sg,uB)2 /vo is the dipolar energy, Ep/kg = 0.0671 K for Mnjs-ac. At
the right end of the dipolar window of Eq. one has B, = By, + B”). Thus with
the help of Eq. one obtains Wext =(1/2)(1+m'/S) D,., ie., Wext ~ D,, for
small bias, m’ &= S. We will see that in the case of strong tunneling the speed of the

quantum deflagration front has a maximum at the right end of the dipolar window,

—~

W ~ DY = 10.53 for Mn,s-ac.
Cold deflagration can be ignited by the field sweep across the resonance. In
this case ignition occurs around the “magical” value Wext = 5 that corresponds to

B, — By = 22 mT [131], 136]. Outside the dipolar window fronts of tunneling do not
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exist that thus cannot be excited. On the other hand, standard deflagration can be
initiated, at any bias, by a quick temperature rise on one side of the sample [132].
Applying this method of ignition here, we will see that within the dipolar window
the process is modified by spin tunneling and the speed of the burning front can

significantly increase for R > 1, especially at the right end of the window.

There are two regimes of propagation of fronts of tunneling: Laminar and non-
laminar. Laminar regime with a smooth front takes place in the left part of the
dipolar window, 0 < B, — By, < 10 mT (or 0 < Wext < 1.3), while the non-laminar
regime with frozen-in quasiperiodic spatial patterns of the magnetization behind the
front is realized in the right part of the dipolar window. In both regimes burning
is not complete and becomes less complete with increasing the bias. In the laminar
regime the residual magnetization and the front speed were calculated analytically
[136]. The front speed increases with the bias. In the non-laminar regime, quasi-
periodic frozen-in patterns of magnetization deteriorate the resonance condition, and
the front speed decreases with the bias after the breakdown of the laminar regime (see
Fig. 5 of Ref. [I36]). Thermal mechanism of deflagration leads to complete burning
of this residual metastable population that smoothens the dipolar field profile in the
sample and improves the resonance condition inside the front core. This leads to the
increase of the front speed because of spin tunneling in the whole dipolar window.

Results of numerical calculations for the profiles of the metastable population n
and the total bias W in the front for R = 1 are shown in Fig. . Both in laminar
and non-laminar regimes, there is a region where W = 0 and resonant tunneling
takes place, causing a greater slope of n(z). Behind the front (on the left) metastable
population n burns to zero via thermal mechanism.

Numerical solutions for the front speed for the generic model with B, = 3 T and
R =1 and 10 are shown in Fig. [8.7. We plot the reduced front speed & = v/(I4I')
[136]. Within the dipolar window the front speed can largely exceed the speed of

regular deflagration and depends on the transverse crystal size R parametrized by R.



130

"1 k-1B=3T ! ' i
12- 5 i
104 E I
' ' | Normal
Normal - . + { Norma
] . Dipolar window | L
°1 deflagration P 1.1 deflagration
| . ] _
61 - fi I
5 R=12#-J'
4 - : ".’. l] -
: 3 -
2 - . R= L
_IIIIIIIIII-
0 ; | . T . | . Ew— |
10 5 0 5 10\ 15 55,
52mT ” oxt

Figure 8.7:  Reduced front speed © vs bias field for different values of the reduced
transverse size R = R/ly, l4 being the width of the thermal deflagration front. For
such a strong applied transverse field, the effect of tunneling is dramatic.

At B, = 3 T the maximal values of © are attained at the right end of the dipolar
window, followed by a steep drop towards the standard-deflagration result outside the
dipolar window. For smaller transverse fields such as 2 T, the effect of spin tunneling
is weaker and v reaches a maximum somewhere in the middle of the dipolar window,

depending on R.

8.4 Conclusion

Measurements of the speed of deflagration fronts [67, [71] were done in zero or small

transverse field, so that the influence of resonance spin tunneling on the front speed is
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not so dramatic as in Fig. 8.7 It would be highly interesting to perform deflagration
experiments in strong enough transverse field to see the big effect of tunneling on the
front propagation. Changing thermal contact of the crystal with the environment,
one can boost or suppress the thermal mechanism of magnetic burning thus isolating

thermal and quantum effects from each other.
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