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“Perfection. That's what it‘s about. It‘s those moments. When you can feel the per-
fection of creation. The beauty of physics, you know, the wonder of mathematics. The
elation of action and reaction, and that is the kind of perfection that I want to be con-

nected to.”

Sam Anders, Battlestar Galactica.



Abstract

Single molecule magnets (SMM) have been widely investigated as model compounds for
quantum tunneling of magnetization. In the Feg molecular magnet tunneling can occur
from a meta-stable state to an excited state followed by a transition to the ground state.
This transition is accompanied by an energy release of 115.6 GHz. Previous work done
by Oren Shafir and Amit Keren [1] showed a jump in the temperature of a thermometer
placed far from the sample, every time a tunneling event took place. The first objective
of this research was to measure whether this energy is released in the form of thermal
or electromagnetic energy. Contrary to a previous publication we find no evidence for
the release of electromagnetic radiation. However, under some conditions this release
of heat causes magnetization reversal in the form of a deflagration. The deflagration
ignites by tunneling and its front velocity is of the order of 1 m/sec. This velocity is
sensitive to field gradients and sweep rates. In addition, the propagation velocity of a
heat pulse through the sample was measured. These measurements are discussed in the

context of deflagration theory.
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Chapter 1

Introduction

1.1 Single Molecule Magnets and Nano-Magnetism

Nano-magnetism is defined as the discipline dealing with magnetic structures of a sub-
micron dimension. This area of research appears to provide a large number of novel
applications, from high density magnetic media, to new types of devices where the charge
property of the electron is combined with its spin (i.e. spintronics)[2, 3]. Magnetic
molecules represent the ultimate possible size of a nano-magnet, providing a unique
opportunity to observe the coexistence of classical and quantum properties. Single
molecule magnets (SMM) consist of clusters of a finite number of magnetic centers
(transition-metal or rare-earth ions, or even organic radicals) strongly coupled with each
other, and surrounded by shells of ligand molecules. At low temperatures the resulting
intra-cluster interactions exceed inter-cluster ones, such that every magnetic molecule
can be considered a single (nano)-object with a high spin ground state (S ~ 10) and
large zero field splitting. This means a large energy barrier between the spin-up and the

spin-down states which leads to a relatively long relaxation time (= 5 x 10° s).

However, the molecules do interact with each other through magnetic dipolar interac-
tions and the lattice (e.g. phonons). This research thesis investigates the influence of
such intermolecular interactions on the energy released from an SMM when it decays
from an excited state to the ground state. Usually these molecules are well ordered,
forming crystals of macroscopic sizes. These materials are thus in between the macro
and microscopic world, since macroscopic measurements can give access to the properties

of the single molecule (ensemble average), which are governed by the laws of quantum
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1 'Htrnrm = 0

dH,/dt =
14dmT/s

0.5

0.4, 0.3

and 0.04K

0 0.2 0.4 0.6 0.8
MoH,(T)

FIGURE 1.1: Temperature dependence of hysteresis loops [5]

mechanics. SMMs are to date the best candidates to observe quantum effects in mag-
nets, such as the tunneling of the magnetization described in section 1.5, superradiance
described in section 1.6 and the tunneling effect in magnetic deflagration described in

section 1.7.

The single molecular magnet [(C¢H;5N3)gFesO2(OH);2]Br7(H2O)Br-8H,0, abbreviated
Feg, is a representative compound in which quantum tunneling of magnetization (QTM)
has been observed, in the form of temperature-independent (below 7' ~ 400 mK),
regularly-spaced steps (every ~ 0.225 T) in the hysteresis loop [4-6] as seen in Figure
1.1 taken from Ref. [5]. Namely, it exhibits ‘pure’ quantum tunneling of the magnetiza-
tion below 400 mK. These magnetization steps could be understood using only the spin

Hamiltonian as described in section 1.2.

1.2 The Spin Hamiltonian

When a magnetic ion with d electrons is placed in a crystal field, the angular momentum
is quenched and the only degree of freedom is the spin. When the spin-orbit interaction

is taken into account, second order perturbation theory can lead to a coupling of a spin
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with itself. At this order of the perturbation, the combined effect of the crystal-fields

and spin-orbit interaction is a spin Hamiltonian of a quadratic form, given by [7]

H=S-D-S (1.1)

where D is a real, symmetric tensor. The coordinate axes x, y, z can be chosen such

that D is diagonal and 1.1 takes the form:

Ho = DauSs + Dyy Sz + D...S? (1.2)

where S, Sy, S, are spin Operators.

After subtracting
(1/2) (D + Dyy) (S5 + Sy + S2) = (1/2)(Daa + Dyy) S(S +1) (1.3)

which is a constant and does not change the physical properties of the system.

We are left with:

H=DS}+E-(5 -5} (1.4)
where:
1 1 1
D= Dzz — lix - EDyy; E = 5 (DI:E - Dyy) (15)

D can be positive or negative. If D is positive the levels with the lowest |m| are the
most stable and vice versa. Positive D corresponds to easy-plane magnetic anisotropy,
negative D to easy-axis type magnetic anisotropy. Higher order spin terms are also

possible and are given below.

It follows from equation 1.5 that in cubic symmetry D and E are equal to zero since
Dy = Dy, = D, and in uniaxial symmetry only E = 0 since Dy, = D,y # D... Thus,
in uniaxial symmetry, the (25 + 1) spin levels are expressed only with the D parameter.
The energy barrier is present even in the absence of an applied external magnetic field.
Therefore this effect is often called zero-field splitting (ZFS). The E parameter mixes the
myg states, i.e. the pure mg states are no longer the energy Eigenstates of the system and
tunneling between them can take place. Thus, F is responsible for the tunnel splitting.

In the next section we examine the spin Hamiltonian of the Feg compound.



Chapter 1. Introduction 4

1.3 Feg Compound

5 ;
Fe 1
© Iron Ju\r—'e’/".ﬂ:/
® Onyp Jas J f Jis Jas
© Nitrogen .
O Carbon 3 EJ“ Fe4
© Hydrogen .
I3 : I3
J3s : J3s
1
F
Fe/ﬁi-/zews\ﬁ
7 6
FiGURE 1.2: Schematic structure of FIGURE 1.3: Scheme of the
Feg with the suggested preferred ori- exchange pathways connect-
entation of the individual spins. [8] ing iron (IIT) centers in Feg

The Feg compound, seen in Figure 1.2, was first reported by Wieghardt in the 1980s
[9]. It meets the conditions for behaving as a SMM. The antiferromagnetic interactions
between the spins of the ions are in the range of 20 to 170K, as seen in Figure 1.3 and

in the table below[10]:

J12(K) | J13(K) | Ji5(K) | J35(K)
-147 -173 -22 -50

At temperatures below the magnetic coupling between ions inside the molecule, the
spins of the ions are locked and the molecule shows an S = 10 ground state with an
Ising type magnetic anisotropy [11]. The temperature dependence of xT indicates a fer-
romagnetic behavior with a ground S = 10 state confirmed by high-field magnetization
measurements [10]. This ground state can be justified by putting six (S = %) spins up
and two down. The fit of the temperature dependence of the susceptibility, and polar-
ized neutrons diffraction experiment [12] suggest that the spin arrangement is as shown
by the arrows in Figure 1.2. The ground S = 10 state has a large zero-field splitting
and relatively small tunnel splitting that has been measured by HF-EPR (High Field
Electron Paramagnetic Resonance) [11, 13], inelastic neutron scattering,[14, 15] and far

infrared spectroscopy[16]. The results are concentrated in the table below:

H =DS?+ E(S2 — S2) + B{O} + B;O; + BjO; (1.6)
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D(K) | |[E/D| | Bi(K) Bi(K) Bi(K) | Ref
-0.295 | 0.19 | 23x107% | =72 x107% | —1.2 x 1075 | [13]
-0.292 | 016 | 1.0x107% | 1.2x107" | 86x107% |[1
-0.295 | 0.15 |2.0x107%| 1.2x1077 | 8.6x10°¢ | [16]

where
OF = 1 {[782 = S(S+1) = 5] (5% +52) + (8% +52) [7S2 = S(S+1) = 5]}
0F =118, (S%+5%) + (ST +52) 8]
O} =% (st +51)

(1.7)

Also, the magnetic interactions between the molecules are negligibly small as compared
to the zero field splitting (=~ 0.05 K'), and the molecules on the lattice should behave
like non-interacting spins. However, in reality, to fully understand the magnetization
steps, one must introduce terms linear in S; and S_ despite the fact that they are
not allowed by the crystal symmetry. This suggests that intermolecular interaction or
nuclear moments could not be completely neglected in the model for quantum tunneling

of magnetization (QTM).

1.4 Thermal Relaxation in Molecular Magnets

At non zero temperature when neglecting tunneling effect, the population of spins in the

states |m;) having an energy of E; follows a Boltzman distribution and is proportional

to exp (—k?T> Then the population of state |m;) is given by:

1 E;
n; = A exXp <_kBlT)

(1.8)

E.
7 = Zexp (— kBJT)

J

The magnetization along the Z direction is the sum of the population multiplied by the

corresponding spin projections:

M, =Y nm, (1.9)



Chapter 1. Introduction 6

The dynamics of the magnetization can be described by equations for the number of

spins in the left ny and right wells n_ of the potential:

iy =+ _ng Flyon_ =T (nf —ny). (1.10)

where I'1 are the escape rates from the positive/negative wells and are described by the

following equations:

' =Tgexp (_kBLT>
(1.11)

'y =Tgexp (—U,;;ATE)

where U is the energy barrier, AE the energy difference between the two wells and '
is the attempt frequency. Neglecting resonant tunneling, and using I' = T'y +T'_ we get

a total relaxation rate of:

= Fye [ 2] (1o [ 22)) an

At high temperatures the spins are thermally activated and decay from one side of the
well to the other in a time that is much shorter than the measuring times. The magnetic
moments are in thermal equilibrium and M, % At low temperatures, kT < U, the
spins do not have enough energy to overcome the double well potential energy barrier.
The system shows a slow relaxation and is practicliy metastable. When the time scale
of spin relaxation becomes longer than the measuring time, teqsure, hysteresis loop will
be observed in the magnetization curve due to ”blocking” of the spins in one side of
the well. The blocking temperature, 15, is defined as the temperature below which the

SMM shows hysteretic behavior. Solving t,cqsure = %, we get the blocking temperature:

U

Tg = .
B kB In (Fotmeasure)

(1.13)

In addition to classical thermal relaxation, at low temperatures tunneling between spin

states must be taken into account.
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1.5 Quantum tunneling of magnetization

1.5.1 Tunnel Splitting for S=1

To understand how quantum tunneling of the magnetization works, let us first assume
for simplicity spin S = 1 and the Hamiltonian from equation 1.4. In matrix notation

the Crystal Field Hamiltonian is given by:

D 0 FE
H=DS:+E-(S;-S;)=| 0 0 0 |. (1.14)
E 0 D
When E = 0 we get three eigenstates:
1 0 0
lup) =1 0 |[,|middle)y =| 1 |and|down)= 1| 0 (1.15)
0 0 1

If D is negative we have a double degenerate ground state with energy D and excited
state with zero energy. When E # 0 the two states are coupled and the eigenvectors

become:

1 1 0
! 0 Ll dl 1 (1.16)
— , —= an .
V2 V2
—1 1 0

with eigenvalues: (D — E) , (D + E) and 0 respectively. Since |up) and |down) are no

longer eigenstates there is a probability to tunnel between them which is given by:

downfexp (<7 fup

2
_1- cos2(2Et/h) _1- cos2(At/h) (1.17)

This means that the system will oscillate between the two states at a frequency of
2E/h = A/h where A = 2F is called the Tunnel Splitting, and is illustrated in Figure
1.4. In order to observe the tunneling process one needs to prepare the system where

all the spins are in one side of the double potential well.
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FIGURE 1.4: Tunneling in a double well system. a) Noninteracting states; b) interacting
states giving rise to tunnel splitting A; [17]

1.5.2 Quantum Tunneling for S=10

Now we look at the Feg system with a well defined ground spin state, characterized by
a large value of S = 10 and an external magnetic field parallel to the easy axis of the
molecules. Adding the Ziman term and assuming £ = 0 the Hamiltonian from Eq 1.4

can be written as:

H = DS? — gupH.S.. (1.18)

The energies are calculated to be:

E(M,) = DM + gupM;H, (1.19)
where —5 < M, < S.

The energy levels can be illustrated as a double potential well as shown in Figure 1.5.
When no external field is applied all the levels are double degenerate, except M, = 0.
Since D is negative, the My = .5 levels are the ground state. The states with positive
My are plotted on one side of the barrier, and those with negative M, on the other.
The system can be prepared in a magnetized state by applying a strong magnetic field
parallel to the easy axis. At low temperatures and positive field H,, the My = —10 state
will be the only one populated.

At low temperatures, where no phonons are available, only the degenerate My = £10

levels will be populated. As long as F = 0 in the Hamiltonian of Eq 1.4, the two states
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a) H,=0 Hz >0 o) B« 0

| ; nb) /'\ 1 ) {
, \ \ \ / A /
f \

\ g
F1cURE 1.5: Energy levels for a spin state S with easy axis magnetic anisotropy. The
+M levels are localized on the left side and the -M levels on the right side. a) In
zero field the two states are equally populated; b) the application of a magnetic field

selectively populates the left side; ¢) reversing the field direction populates the other
side of the well

are orthogonal to each other, and there is no possibility of tunneling. In principle, since
the two states are degenerate, all their linear combinations will be eigenfunctions of
the system. To observe tunneling the two functions must be admixed by some suitable
perturbation H;. It is the Hy = E(S2 — S;) of Eq 1.4 that produces this admixing.
And, as mentioned before, other terms such as disorder, distortion which removes the

uniaxial symmetry, and molecular coupling can also contribute to the admixing.

The Hamiltonian #; does not commute with Ho = D(S?), and therefore the eigenstates
of the full Hamiltonian H = Ho + H; are an admixture of |M) states, with a different
sign of M. The wavefunction is therefore partially delocalized on both wells and this
may give rise to tunneling, which may occur not only between the lowest-lying states
Mg = £S5, but also between pairs of degenerate excited states. The fields at which
crossing occurs, assuming F << D, are given by Eq 1.20:

Hy () = 2 =1 x 0.225[1] (1.20)

guB
Here H,, is called the "matching” fields since, at these fields, spin states with opposite
signs have identical energies and tunneling can occur. The full energy diagram obtained
by numerical diagonalization of the Hamiltonian is depicted in Figure 1.6. H,, represents
fields at which lines cross each other (level crossing). With the reintroduction of E, the
level crossing turns into an avoided crossing with a gap A, which is the tunnel splitting,

as presented in the inset of Figure 1.6. Since H; couples states with |[My — M| = 2
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FIGURE 1.6: Zeeman diagram of the 21 levels of the S = 10 manifold of Feg as a

function of the magnetic field applied along the easy axis and the quantum numbers

M, . The inset is a zoom on the level crossing, which, in fact, is an avoided crossing
with energy splitting [5]

(because S+ = S, +1iS,) when sweeping the field from positive to negative, the tunneling
that has the highest probability is taking place at pgH = 0.44 T meaning that the
molecule tunnels from M;=10 to M =-8, followed by a transition from M;=-8 to M;=-9
to Mg=-10, as illustrated by arrows in Figure 1.6.

The energy difference between two M states when |My — M!| = n is given by:

AE(n)=2n(S—n)D
AE (n=1)=5.256 Kelvin (1.21)
AE (n=2)=9.344 Kelvin

This energy can be released as thermal energy of radiation. If the energy releases
as radiation, the frequencies are 109.5 Ghz for My = —9 to My = —10 transition and
85.2 Ghz for My=-8 to My=-9 transition. The wavelengths are ~ 2.7 mm and ~ 3.5 mm

accordingly. As will be shown later, our sample size is also about 3 x 3 x 1 mm?. This is
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the elementary condition for Dicke Superradiance reviewed in section 1.6. If the energy
is released as heat, it leads to a local temperature rise of AT = AE/Cy), where Cp
is the phonon heat capacity per magnetic molecule. The higher temperature raises the
transition probabilities and can cause magnetic deflagration which is discussed in section

1.7.

1.6 Superradiance (SR) - The Dicke model

Cooperative effects such as Superradiance and Subradiance are fundamental effects
which originate from collective interactions of initially independent systems with the
radiation field. When the molecules are confined to a volume smaller than radiation
wavelength cubed, the spontaneous emission is enhanced when the molecules’ dipole
moments are in phase (superradiance) and inhibited when they are out of phase (sub-

radiance). The first model for superadiance was suggested by Dicke in 1954 [18].

The Dicke model suggested a system with N atoms. First we discuss this model for two

atoms only. Each atom is modeled as a two-level system with an energy difference of:

AE = hw = hc/\ (1.22)
The non interacting states are:

l9192) |g1e2) leig2) lerea) (1.23)

where g; and e; are the ground and the excited state respectively. They can be repre-

sented as spin % states and we can form Dicke states as a singlet:

0,0) = ;5 (le1ga) — lgres)) (1.24)
and triplet:

[1,1) = leres)

11,00 = 75 (le1g2) + gre2)) (1.25)

11, -1) = |g192)
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The M = 0 of the triplet and the singlet states both correspond to one excited atom
and one at the ground state when |1, 0) is the symmetric and |0, 0) is the anti-symmetric

state under atom exchange.

For a ensemble of N identical non-degenerate atoms Dicke defined collective spin oper-

ators:
N N N o 3
M=Yal M=del M=) M=Yya am
j=1 j=1 7j=1 =1

where 01 2 3 are the well known spin operators for a single atom which now work on the

ground-excited Hilbert space.

The collective Dicke states are 1) = |L, M) where:
A3 ‘L7M> =M |L7M>

and

A*|L,M)=L(L+1)|L,M)

with |[M| < L < &

The raising and lowering operators are:

A~ |LM)=+/(L+M)(L—-M +1)|L,M —1)

(1.27)
A* LMY = /(L — M)(L + M + 1) |L, M +1).

If the atoms are confined to a volume much smaller than the radiation wavelength cubed,
A3 from Eq 1.22, the long wavelength approximation can be used. Meaning the electric
field can be taken as a constant in space. Then the interaction Hamiltonian between the

atoms and radiation can be written as:

V=e> E-1 (1.28)

Using the Wigner-Eckart theorem

r; « 0; with proportionality constant that is independent of i. Therefore,

V =const-E- A. (1.29)

This can be written as
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V= <E+(0) + E(O)) . (d:,eA’ + dégN) (1.30)

where Ege = (g|dle) and Eeg = (e|d|g) are electric dipole matrix elements of a single

atom with d = g7 and:

N L . T
EWO):@E,/Z’&%&@E B (0) = [E%)] (1.31)
ke

Calculating the transition rate from initial state, n., representing the number of photons,
i =|L,M,ny, =0) to a final state with one emitted photon f = |L,M +1,n, = 1), and

leaving only the emission part of the Hamiltonian, we get:

_ 2
roc S|l (4B 0)) A1) (1.32)
f
Expression 1.32 can be written as:
I =To(LM|ATA™|LM) (1.33)
where I'y is the single atom emission rate.
This finally yields:
=(L+M)(L-—M+1)Ty (1.34)
If all atoms are excited, meaning: |L, M) = ’N/Q, N/2> then
I'=NT (1.35)

which corresponds to N independent radiating atoms. If half of the atoms are excited,

then: |L, M) = |L,0) and the emission rate is given by:

I'=L(L+1)Ty (1.36)

where 0 < L < N /2, L is called the Cooperation number. If L is at maximum, we get

an enhancement of the spontaneous emission by approximately a factor of N:
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N (N N2
This effect is called Superradiance. In the case of L = 0 we get I' = 0 although half

of the atoms are excited, this effect is called Subradiance.

In the example of two atoms the decay from the |1,0) to the ground state corresponds
to the superradiating state with I' = 2I'g and the decay from the |0,0) to the ground

state corresponds to the Subradiance with I' = 0.

In molecular magnets one can control the number of spins (this time real magnetic
spins) in the ground and excited states using different sweep rates. Therefore, it might

be possible to prepare different Dicke states and study their influence on the radiation.

1.7 Magnetic Deflagration

Magnetic avalanche was first reported by Paulsen and Park [19]. Most of the work on
this subject has been focused on Mnio. Indeed, in Mnjo intriguing effects were found,
such as deflagration [20, 21], quantum assisted deflagration [22], and detonation [23, 24].
In all these cases, a spin reversal front propagates through the sample in a form of
deflagration. When the spins decay to the ground state and release their energy in the
form of phonons, this leads to a rise in temperature of the neighboring molecules. In

most cases the decay rate has the Arrhenius temperature dependence:

' =Tyexp [_k:BUT] . (1.38)

When the rate of the heat release exceeds the rate at which it defuses away from the
neighbor sites, the temperature rises. This temperature rise increases the transition rates
of the neighboring molecules, then more molecules decay and release more phonons. The
relaxation becomes a self-sustained process with a hot front propagating through the
sample at a constant velocity. This process can be described as magnetic deflagration
when the Zeeman energy plays the role of chemical energy and the uniaxial anisotropy
barrier is the activation energy, as seen in Figure 1.7. Contrary to regular deflagration,
the burned area, i.e. the parts of the crystal with a spin parallel to the field, can be
returned to a metastable state, in other words turn back to fuel simply by reversing the
direction of the magnetic field. Hence, magnetic deflagration is non-destructive process

and allows studies which are not possible with chemical deflagration. It is interesting
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FIGURE 1.7: Activation and Zeeman energy in the deflagration process.

to notice that deflagration do not occur in traditional magnetic systems, even though
many of them have a strong uniaxial anisotropy. In those materials the released energy
is much smaller than in the case of a regular (chemical) deflagration. Meaning that
in room temperatures, the temperature increase due to Zeeman energy is too small to
change the relaxation rate and support deflagration. Only at low temperatures does the

increase of the relaxation rate become large enough.

Magnetic deflagration theory is covered comprehensively in Ref. [25]. It includes cal-
culations of the velocity of the burning front and ignition time due to local increase of
temperature or change of the magnetic field. However, up to now there has been no good
agreement between the theory and experiment for several reasons. First, the thermal
diffusivity k, which plays a critical role in the theory of deflagration has not yet been
measured. Second, the theory does not take into account effects such as superradiance

and phonon bottleneck.

The molecular magnets are famous for their quantum effects such as tunneling. The

first discovery of magnetic avalanches [19] started the quest to link the classical effect
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FiGUre 1.8: Effective barrier vs applied field H, obtained from the relaxation mea-
surements . Hr = 0.467 is the interval between resonant fields in Mnys.

of deflagration to quantum phenomena of QTM. The simplest theory of magnetic defla-
gration [22, 25] describes the thermally assisted tunneling as an effective lowering of the
energy barrier at the resonance values of the external field as seen in Figure.1.8 which

has been taken from Ref.[26].

Further theoretical research led to the idea that the dipole-dipole interaction can play
an active role in deflagration. By adding the dipole field to the external bias field, the
dipolar field can set some molecules on or off resonance. And tunneling of one magnetic
molecule changes the dipolar fields on the other ones, thus controlling the relaxation
rate, as temperature does in thermal deflagration. A solution of this problem at zero
temperature in the form of a moving front of tunneling has been calculated numerically

[27] and analytically [28]. This effect is sometimes called cold deflagration.
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1.7.1 Theory of Magnetic deflagration

The generic Hamiltonian for a molecular magnet
H = DS? — gugH.S. +H'. (1.39)

where H' includes all the terms that do not commute with S, and are responsible for

the tunneling. We can define the energy barrier

B
—(1—h)? _ 2 _ 9iB z
U ( h)“Uy, Uy=DS*, h= 2DS

(1.40)

The average energy per molecule released when decaying to the ground state given by

(1.41)

AFE =2gupH,S (AM>

2M,

where M, is the saturation magnetization and AM is the change from initial to final
state. The ignition of the deflagration is controlled by two processes: 1. the creation of
heat given by

AT = AE/C (1.42)

where C' is the heat capacity per magnetic molecule. This is mainly due to phonons,
whereas the magnetic contribution is relatively small. Then, 2. the diffusion of heat is

given by the heat equation:

= _VEVT - =2 (1.43)

where k is the heat conductivity. Neglecting the contribution of spin tunneling at low
temperatures where U/kpT < 1, the metastable population n is given by

dn

— =-T(n—n* 1.44

= T (0 ) (1.44)
where T is the relaxation rate. From section 1.4 the equilibrium metastable population

n® is given by
1
ned —

= (1.45)
1+exp (é—%)
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Assuming only phonon contribution, we can use the relation C' = de/dT and rewrite

equation 1.43 in terms of energy
¢ =V .-krVe —nAE. (1.46)

where k = k/C' it the thermal diffusivity which can be highly temperature-dependent

at low temperatures.

Equations 1.12 | 1.44 , 1.46 with the relation
T
e(T) = / C (1) dr’ (1.47)
0

are a very nonlinear set of equations. Although they can be solved numerically, finding

an analytical solution is not an easy task.

1.7.2 Ignition of Deflagration

If the diffusion of heat is enough to keep the sample at a stationary low temperatures
the deflagration will not ignite. In the other case, the heat loss through the boundaries
is insufficient to compensate for the creation of heat by the decaying molecules. This
will lead to the ignition of a self sustained deflagration process. For a cylindrical sample,

the condition for ignition is met when the relaxation rate is higher than [25]:

8k (To) kpTy

.=
U (H)AE?

(1.48)

where Tj is the temperature of the sample boundary, k (Tp) is the thermal conductivity
at T' = Ty, U(H) is the energy barrier and [ is the characteristic length of the sample.
Magnetic deflagration can be initiated experimentally, either by heating one side of the
sample [29-31], by surface acoustic waves [22] or by sweeping the magnetic field through

the resonance [20, 32]

1.7.2.1 Thermally Driven Deflagration Front

A propagating deflagration front is a one-dimensional problem. The deflagration front
propagates in one direction and has a flat and smooth profile. The stability of the flat

front can be seen by assuming that a portion on the front gets ahead of the rest. Then
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the heat from this portion starts to flow sideways. This will speed up the rest of the

front left behind and also slow down the leading portion causing a flat front.

In the deflagration process there are two characteristic timescales. The first is the
thermal diffusion timescale 5

Tq ™ -
where xk = Ciph is the thermal diffusivity and ¢ is the width of the hot part of the front.

The second is the burning timescale which is the chemical reaction timescale given by

AE
Tp = To €XP k‘BTf

where 79 is the attempt time, and T is the temperature of the front that also adverted
as the flame temperature. The width of the front can be approximated by equalizing
the two timescales 74 ~ 73, leading to 6 = /k7,. The front propagates at a characteristic

speed v, which equals the width over the burning rate:

o [E = o (L) a0

where the flame temperature is given by:

1
Op 5n,-AE] /4

Ty =22 1.50
= [3@3@,3 (1.50)

where Op is the Debye temperature and n; is the fraction of spins in the excited state

[25].

In brief, the Chudnovsky-Garanin Theory of deflagration captures the main features
found in the experiments. However, although some ignition experimental results agree
with it in detail the theory does not provide a fully satisfactory description of the mag-
netic field gradient and sweep rate dependence of ignition and front velocity of the

deflagration. As we shall see in measurements presented in section 4.3.



Chapter 2

Previous Work

2.1 The Magnetization of Feg

The magnetization of Feg molecules as a function of an external field is presented in

Figures 1.1 and 2.1, exhibiting hysteresis loops which have steps at well defined field

values [5]. In Figure 1.1 one can see the temperature dependence of the “staircase”

structure above 0.4 K at a constant sweep rate. Above 0.4 K there is thermally assisted

tunneling and therefore wider steps in the magnetization. In Figure 2.1, five curves

taken at 40 mK are shown, where the external field changed at five different sweeping

'Hl.rll'l‘B: = 0
T = 0.04K

———0.7mT/s
¥ ————1.4mT/s

——— 2 amT/s
———5.6mT/s
—11.2mMmT/s

1 1 'l L

0.2 0.4 0.6 0.8
B HA(T)

FIGURE 2.1: Field sweeping rate dependence of hysteresis loops[5]

20
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FIGURE 2.2: Cross sectional view of the Faraday balance with: (1) movable plate of

the capacitor (2) screw for capacitor’s fixed plate height adjustment (3) sample (4) a

fluorocarbon-based polymer (5) gold-plated casing of the thermometer (6) thermal link
to the DR mixing chamber (7) main coil (8) and gradient coils [1].

rates. The steps for all sweeping rates occur at the same field values, but the height of
the step is different for the different rates. At a higher sweep rate a smaller fraction of
molecules can relax by resonant quantum tunneling at lower critical fields. Therefore,
more molecules are left in the excited state and the steps at higher critical fields are

increased in height as the sweeping rate increases.

2.2 Radiation from Feg

Radiation emission from an Feg single crystal was suggested by Shafir and Keren after
the discovery of a jump in the temperature at each step in the magnetization curve [1].
The experimental setup is shown in Figure 2.2. The magnetization was measured using a
Faraday force magnetometer, and the temperature was measured using a 2.2 K2 RuO»
thermistor in a gold coated casing. The results can be seen in Figure 2.3. Since the
entire system is in a vacuum, the only ways that the energy could reach the thermometer
is by radiation or via the copper thermal link. In another experiment the thermometer
was moved to a separate thermal link to the mixing chamber, and the line of sight
between the sample and the thermometer was blocked by covering the sample with a
copper cylinder. The results are depicted in Figure 2.4. The steps in the magnetization
were still seen, but the spikes in the temperature were not. The conclusion was that the
thermometer heats up from bursts of photons from the sample. This Radiation could

be in the form of Superradiance (see Sec 1.6).
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FiGure 2.3: Normalized derivative

of the magnetization and temperature

spikes vs magnetic field. Raw data is

in the inset: (a) magnetization and (b)

temperature vs magnetic field. Steps

in the magnetization indicate QTM in
the sample.

FIGURE 2.4: The normalized deriva-

tive of the magnetization (¢) and tem-

perature (d) vs magnetic field (same

sweeping direction) with covered sam-

ple. The change in the magnetization

is not followed this time by an increase
in the temperature.

Bal et al.[33] showed in 2005 that a resonant microwave radiation applied to a single
crystal of the molecular magnet Feg induces changes in the sample’s magnetization
as shown in Figure 2.5. This indicates an interaction between the radiation and the
spin. Transitions between excited states are found even though at the nominal system
temperature these levels have a negligible population. They also find evidence that the
sample heats significantly at resonance fields. In addition, the heating is observed after
a short pulse of intense radiation has been turned off, indicating that the spin system is

out of equilibrium with the lattice.

2.3 Measurements of Magnetic Deflagration

Crystals of Mnjo, which is an SMM similar to Feg, often exhibit an abrupt and complete
reversal of the magnetization from one direction to the other in a process called ”Mag-
netic Avalanches” as first reported by Paulsen and Park [19]. Suzuki et al. reported
local time-resolved measurements of those avalanches in single crystals of Mnjs-acetate.
They measured a narrow interface avalanche that had propagated through the crystal at
a constant velocity of about 10 m/sec which is roughly two orders of magnitude smaller
than the speed of sound. This process, illustrated schematically in Fig. 2.6, is closely
analogous to chemical combustion: the propagation of a flame front through a lammable
chemical substance, and referred to as chemical deflagration. Those avalanches occurred

in a stochastic way, both at resonant matching fields, and away from them. [20].
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F1GURE 2.5: Equilibrium magnetization as a function of field, with and without the

presence of radiation, as indicated. The dips in magnetization occur when the applied

radiation frequency matches the transitions between states with the indicated magnetic

quantum numbers. The applied radiation power and cavity Q were 1217 mW and

15002500, respectively, depending on the frequency. The abrupt jumps in the data,
most conspicuous just below 1 T, are due to instrumental artifacts.[33]

Later, Hernandez et al. reported a controlled ignition of the deflagration in Mnjs by
surface acoustic waves and saw that the speed of the deflagration exhibits maximum
on the magnetic field at the tunneling resonances. They suggested a novel physical
phenomenon: quantum assisted deflagration [22]. In 2010 Velez et al. found deflagration
in the inter-metallic compound GdsGes with a good fit into the theoretical framework

of deflagration [34].

Avalanches and superradiance are competing processes. For SR, no thermal transitions
are assumed, and the SR pulse should be much faster than the energy release from the
avalanche. In addition, after the avalanche occurs, all the molecules are at the ground

state and no further steps in the magnetization can be seen.



Chapter 2. Previous Work

24

2000

1500

8,(G}

1000

500

FIGURE 2.6: (Upper panel) Schematic diagram of magnetic field lines as spins reverse

direction during a magnetic avalanche traveling from top to bottom of a Mn12-ac crys-

tal. (Lower panel) The local magnetization measured as a function of time by an array

of Hall sensors. Each peak corresponds to the bunching of the magnetic field lines as
the deflagration front travels past a given Hall sensor [8].
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Chapter 3

Experimental Methods

The preparation and orientation of the Feg samples are described in section 3.1. In order
to have pure, temperature-independent, quantum tunneling as mentioned in section 2.1

the experiment was performed inside a dilution refrigerator described in section 3.2.

The first objective of this research was to investigate the radiation emanating from the
Feg in the QTM process. In order to measure the wavelength of the radiation, a design
with two filters was chosen, one with a band-pass filter around 100 Ghz and the other
that blocked the 100 Ghz radiation. This design required two different optical paths
from the sample to the detectors. Unlike the Shafir et al. experiment described in
section 2.2, the magnetization needed to be measured in a way that would not block the
line of sight. Therefore, Hall sensors were chosen for the magnetization detection. The

design is described in section 3.3.

The Hall sensors are able to measure the local magnetic field in several locations under
the sample in resolution that can be chosen in the manufacturing process. Therefore it

can measure a spatially resolved magnetization.

The second objective of this research was to see how the magnetization changes as a
function of location and to search for avalanches in the Feg. The discovery of avalanches
in the Feg and its analysis in the framework of magnetic deflagration as explained in
section 1.7 led to the designing of an additional experiment to measure the thermal

diffusivity of the Feg as described in section 3.8.

25
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3.1 Sample preparation and orientation

Single crystals of [(CgH15N3)sFesO2(OH)2]Br7(H2O)Br-8H2O, abbreviated as Feg, were
synthesized and oriented by the following steps:

3.1.1 Synthesis of (C4H;5N;)FeCl;

4 ml of ethanol with 0.5 g 1,4,7-triazacyclononane (tacn) were added to a solution of
FeCl3-6H20 (3.5 g) in ethanol (100 ml). The resulting bright yellow precipitate of
(tacn)FeCl3 was filtered off, washed with ethanol, and air-dried (~0.25 g) [35].

3.1.2 Synthesis of Feg

0.25g of (tacn)FeCl3 was dissolved in 20 ml HoO and 2 ml pyridine, while rotating the
entire solution for about 15 min. Then 5 g of NaBr was then added to the solution.
Contrary to Wieghardt et al. [9], nothing happened after 24 hours. After two-three
weeks, brown crystals of Feg separated out. The maximum size of the synthesized single

3

crystals were about 3 X 2 x 1 mm?® as can be seen in Fig. 3.1 [9].

3.1.3 Orientation of the crystals

A schematic view of an Feg single crystal and its crystallographic axes are shown in
Figure 3.2. The unit cell parameters are: a = 10.5224 b = 14.054 ¢ = 15.004 a = 89.90°
B =109.65° v = 109.27° [9].

The faces of the crystal are well distinguished using a regular microscope and the sample

was placed with the easy axis pointing to the 2 direction.
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FIGURE 3.1: Feg crystal grown in the
Technion

3.2 Dilution Refrigerator

The 3He-*He dilution refrigerator (DR) was used for all the magnetization measurements
at the sub-Kelvin temperature range. The principle of operation of the DR was originally
proposed by H. London in 1962 [36]. When a mixture of the two isotopes of helium is
cooled below a critical temperature, it separates into two phases as shown in Figure
3.3. The higher (or lighter) ”concentrated phase” is rich in *He and the heavier ”dilute

phase” is rich in *He.

The concentration of 3He in each phase depends upon the temperature. Since the
enthalpy (the sum of the internal heat in a system and the product of its volume and
pressure) of the 3He in the two phases is different, it is possible to cool the system by

”evaporating” the *He from the concentrated phase into the dilute phase.

Although the properties of the liquids in the DR are described by quantum mechanics,
it is possible to understand the cooling process in a classical way: let’s regard the
concentrated phase of the mixture as liquid *He, and the dilute phase as *He ’gas’
which moves through the liquid *He without interaction. This ’gas’ is formed in the
mixing chamber at the phase boundary. This goes on even at the lowest temperatures
because the equilibrium concentration of 3He in the dilute phase is still finite, even as

the temperature approaches absolute zero.

When the refrigerator is started the 1K pot is used to condense the 3He/*He mixture

into the dilution unit. It is not intended to cool the mixture enough to set up the phase
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boundary, but only to cool it to ~ 1.5K. The still is the first part to cool below 1.5 K.
It cools the incoming *He before it enters the heat exchangers and the mixing chamber,

and phase separation typically occurs after a few minutes (below 0.87 K).

If the *He concentration in the mixture is good, the phase boundary is inside the mixing
chamber, and the liquid surface is in the still. 3He is pumped away from the liquid
surface in the still, which is typically maintained at a temperature of 0.6 to 0.7 K. At
this temperature the vapor pressure of *He is about 1000 times higher than that of
4He, so *He evaporates preferentially. A small amount of heat is supplied to the still to

promote the required flow.

The concentration of >He in the dilute phase in the still therefore becomes lower than
it is in the mixing chamber, and the osmotic pressure difference drives a flow of 3He
to the still. The 3He leaving the mixing chamber is used to cool the returning flow of
concentrated 3He in a series of heat exchangers (sintered silver heat exchangers are used
to decrease the thermal boundary resistance between the liquid and the solid walls).
The room temperature vacuum pumping system is used to remove 3He from the still,
and compress it to a pressure of a few hundred millibars. The experimental apparatus
is mounted on the mixing chamber, ensuring that it is in good thermal contact with the

diluted phase.
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3.3 Experimental Setup

The experiment was performed below 0.4K in a Dilution Refrigerator (DR) described in
section 3.2. In figure 3.4 is shown the experimental setup which was located inside the
inner vacuum chamber (IVC) of the DR. As implied from its name, the experiment was
performed in a vacuum and the heat was conducted via the cold fingers to the mixing
chamber of the DR. A detailed setup for the deflagration measurement is presented in

Fig. 3.5

The sample with the Hall sensors, described in section 3.4, was located in the middle
of a copper cylinder which was also thermally linked to the mixing chamber. At even
distances from the sample, two sets of filters described in sections 3.5 and 3.6, were
screwed into the cylinder, one set of 80Ghz high-pass with 170GHz low-pass filters and
the second set of 200Ghz high-pass filters that could be replaced by a thick aluminum
plate that was able to block all the radiation.

Two sets of RuOy bolometers were located behind the filters relative to the sample,
(section 3.7). The purpose of the cylinder was to act as a waveguide and ensure that
the photons arriving at the thermistors are passing through the filters. If the radiation
has a sharp peak around 100Ghz, a spike in the temperature should have been seen only
from the bolometers located behind the band-pass filter system. If there was a similar
peak in both bolometers then either there is a broad band radiation or no radiation at
all and the heat arrived at the bolometers only through the cold fingers. In this case the
next experiment would be to block the high-pass side with an aluminum plate. Then if
radiation is present only the bolometer behind the band pass would have a peak. If the
bolometers still had a similar peak we can conclude that we do not see radiation above

the sensitivity of our system.

3.4 Hall Effect Sensors

The Hall voltage is given by:
Vi = RulB; (3.1)

E, 1 .
B = med: Thus it can be used to

where Ry is defined as the Hall coefficient: Ry =

measure the magnetic field.
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F1GURE 3.4: Experimental Setup: a. A live picture b. Technical drawing

A schematic view of Hall sensors array is shown in Figure 3.6. When a magnetic object is
placed near the probe active areas, then the Hall voltage will be proportional to the sum
of the external magnetic field B and the magnetic stray field which is linearly related to

the magnetization.

We used an array of Hall sensors specially fabricated at The Superconductivity Lab
from the Weitzmann institute using well established photolithographic and etching
techniques with a typical active area of 100 x 100um. The active layer in these sensors
is a two-dimensional electron gas (2DEG) formed at the interface of GaAs/AlGaAs
heterostructures. The size of the active area was chosen to be 100 x 100um in order to

have 10 channels across the sample.

The array of Hall sensors was glued using GE varnish on a copper plate that sat in the

center of a printed circuit board (PCB) from the front and the cold finger screwed from



Chapter 3. Ezxperimental Methods 31

FIGURE 3.5: Detailed experimental Setup for deflagration measurement

the back. The Feg sample was placed directly on the surface of the Hall sensor using
Apizon-N grease. This was used with the dual function of holding the sample in place
and protecting it from disintegration. A gold wire bonding was made between the Hall

sensor array and the PCB. A picture of the front side is shown in Figure 3.7.

Ten twisted-pair wires were attached to the PCB, one pair for the excitation DC current
of 10uA, and nine voltage channels to a differential amplifier specially made for the
experiment with ten channels at x500 amplification. The channels were distributed
between seven 30 Hz low-pass filters, two channels with 200 Hz high-pass filters and one
channel without any filtering. The measurements of hysteresis loops were performed
using the low-pass channels in order to filter out the 50 Hz noise. The other channels

were for measuring magnetic deflagration at high frequencies at a rate of 20 KHz.

3.5 Mesh Grid Low-Pass Filters

Metal mesh filters have been used in far infra-red and sub-millimeter wave instruments
since the first publication by Ulrich [38]. Ulrich showed that the optical transmission
properties of a metallic mesh can be modeled by considering the mesh to be a simple

circuit element on a free space transmission line. He focused on the properties of two
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activ area

FIGURE 3.6: A schematic view of a FIGURE 3.7: A picture of the front side
Hall sensors array of the magnetization detecting probe
with the Feg sample in the center.

types of mesh structure: a metallic grid with square openings; and a grid of metallic

squares supported on a thin dielectric substrate.

Using the transmission line method, he modeled the behavior of each of these meshes as
either a lumped inductance (square openings) or a lumped capacitance (free-standing
squares). These two types of meshes are commonly referred to as inductive or capacitive

meshes, and are shown in Figure 3.8.

ta) induclive grid (b) capacitive grid

FIGURE 3.8: The inductive and the capacitive two dimensional grid [38]
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Although the transmission can be calculated numerically, it is possible to understand the
concept of mesh filters in more intuitive way [39]. If we combine the inductive and the
capacitive grids such that they are complementary to each other, we have a conductive
surface and therefore the sum of the reflected wave from both structures must equal the

original incident wave.

So, the reflectance R(w) relation is (assuming a perfect conductor):

R(W)inductive + R(w)capacitive =1 (32)

In an inductive grid the metal is continuous, and the electrons can move the ”long”
distances, thus matching the long wavelengths of the photons. So, at low frequencies,
it will reflect all the incident waves, thus acting as a high-pass filter. From Eq 3.2 we
know that the grids are complementary to each other: therefore, a capacitive mesh will

act as a low-pass filter.

The filters for this experiment were brought from Prof. Shaul Hanany’s astrophysics
group at the University of Minnesota, where they were previously used for measuring
the Cosmic Background Radiation, which is also around 100 Ghz. Achieving a low-
pass at 180 Ghz requires two filters, one with a cut-off at 180 Ghz that has a small
transmission peak around 400 Ghz, and another filter with a cut-off around 288 Ghz to
abolish the unwanted transmission peak. The transmission of the filters are plotted in

Figure 3.9.



Chapter 3. Ezperimental Methods

34

Transmission [a.U]

=
(o3}

&
>

02

0

0

2 3 4 5 6 7 8 9 10 11 12 13 14 15
cm-?

6cm™ =180Ghz 9.6cm™" =288Ghz

— Filter 1114: 9.6cm-1 dichroic 14:
8:2001

—— Filter 1112: 8.6cm-1 dichroic 14:
8:2001
Filter 1115 6cm-1 dich 15:
8:2001

—— Filter 1116 6cm-1 dich 15:
8:2001

—— Filter 1118: 8.6cm-1 dichroic 12:10:2001
—— Filter 1120: 8.6cm-1 dichroic

12:10:2001
——FILTER 674: 6 cm-1 DICH

—— Filter 836: 9 cm-1 dich 26: 3:1997

FI1GURE 3.9: Transmission plots of the low-pass filters

3.6 Thick Grill High-Pass Filters

The thick grill inductive filter was developed to block the region of low frequencies where

the capacitive grid is transparent. It consists of a thick metal plate with a hexagonal

close-packed array of circular holes. A thin inductive mesh would serve the same purpose,

but it does not have as sharp a cutoff and it is more expensive. The thick grill filter

does not transmit frequencies below the lowest frequency propagating circular waveguide

modes in the holes. The relation between the cut-off frequency and the hole diameter is

an experimentally measured number:

Ac =1.706 - d

where A\¢ is the cut-off wavelength and d is the hole diameter [40].
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The attenuation A in dB in the waveguide is proportional to:

l
A== .30dB
30

where 1 is the thickness of the plate. A typical choice for an attenuation of about 90 dB
is [ = 3d. The transmission curve of a typical thick grill filter is shown in Figure 3.10,

and the technical drawing of the 80 Ghz filter is shown in figure 3.11.

3.7 Ruthenium Oxide Bolometers

After passing the filters the radiation is to be detected using a RuOs thermistor mounted
to a PCB in a configuration shown in Figure 3.12. The idea of this design is to have a
weak and adaptable thermal link to the mixing chamber to control the relaxation time
of the resistor after being heated by the radiation pulse. It is therefore convenient to
use the PCB substrate layer of Glass Epoxy FR-4 as a thermal isolator placed between
the cold finger and the absorbing area.

The absorbing area consists of two copper sheets 11mm x 4mm x 3bum in size, with
a gap between them for the RuOs thermistor as shown in Figure 3.12. The thermistor
is a standard Lake-Shore RX-202A with a typical temperature-depended resistance and
is shown in Figure 3.13. The thermistor is welded from both sides to the copper sheets
and GE-varnish coated copper wires are welded to the sheets for the resistance measure-
ment. The wires are thermally linked to the mixing chamber through the measurement

connector. The resistance is measured using a voltage divider and a lock-in amplifier in
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FiGure 3.14: Circuit diagram for Bolometer resistance measurement

order to have a low excitation current of 10 nA. The voltage divider is shown in Figure

3.14.

3.8 Thermal Diffusivity

The thermal diffusivity measurements were carried out inside a HelioxVT Hes Oxford In-
struments refrigerator. The experiment was performed using two thermometers mounted
on opposite sides of the sample and a heater on the hot side of the sample, whose con-
figuration is shown in Figure. 3.15. The hot side is attached to the cold finger and is hot
only after the heat pulse. The thermometers are RuOs films. The heater is a 2.2 K
resistor. The hot side thermometer was placed between the heater and the sample. The
cold side thermometer is between the sample and a teflon plate. It has a weak thermal

link to the cold plate via the measurement wires only.

Additional RuO> film was placed on a symmetrical location on the cold side to act as

a test experiment. This thermometer had an identical thermal link to the cold plate
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2. Heater

3. Copper Plate

4. RuO, Thermistor

5. Feg Sample
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7. Teflon Holder
8. RuO, Thermistor

BT

F1cURrE 3.15: Thermal diffusivity experimental setup. Heat pulse is provided by heater
2. Thermistor 4 measures T}, and Thermistor 6 measures T,.;. Thermistor 8 is used to
determine heat leaks via the measurement wires.

of the Hes refrigerator through the wires, and is placed in a symmetrical location on
the teflon holder under the hot copper plate. The only difference between the cold side
thermometer and the test thermometer is that the test thermometer is not in contact

with the sample and the hot side is.

The purpose of the test thermometer is to ensure that the heat pulse reaching the cold
side arrives from the sample only and not through the measurement wires of the holder.
We tested several heat pulses and chose one that fits this condition. The heat pulse is
generated by applying 8 V to a 2.2 K€ resistor for 1 msec using a function generator,
which also acts as the trigger for starting the RuOz voltage measurement. The system
has also been tested by repeating the measurement without the sample to ensure again
that the recorded heat on the cold side flows through the sample and not through the

wires.
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Results And Discussion

In the experiment the molecules were polarized by applying a magnetic field of 1 T in
the easy axis direction z. Afterwards, the magnetic field was swept to F1 T. The sweep
was done at different sweep rates. During the sweep we recorded the Hall voltages,
the external field, and the bolometers’ voltage. From the raw field-dependent voltage
of each sensor, a straight line was subtracted. This line is due to the response of the
Hall sensor to the external field. The line parameters are determined from very high
and very low fields where no features in the raw data were observed. Then the voltage
was normalized by the voltage at a field of 1 T where the molecules are fully polarized.
Thus, the normalized voltage provided M /My, where M is the magnetization and M is

the saturation magnetization.

In our experiments, we found that Feg samples can be divided into two categories: those
that do not show avalanches, which have multiple magnetization steps regardless of the
sweep rate, and those that show avalanches where the number of magnetization steps
depends on the sweep rate. In Fig. 4.1, we present the normalized signal as detected by
one of the Hall sensors from samples of both categories. The bottom abscissa is for a
sweep where the field decreases from 1 T. The top abscissa is for a sweep where the field

increases from —1 T.

For a sample of the first category, the magnetization shows typical steps at intervals of
0.225 T. No step is observed near zero field. In addition, the hysteresis loop’s coercivity
increases as the sweep rate increases. These results are in agreement with previous
measurements on Feg [5]. They are presented here to demonstrate that the Hall sensors
are working properly, that their signals indeed represent the Feg magnetization, and that

in some samples all magnetization steps are observed.

38
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FIGURE 4.1: Feg hysteresis loops with multi-step magnetization jumps, at different

sweep rates, and a hysteresis loop with an avalanche. The fields for the positive sweep

rates are given by the bottom abscissa, and for the negative sweep rates by the top
abscissa.

For a sample of the second category, there is a small magnetization jump at zero applied
field, followed by a nearly full magnetization reversal at a field of 0.2 T in the form
of deflagration. This kind of spontaneous, full magnetization reversal in the form of
deflagration is found in various kinds of magnets [34, 41]. However, in all Feg samples
tested, deflagration occurred only at the first matching field. We could not tell in advance
whether a sample was of the first or second category. We always worked with samples
of approximately the same dimensions (3 x 2 x 1 mm?). This is in contrast to Mnjs,

where deflagration is associated with large samples [25].

4.1 4.2 Kelvin measurement

A measurement of the magnetization was performed at 4.2 K to ensure that the steps

in the magnetization derive from the QTM process. The results at 4.2 K and 0.2 K are
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presented in Figure 4.2. Indeed a paramagnetic behavior is detected at 4.2 K and no

sweep rate dependence is seen.

4.2 Radiation measurements

We tested for electromagnetic radiation in samples from both the categories mentioned
previously, each weighing roughly 20 mg. In the avalanche process, a large amount of
heat was released and a clear tunneling front was present [32]. Without the avalanche,
the temperature of the sample is expected to remain low compared to the energy barrier.

In this case, a unique quanta of energy should be emitted in the tunneling process.

We tested the response of the bolometers to a pulse of radiation in-situ by replacing the
Feg sample with two Fairchild LED56 diodes that were pointing in both directions of
the cylinder. The diodes were thermally connected directly to the 1 K pot of the DR
for better cooling power and for minimizing their heating affect on the bolometers. The
diodes’ bias power was selected so as to give a similar energy pulse to the bolometers
as a tunneling event with the Feg sample (see below). In Fig. 4.3 we plot the open and
blocked bolometers voltage as a function of time after energizing the diodes. The solid

line indicates the voltage across the diodes as a function of time.

1.0
0.5 [
° 0.0
s
0.2(K)
¢ 1.66 [mT/s] PtoN
05 | « 1.66 [mT/s] NtoP
: + 12.5[mT/s] PtoN
v 12.5 [mT/s] NtoP
4.2 (K)
+ 1.666 [mT/s] NtoP
10 k- < 1.666 [mT/s] PtoN
: > 16.66 [mT/s] NtoP
* 16.66 [mT/s] PtoN
1 s 1 s 1 s 1 s 1
-1.0 -0.5 0.0 0.5 1.0
HH [T]

]

FIGURE 4.2: Amplified Hall Voltage, proportional to the magnetization, as a function
of the magnetic field. At two temperatures and two sweep rates.
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The bolometer’s voltage was proportional to the temperature of the thermistor and
therefore to the power deposited. The temperature of the bolometer which was open
to radiation increased as soon as the diodes’ power was turned on. Two seconds later,
the thermal energy from the diodes and the copper cylinder reached both bolometers
simultaneously. The instantaneous increase of the open bolometer voltage is the most
significant indication of radiation. This increase was detected with a signal-to-noise ratio
(SNR) of 100 in amplitude (see the blue trace in Fig. 4.3) and an even larger SNR in

time by the temporal separation between the early and late pulses.

We also tested the ability of the two bolometers to detect thermal energy. The inset of
Fig. 4.3 shows the case where the sample area was heated by a resistor. The power and
duration of this heat pulse were again similar to that produced by the Feg sample (see
below). In this case the temperature of both bolometers increased simultaneously to the
same temperature. Therefore, by subtracting the voltage of the bolometers, and focusing
on the time before thermal energy arrived at the bolometers, we obtained the signal of
electromagnetic radiation only. This signal is also depicted in Fig. 4.3 by a blue curve. It
decays slowly since the cooling power of the two bolometers is different due to different
distances from the mixing chamber. The early time signal, up to ~ 4 sec, demonstrates
that we can clearly detect electromagnetic radiation emitted from the diodes using our

experimental setup.

The results of our experiment in the case of an avalanche are shown in Fig. 4.4. The
sweep rate is 1.67 mT/sec. The left ordinate is the bolometers’ voltage. The right
ordinate is the normalized magnetization M /My. The bottom abscissa shows the field
values and the top abscissa shows the time. When the external field is at matching
value a QTM occurs followed by a rise in the bolometers’ voltage indicating a rise in
the temperature. However, there is no observable difference in the rise time or voltage
amplitude between the opened and the blocked bolometer. The bolometers’ voltage
started to rise 2 sec after the avalanche. This is a time interval similar to the diode
experiment, and is due to thermal energy arriving at the bolometers. We therefore
conclude that no significant photon contribution in the band between 70 and 180 GHz

is detected when an avalanche is taking place.

To place an upper limit on photon emission during the avalanche process, we copied
the photon signal from the first 4 seconds of the diode experiment (the blue curve in
Fig. 4.3), scaled it to a range of fractions between 1% and 20% of the thermal energy
signal recorded by the closed bolometer, and added it to the open bolometer signal.

The goal was to assess the photon signal level that, if it was present, would clearly be
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FI1GURE 4.3: The response of the bolometers to a test radiation and thermal energy

pulses. The solid line is the voltage pulse applied to the light emitting diodes. The red

and green symbols show the voltage developed across the open and blocked bolometers

as their temperature increases due to the radiative pulse from the diodes. The blue

symbols are the voltage difference. The difference within the first second represents the

detection of a photon signal. The inset shows the same experiment but with an input
of thermal energy into the sample using a biased resistor.

temporally separate from, and of higher amplitude relative to the signal of the closed
bolometer. The case when the photon signal is scaled to 10% is shown in the Fig. 4.5.
This is a case in which the open bolometer voltage clearly precedes the closed one
temporally and levels off at a higher amplitude. By varying the fraction between 1%
and 20% and considering the noise, we found that we could place an upper limit of 5%.
That is, no more than 5% of the energy emitted by the molecular magnet had been

converted to light. If it did, we would have detected it.

The experimental results when avalanche was absent are shown in Fig. 4.6. Here again
we show the bolometers’ voltage, magnetization, field, and time as in Fig. 4.4. The sweep
rate is 0.34 mT/sec. Two clear transitions are observed in this experiment. Here the
bolometers’ voltage rose over a longer time, reducing the rise time resolution. Therefore,

detecting photons without an avalanche is harder and can rely only on pulse amplitudes.
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FIGURE 4.4: Magnetization and energy emission measurements done simultaneously

on an Feg molecular magnet after an avalanche. The left ordinate is the open and closed

bolometers voltage, which is proportional to their temperature. The right ordinate is

the normalized magnetization. No difference between the two bolometers is detected
within the experimental sensitivity.

No amplitude difference was observed between the open and closed bolometers for either

of the magnetic transitions.

Thus, we did not observe electromagnetic radiation emanating from the Feg regardless
of the sweep rate or the transition index n. If the molecules do emit radiation, it consists
of less than 5% of the total energy release. A similar conclusion was drawn by Bal et al.

regarding the Mnjs molecular magnet [42].

However, it is interesting to note that at the second transition it took the bolometers
more time (a longer field interval) to cool down than at the first transition. There could
be two possible explanations: (I) The lifetime of the n = 2 excited state is longer than
the n = 1 state. This possibility stands in contrast to the lifetime measurements by
Bahr et al. [43], although they were done at higher temperatures. (II) As we sweep
the field there are more transitions from the metastable state to n = 3, 4... excited
states. Asn increased the magnetization change becomes smaller but the energy released

becomes larger. It is conceivable that we were unable to detect magnetically the higher
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FIGURE 4.5: The experimental sensitivity of photon detection. Photons signal was

copied from the first 4 seconds of the open bolometer in Fig. 2, normalized to 10% of

the closed bolometer, and added to the open bolometer. A clear difference between

open and closed bolometers can be seen. We thus set the experimental sensitivity of
photons to 5% of the thermal (phonon) energy.

transitions but could detect their energy release. More experiments are required to

distinguish between the two possibilities.

To summarize the radiation measurements section, we re-examine the possibility that
Feg emits electromagnetic radiation after a tunneling events using a specially designed
experimental setup. Our results do not reproduce those reported earlier by Shafir and
Keren [1]. We placed an upper limit of 5% on the amount of energy released by radiation,
and conjecture that energy is released after tunneling in Feg only in the form of thermal

energy. This is important for understanding the role of phonons in the tunneling process.

4.3 Magnetic Deflagration Measurements

Our deflagration velocity measurements are based on local and time-resolved magneti-
zation detection using a Hall sensor array as described in section 3.4. We found that it

is possible to ignite the deflagration in the quantum regime (7' < 400 mK) by sweeping
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FIGURE 4.6: Magnetization and energy emission measurements done simultaneously

on an avalanche free Feg molecular magnet. The left ordinate is the open and closed

bolometers’ voltage, which is proportional to their temperature. The right ordinate is

the normalized magnetization. No difference between the two bolometers is detected

within the experimental sensitivity. The second bolometer voltage peak decays more

slowly than the first one, with no noticeable magnetization changes at fields approaching
1T.

the external magnetic field through a matching field, without external assistance such as
phonons. In addition, we measured the deflagration velocity V; for various sweep rates

and applied field gradients.

Before measuring the deflagration velocity, note that the measurements in Feg should
be done with extra care. In deflagration there is a propagating front where spins reverse
their direction. But since our Feg measurements were done by sweeping the magnetic
field through resonance, there is a similar front even without deflagration. This is
demonstrated in the inset of Fig. 4.7. In this inset, a sample placed off the symmetry
point of a symmetric field profile is shown. Thus, the sample experiences a field gradient.
Due to this gradient, tunneling of molecules will start first at a particular point in the
sample where the local field is at matching value. The spin reversal front will then
propagate from that point to the rest of the sample as the external field is swept. In

this case, pausing the field sweep will stop the magnetization evolution.
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FIGURE 4.7: Magnetization as a function of time for a sample of the first type with no
avalanche. The magnetization is measured via three different Hall sensors. The field is
swept discontinuously. The solid (black) line shows the field value as a function of time
on the right y-axis. The magnetization, presented on the left y-axis, changes only when
the field changes. The inset demonstrates a tunneling front evolution in a case where
the matching field H,,, moves across the sample during a sweep. H is an instantaneous
field intensity. It changes with time and varies in space. The tunneling region with
mixed up and down spins has zero magnetization. The expelled magnetic induction B
is detected by the Hall sensors.

This is demonstrated in Fig. 4.7 for a deflagration-free sample. The left ordinate is
the normalized Hall voltage (solid symbols) from three different sensors on the array
located at x = 0,0.2 and 0.8 mm under the sample, where % is the easy axis direction.
Each symbol represents a different sensor. The right ordinate is the applied magnetic
field (line). The voltage and field are plotted as a function of time. We focus on
fields before, near, and after the third transition in Fig. 4.1. For the most part, the
magnetization changes only when the field changes, even in the middle of a magnetization
jump. This means that the sample is subjected to some field gradients and a tunneling
front propagates through the sample even without deflagration. It is possible to estimate
the matching field front velocity as V;,, ~ 1.5x 104 m/sec from a typical transition width

(0.1 T), a typical sweep rate (5 mT/sec) and the sample length (3 mm).

After calculating V,, we can proceed to estimation of the deflagration front velocity
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FIGURE 4.8: Illustration of an SMM sample undergoing a magnetic deflagration. The

sample lies in the XY plane with the magnetization pointing in opposite directions from

different sides of the sample, and zero magnetization front with a width of § propagating
in a velocity v.

V4. The magnetic induction B from the sample is forced to point outward and toward
the sensors, in order to maintain zero divergence [8]. The field configuration is also
demonstrated in the inset of Fig. 4.7. This type of behavior is a clear indication of a
magnetization reversal front propagating from one side of the sample to the other and

can be calculated explicitly by taking the magnetic dipole:

B:“O<W—‘7>. (4.1)

Since our Hall sensor measures the perpendicular field we look only at the Z component:

po (32 (F-T)  pe

When a sample undergoes an avalanche it can be represented as two cuboids with mag-
netization pointing in opposite directions separated by a zero magnetization area as
presented in Fig. 4.8. For a start, we will calculate the field of a single cuboid which
lies at the XY plane with the magnetization pointing in & direction, and with a dipole
moment given by:

f = mdxdydzz. (4.3)
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where m is the magnetic dipole density and the sample boundaries are:

r1 < x< T
—w<y<w (4.4)
di < z < ds

Integrating over the dipole density gives the magnetic field in the Z direction of a single

cuboid:

w

B (561,1‘2 ’uomfd.%fdyfdz (@2t +2)5 =
w (z2+y2+=

3mH0 ?Qd }2d 2$zb(3x2+3z2+2w )
= xXT =
ol B(x2422)  (w? a2 +22)

_ Smuo f 2wz _ 2wz —
2+d2)\/w2+x2+d% 3($2+d§)\/w2+z2+d§
T=T2
/w2412 4d2 /w2422 4d2
— 3muo 2 [Arctan (w tux ha 2) — Arctan (w e 1)]
r=

v w
xr1

concluding in:

N JerarE\]""
Bz(UCl,UCQ):M [amtan( wm ATt 2) —arctan< w”+ "+ 1>
T w w
r=x1
(4.5)

And for a deflagration front consisting of two cuboids with opposite magnetization, with

a gap of 6 located at 2 = x () and a total length og L, the field B! is given by:

—

Bletal — B, (0, () — g) - B, <x (t) + g L) . (4.6)

By averaging over the size of one hall sensor and setting the experimental parameters
with a constant deflagration velocity, we get peaks similar to our results as seen in

Figures 4.9, 4.10 and 4.11.

In Fig. 4.12, we zoom in on the magnetization jump of a sample from the second category
undergoing an avalanche at the first matching field of 0.2 T. In this figure, we show the
time-resolved Hall voltage from five different sensors along the array. The three middle
sensors show a peak in the Hall voltage, which is experienced by each sensor at different
times. The two outer sensors experience a smoother variation of the Hall voltage, in
the form of cusps, also at different times. The peaks and cusps are due to a zero

magnetization front, where the magnetization M changes sign.
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FIGURE 4.12: Hall voltage as a function of time for each of the sensors on the array

for a sample that has avalanches. The voltage from each sensor shows a peak or a

cusp at different times. The evolution of the peaks and cusps provides the avalanche
propagation velocity.

By following the time evolution of the peaks and cusps in the Hall Voltage, we can
determine the front velocity. Since the sensors are spaced apart by parts of a millimeter
and the peaks are spaced apart by parts of a millisecond, the deflagration velocity V; is

of the order of 1 m/sec, which is much higher than V,.

We found that the deflagration propagation direction and velocity can be affected by ap-
plying field gradients as long as the sweep rate is low. This is demonstrated in Fig. 4.13.
In this figure, we show for each detector location, the time at which it experiences a
peak or a cusp. The slope of each line is the deflagration velocity. For the lowest sweep
rate of 0.83 mT /sec with no gradient, the velocity is negative. It becomes positive as the
gradient is switched on to 0.14 mT/mm, but becomes slower as the gradient increases to
0.69 mT/mm. Reversal of deflagration direction, but with constant velocity magnitude,
was found also in Mnjo by moving the sample along the main magnet axis [44]. The
effect of the gradient is opposite and weaker for our highest sweep rate of 8.3 mT/sec.
In this case, all velocities are positive and increase as the gradient increases. Only at the

intermediate sweep rate of 1.67 mT/sec does the gradient have no effect on the velocity.
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Although we found it challenging to explain the gradient dependence of the deflagration
velocity, we have learned from this experiment that the safest sweep rate from which
one can estimate the deflagration velocity is around 2 mT /sec. In this case, the external
gradient does not affect the velocity. The ratio between sweep rates and gradient (when
it is on) is a quantity with units of velocity of the order of tens of millimeters per second.

This is much lower than Vj.

Therefore, for a deflagration sample, the gradient experiment is another indication that
the propagation of the external magnetic field does not determine the deflagration ve-
locity, and that V; is an internal quantity of the molecules. In addition, a gradient-

dependent Vj is not explained at present by magnetic deflagration theory.

In Fig. 4.14 we depict V; as a function of sweep rate with zero applied gradient. The field
was swept from positive to negative and vice versa. The sample used in this experiment
was of the second category and produced deflagration only for sweep rates higher than
3 mT/sec. Slower sweep rates generated the usual magnetization jumps, as shown in
Fig. 4.1. Although there is some difference between the velocity for different sweep
directions, it is clear that the velocity tends to increase with increasing sweep rate,
and perhaps saturates. This is demonstrated with raw data in the inset of Fig. 4.14.
The theory of magnetic deflagration [25] does not account for sweep rate-dependent
ignition, or deflagration velocities [20, 22]. In light of the gradient experiment, the most

representative deflagration velocity for Feg is V; = 0.6 m/sec.

4.4 Thermal Diffusivity Measurement

To clarify the role of heat propagation in the deflagration process of Feg, we also mea-
sured the thermal diffusivity x between 300 mK and 1 K. This was done by applying a
heat pulse on one side of the sample for a duration of Aty = 1 msec, and measuring the
time-dependent temperature on the hot side (T}5) and on the cold side (7s) of a sample
of length | ~ 1 mm as described in section 3.8. The results are shown in Fig. 4.15.
Thermal diffusivity is defined via the heat equation:

or 0T (z,t)

Sy (@t) = = = 0 (4.7)



Chapter 4. Results And Discussion 52

0.8
0.6
0.4

0.2

,E\ 0.0 Sweep Rate: 0.83 mT/s
E 0.8F | Gradient @
— | [mT/mm]
c 06 = o0 [
@) .| e 014
= | A 069
-H 0.4
S .
O 02¢
_I L
§ 0.0r Sweep Rate: 1.67 mT/s
(% 0.8+ A
0.6
0.4r
0.2+
0.0r Sweep Rate: 8.3 mT/s

1.0-05 0.0 05 1.0 1.5 2.0 25 3.0 35
Time (msec)

FIGURE 4.13: Sensor position as a function of time at which a peak or cusp in the
Hall voltage appears for three different sweep rates and three different magnetic field
gradients. The slope of each line gives the avalanche velocity.

where T'(x,t) is the location- and time-dependent temperature along the sample. For a

long rod, where /Atpk < I, the solution is:

$2
ATL(t) = ¢ / e (i) AT (s)ds. (4.8)
) Cnn) 2t — 537

We fit this expression to our T¢4(¢) data with ¢ and  as fit parameters. ¢ accounts for
the coupling of the two thermometers to the sample. The fit is shown by the solid line
in Fig. 4.15. Although the fit is not perfect, it does capture the data quite well. The

K obtained with this method at a few different temperatures is depicted in the inset of
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FIGURE 4.14: Avalanche velocity as a function of magnetic field sweep rate at zero

gradient. The field is swept from positive to negative and vice versa. For sweep rates

slower than 3 mT/sec, no avalanche was observed in this sample. The inset shows raw
data of peak position vs. time for two different sweep rates.

Fig. 4.15. At the lower temperature measured x = 2 x 107% m?/sec. x and At;, obey
the long rod condition. It is much smaller than x of Mnjs, which is estimated to be

k= 1075 to 107% m?/sec [20, 44].

We are now in a position to estimate the flame temperature using equation 1.49:

We use 79 = 3.4 x 1078 sec and U = 24.5 K from Feg magnetization relaxation measure-
ments of Ref. [4]. Equation 1.49 gives Ty = 4.8 K. This is very similar to the energy
difference between consecutive states at the bottom of the well of the Feg at the first
matching field, which is 4.86 K. An increase in the sample temperature during deflagra-
tion was indeed reported in Ref. [45], but with a thermometer connected to the mixing
chamber. Measuring Ty properly, with a thermometer attached to the sample, could

serve as a strong test of the theory of magnetic deflagration in Feg molecular magnets.
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FIGURE 4.15: Normalized relative temperature as a function of time at two sides of
the sample. The solid line is a solution of the heat equation for k = 2 x 107%. The
inset shows thermal diffusivity x at different temperatures

4.5 Summary

Contrary to a previous publication [1] we find no evidence for the release of electromag-
netic radiation and place an upper limit of 5% on the total radiative energy released
during the transition. The transitions between the first and second excited states to
the ground state are consistent with a release of thermal energy alone. If superradiance
exists in Feg it is in the form of phonons rather then photons. We also observe that the
energy release extends for a longer time for the second excited state than for the first

excited state.

The spatially resolved magnetization measurements show that the deflagration process
in Feg propagates at a velocity very similar to deflagration in Mnjs, but has few new
features: it can be ignited (in some samples) at 7" — 0 by tunneling simply by sweeping
fast through a matching field. The velocity increases with increasing sweep rate. This is
surprising, since at high sweep rates fewer molecules tunnel at the ignition site, the initial

flame should be colder, and the velocity slower. On the other hand, the velocity variation
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could be due to increasing average field during the deflagration with increasing sweep
rate. Increasing field means increasing 1. However, within ~ 1 msec of deflagration,
the field changes by ~ 1 mT due to the sweep, which is too small to cause noticeable
variation in Vy. The velocity is also sensitive to a small gradient of ~ 1 mT across the
sample. This indicates extreme sensitivity to the resonance condition. It is intriguing
how at a flame temperature of 5 K, when normal magnetization steps are not observed,

the system is so sensitive to the sweep rate or resonance conditions.
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-3 MIYD2 NNAPY NN DYOINN .IMLNODN NVIVAN NIANND IR NSONRNDN NVDON

YNIAY DTIP IPNN .PSI A¥NI AMTY 1Y NS XY 1D T SR N1Npa w Superradiance
NN NINY SONNON IINRNI NIPNY D) 1N MIVaNY Fes -2 SR ovph naywn nbyn n¥apa
DY NNYP NN 1T AUN N YNNI PONY NN DT IPNN HY NNYNIN NIVNN DD .PONNN

.PIPN YV DN TN DX PANY No SR-N

9:0n I (Dilution Refrigerator) 9:1mm 97pn Y¥ DIPRN XN TN My MTTHN Y

MNd NN PANRD NONOND NN NN N 0.1 Kelvin-n mom) nmvionvd yind
NPIP M7 NOIWNN DY NN .DINT NOVINN MINND PON> NPIPY NOVINN MINND
YY2)NN NVOAN NPIP NN XD 27 MNP 190N INNRDY NP2 MDA NN HVINIVPIN
TPYNMNRNN 5%-2 NIPY NODAN MININD NN DY 1PDY DON AN .7PIPVNNN DY NDYT o312

.Phys.Rev.B.90,054420(2014) -2 y079 MXXIND .TYNN2 NIINNWHN NHDION

MoN5 Fes vy bW nPX1HdLNNN MINYN 12 19IND DX NPNY NN DT PN DY 1IN NIVNN

0.1 b¥ pNINa DXT1910N DIRY TN DY NLWN M9 Yy PaTIN Fes Yw vy i Nhvnd .oipna
VIIN DY NLYN 79 DN SVNNN NTYN DX TITHD TN DY DIN VPN DIVHNYN DIRIN NI
LDYPNM PITN DY TINPND DXTN DY TINDLIND NTTH NYAPNN B TITA .MV DPIHNI
YNINND D15 ,TION NN NDOYT IRY NN ,MMSDVNNN TNV NN MTTHN ToNna
MNY J9INT NN NMYSIN MPIIRN 12V OVIR TONN NIN NYRI POHNIN .0MY D¥ONN NV
MIANI NNITH 1901 NOYA DIIIVDM NN T DY PININD DY TPONN .NNOVUN MMPOINI "N
WX TN MNP MTTRO MNNIN DX MR NMN DIWINRD WX DMNINNN MTYI
D9 YW PN TIONA PIOINND NI NT AN NAY INYNRID 1103 NUN TONND .NIYTN NPNova
NPY DY DTN DNN THITH NI TOX ,NT YN MY ,DNI0DNN NIRDY .12 DDN
NNV NV MNNONN NTYN MPOY A¥PA NON NYRIN TIONN NPSDOINNN TINT PIT .7PSVIINI
MDD NY .NNN IV DM TIYA XN NIV PONINT TIDNN YOI .NIPT 1900 TUNI DIININ NN
MNP ANPY POV NP DMONNN P2 12YNHN DNYDN DITI WNIND TONN NN UNIND NYTO
99PNY MNINN TN ,WIAIN NNXI DT : IO DX27 DINWNI NIN WK 12T ,¥N TN DIND
TONNY NdIYN Nyan nonn 20 kHz Sv My aspa NI 012y AWRD 0NN NI
9N OTPNN DNON DIPHNI LNNN NOX NMINT-12 WD DI WNINND ION TIXDVIND TN
DTYVNY PPON MNNPN TAND YYD 7172 DNNN TONNN IPIT MNIAX DY ND90 NNMYTa MmN
TONNA NI TONN HY ODYNNN DT PONN INND I ANV DI NP 9NN PVNNN
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PYTNNRD PLVHN NPANTIVIVNIN ¥ NNPOMY .S =10 Sv Ty Yapn NNPHINN SV H91ON
-9 NNNH ,NIDNI MMNMVIVNIVA . Z -3 1T PN JIDI ,NT PN TIIRD 1NN PN PADN 1D .ONON

YONN NTY MNINA , NIV NTTIA NOPKIN DY PIDN INMNMVLDNIN IR 1IN 1N ,0.4 Kelvin

;MM H, »m¥n
Hy=DS? +guH,S, + 7,

D900 D) NI OOV MIAP NN D AUNRD 7NPAMIVIDNIND IDR? XIPI PYRIN TN

DIDNN DY NNMNND M, =—M =) M, =M DY MINNX MNI ISP 1T IDN 2NN PO N2>

MPON TR DY NOTYNY DI IWNR DNIN Zeeman 12X NN MNIUN IRN )2 ORIV
912 NI NOIWN IRNY NN .PODN NI P2 NN DY ININKRD NXIN SWIHYN TN PODN
TAN DTYUN NOYON NNV PRIY DY MTNIAN NIV ONN NTY ITYNA TURD D195 HNINIVID
ToNN2 .N2OON AN MDY >APNN GNDI NTYN NONN TONN . TTIND MWD TV PMIYN MNIN

: N2N DVWIN MIXID JNIV 19D HRONIVISN M2 P2 T T80 D12 DIV NONON

DIIVDN DRI NYIAPNN MNPNN NTYI MOND N YA HY 7PIDLINND NN DTN TWUNRD

nD
P2 NMND OMNINN NTY I DN WN . H = —— DMPN¥N MTY MIPLINI MNP NHya
Qi

I 9IYN 28N NINSNY MANPDIIN NMND PONN INKD ONONIVIAN YT NYN NN NI

MPININD U9 |ms —m,

=N AURD N PIDN MNI P2 YION INPNL IO NN MONT

2T DY DMINI N NOYTA
AE(n)=2n(S-n)D
AE(n :1) =5.256 Kelvin

AE(n=2)=9.344Kelvin
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XN

NYNN .ONINRD DNWYN ToNNI VTN 2IODNN T2 NPOVTI PNIDNIN MM DY 1O
PN DOV 199 MON MPITY PN MTN> DN ,DMVINN DOVIDA WHNYN 1IN NAPN
TN NN AN YNRN NN NPYY MYTY NPORIPN PITN MTN .PORIP 1NN NINN
Y18 P2 DI HNOXIVID DIDNN 12T NPVLINP NPXNRIVPINN NMYIVID MIND IV 11PN TPV IR
102-10% HY¥ DINNA YONIP 19INA IMINN DTN 1INIY 311NPN DTHN DX PN I NI
NN DMVPN YN /HPOMPN NN DIYID NRIPI NT 212 ,PNIDT NN DMVNN DD
YN NN TAND DTN DYND MDD NPLINP MYMN SOMPN N2ND NNNND NI N
DOVNN-IM NI OVMPN N NNNH DMVNN DIMNY MNINTA NNX 7YY OWIN
D901 12 TPNPRIVIND TYND NONND 1N MIAINNN NPINNN NP 11PN .DMIPN
MV MITION MMPIINN 1N DY) HTHD 1N .TPVINIID-IVIN IN PV NI DNIPN DY
TN DMIPN TURD 312 MOUNNN MSPRIVIND NPON 1T MNPOMN P2 PHINNY o
DOV O DONMP ONVN ,NNPOINN TIN ONIVN P TPIPRIVIND DY NNVINNVY NNNN
NPYIAN HNN .DNOY N2POIN DY MNPRIVIN RID M) POD DY NOIWND HMNND NPIINN
SOMP NN D DMOOVIMP DXIOHNNT PIDNT TN NI PIT NIVHNY PN MPYIN Dw»
SOMP NNINNK IRIND NI MYNM NI TN 0NN IR NPNY NN IPNNT NILVN
TPYNN NIINNYNI T NDOYTH INSIND AN TINI YOXIN 2D MIOYIT MANPYINN NN INND
11°2 DXONY NIINNWYNI T TINN NIV TITN .ANIY MPII DY NN DY WU NP1 IWUN

T APNN NIPIVN NIRVN NI WA INY PO

N [(CeHisNs)eFesO.(OH):2]Br-(H,O)Br-8H, O : 5 2590 ndya Fes mipnn nvphmn
:N2N

© Iron

@ Oxygen
@ Nitrogen
O Carbon
© Hydrogen

NMVIONLI .DXYINI NINID NNVY 19D % SY PAD Yoy K192 DY DN INNYH NN

PADNVY T NYN NI DOIANND DXIMIN OMYN TIva TAN NIY DMINDN DN NYIY NI
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