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Abstract

Magnetic Avalanches in Mnj,-acetate,

“Magnetic Deflagration”
by
Yoko Suzuki

Thesis Advisor: Distinguished Professor Myriam P. Sarachik

Mns-acetate, first synthesized in 1980 by Lis, is one example of a class of many
molecules called single molecule magnets (SMMs) or molecular nanomagnets. These
molecules have several atomic spins strongly coupled together within each molecule.
They exhibit interesting quantum mechanical phenomena at low temperatures such
as quantum tunneling of magnetization, which was first found with Mnis-acetate in
1996 by Friedman, et al., and Berry phase oscillations which were measured in Feg
(another SMM) in 1999 by Wernsdorfer, et al. In addition to possible application as
memory storage and qubits for quantum computers, these systems provide the means
for studies of mesoscopic physics as well as the interactions of the molecules with
their environment, such as phonon, photon, nuclear spin, intermolecular dipole, and
exchange interactions.

Mnis-acetate has twelve Mn ions magnetically coupled in the center of the
molecule yielding a giant spin of S = 10 at low temperature. It also has a large
uniaxial anisotropy of 65 K. Below 3 K, magnetization curves show strong hystere-
sis due to the anisotropy barrier. At thesis temperatures, the spin relaxes through
the barrier by quantum tunneling of magnetization, which produces regularly-spaced
multiple resonant steps in the hysteresis curve. Magnetic avalanches, first detected
by Paulsen et al., also occur for some samples only at low temperature, leading to

a very fast single-step reversal of the full magnetization, which clearly differs from



relaxation by tunneling.

In this thesis, I present the results of detailed experimental studies of two aspects
of magnetic avalanche phenomenon: “conditions for the triggering of avalanches” and
“propagation of the avalanche front”. In the first study, we find the magnetic fields at
which avalanches occur are stochastically distributed in a particular range of fields.
For the second study, we conducted local time-resolved measurements. The results
indicate the magnetization avalanches spread as a narrow interface that propagate
through the crystal at a constant velocity which is roughly two orders of magnitude
smaller than the speed of sound in solids. We argue this phenomenon is closely
analogous to the propagation of a flame front (deflagration) through a flammable

chemical substance.



DEDICATION
To the loving memory of
my mother-in-law,

Rosmarie E. O’Connor

vi



Acknowledgments

First, I would like to thank my advisor, Myriam Sarachik for giving me this opportu-
nity and experience which changed my life! She has been a great role model for me
as a researcher and a woman. I would never have come this far without her. T am
very thankful for her time and patience, and for the freedom which she also gave to

me so that I could grow as an independent researcher.

I would also like to thank Eugene Chudnovsky for his constant theoretical support.
He has been very generous spending time for discussions and sharing his ideas with
us. His knowledge and insight guided us to obtain meaningful data which he linked
to physical models. His enthusiasm of research is contagious and encouraged us to
obtain more results. I also had a great time attending the nano-magnetism workshop
which he and Javier Tejada organized at Coma-Ruga. I would like to thank them
for that too. Dimitri Garanin also gave theoretical support for us. His ability and
focus for various complicated physical parameters were phenomenal and enabled us
to analyze our data. I also would like to thank Carles Calero Borrallo, a student of
Eugene for his support and friendship. Jonathan Friedman is a former student of my
advisor and is the ultimate good-example as a graduate student and a researcher for
me and other students at CUNY. Jonathan is now a faculty at Amherst College, and
there I had the honer to work in collaboration with him and Mustafa Bal. T learned

a great deal from them and I am grateful for that.

I have always had a great time working in the Sarachik group, and I appreciate every
member of the group who made it possible for me to have a lot of fun, learn new
things and produce results at the same time. Sergey Vitkalov gave me training when
I started to work in the group. He is now a faculty at CCNY. Through all the time,
he has always been a great source of advice and help. His student, Jingqgiao Zhang
has also been very helpful. YiCheng Zhong and Heirong Zheng also gave me training
in the beginning. I had a lot of fun working with Yejun Yang and Islam Hoxha. I
am grateful for David Graybill who completed many difficult and cumbersome tasks
for the lab. Ricardo Gonzalez Rubio, Yeekin Tsui, Kurt James and Ashik Idrisy all
were very helpful. I admire Sean McHugh for always coming up with new ideas. I
am thankful for Reem Jaafar for her friendship. I hope that everybody will have even

more successful future.



viii

I have been lucky to have many good collaborations at the Sarachik group. I am
grateful for all the people who gave us support. Especially I would like to thank
Hakan Altan for helping us with the optical setting. I am also very grateful for
his friendship. Jiufeng Tu, Laszlo Mihaly and Larry Carr were very helpful for the
experiment at the Brookhaven National Laboratory. The group of Eli Zeldov at the
Weizmann Institute of Science provided us Hall sensors. I would like to thank him and
the members of his group, Nurit Avraham, Yuri Myasoedov and Hadas Shtrikman for
their great support. Nurit also worked at CCNY as a visiting student. I would like
to thank her and Ady Stern for their collaborating work. I am also grateful to David
Hendrickson at University of Calfolnia, San Diego and George Christou at University
of Florida, Gainesville for providing the samples for us. I would like to thank Evan
Rumberger, a student of David Hendrickson, who actually grew the samples and
Nicole Chakov, a student of George Christou, who grew many beautiful samples for

us and had many nice correspondences with me.

I would like to thank Russ Hinchliff and Linden Langhorne of the Machine Shop for
their skilled and quick jobs of building many parts of equipment for us. I would
also like to thank H. Feng Du of the Electronic Shop for his help. The people in
Prof. Gunner’s lab were very helpful and lent us some tools. I would like to thank
Vladimir Petricevic for letting us borrow many digital scopes from the department.
Sue Turner, Joan Meekins and Aiping Gao have been very helpful in the physics office
of CCNY. Allida Gupton was helpful at the physics office of the Graduate Center.
Douglas Ewing and other crews at the international student office of the Graduate
Center have been giving me caring support which has kept me in legal visa status. |
also would like to thank the security guards and janitors at CCNY, who said hello to
me in the lab practically every late night, for their work of giving me protection and

a clean environment.

I have taken many great physics courses at City College and the Graduate Center of
CUNY. The knowledge I learned from them gave me the basis to grow as a researcher.
I am very grateful for all the lecturers. I would like to thank Bonji Sakita for his clas-
sical mechanics course. I never had chance to thank him in person. V. Parameswaran
Nair taught me many great lectures of quantum mechanics and field theory. I would
like to thank Melvin Lax for his math course. I still often look at the E&M lecture
notes of Timothy Boyer. Many students also have asked me for a copy. Later, I found

statistical mechanics taught by Harold Falk really useful for my research. I am very



ix

thankful for Joseph Birman for his group theory and advanced solid state physics
lectures, and he also helped my preparation for the second qualifying exam when I
was feeling unconfident. Frederick Smith gave great lectures of solid state physics,
and he also gave me many good advices for the second qualifying exam. I am very
grateful for Viraht Sahni for teaching me density-functional theory. Quantum theory
of solids lectures given by Godfrey Gumbs were very interesting. Micha Tomkiewicz
patiently taught me, a computer-simulation beginner, to the point of actually using
it on research all the time. I also would like to thank Sultan Catto for constructing
better and clear rules for the first qualifying examination. Victor Chung and Juan

Pajuelo were very supportive when I worked as a TA.

I would like to thank everybody in the field of Single Molecule Magnets. 1 have met
many great people in conferences. I learned so much from their work through the
conversation, their presentations and papers. I feel very attached to it and feel very

sad to leave this field. I hope I will have some connection to it in the future.

I am very grateful for National Science Foundation for its funding which covered
the expense for research, my tuition and stipend. I appreciate its generous policy of

accepting many foreign students and U.S. tax payers who actually provide the money.

I would also like to thank the members of my thesis committee, Joseph Birman,
Eugene Chudnovsky, Frederick Smith and Sergey Vitkalov for agreeing to be on the

committee and taking the time to read my thesis.

I would like to thank Demetrios Kalamidas and Dharanjit Singh for being great
company while studying or chatting with me in J403 (the dirty graduate student
study room) during the first two years of graduate school. Gelu Comanescu was a
very faithful lunch buddy with me while he was at CCNY. Neo Valentin is a talented
(amateur) motivational speaker who successfully helped me overcome fear before my
departmental colloquium talk. T also would like to thank Anita Yan and Mila Susnjar

for being supportive roommates.

My parents, Norio and Kyoko suzuki have always been supporting me from Japan
financially and emotionally out of most selfless love and respect toward me. In spite
of several years of my complete absence from them, they have always believed in
me and never questioned my decisions, and at the same time they would always tell

me, “You have done enough. Just come back home!” Natsuko Suzuki is my beautiful



little sister and the other half of my soul. She has been always supportive and worried
about me more than her own illness. I truly wish, hope and pray that she will get
better soon. My older brother, Hideya Suzuki, who is a chemist, gave me the idea
of what graduate work is like; however I did not really live in the lab like he did.
Most importantly I would like to thank Kotomi Suzuki, my sister-in-law for marring
Hideya. My other brother, Fumihiko Suzuki was willing to come to New York from
Japan as a nanny, if I become pregnant, so that I could complete my graduate work
without any problem. It did not happen, but I am very thankful for his will, and
I might count on that in the future. I also would like to thank my new family in
Massachusetts, Rosmarie, Terry, Frank, Patti, Andrew, Luke, Leah, Melissa, Kim,

Jill, Tina, Jason, Anne, Walter and more. They have been very supportive.

Lastly and mostly, I would like to thank my husband, Kevin Mertes. He was a senior
student when I started working in the lab. I have learned a great deal from him
including a nice attitude toward coworkers and a humble attitude toward research.
Professionally and personally, he has been always supportive. Most importantly for
me and most painfully for him, he has been always there to listen to me getting my
ideas and crazy speculations, or frustrations and complaints out of my otherwise-can-

not-function mind. Thank you!



Table of Contents

Abstract

Acknowledgments

List of Figures

1 Introduction

2 Mn,-acetate

2.1
2.2

Chemical Structure and Spin Hamiltonian . . . . . . ... ... ...

Magnetization Measurements . . . . . . . . . ... ... ... ...

3 Magnetic Avalanches in Mnj;-acetate

3.1

3.2

3.3

3.4

Background of Avalanches . . . . .. ... ... 0oL
3.1.1 Overview in Avalanches . . . . . . ... ... ... ......
3.1.2 Historical Background . . . . .. .. ... ... .. ... ..
Triggering of Avalanches . . . . . . . .. ... .. .. ... ......
3.2.1 Measurements in Avalanche Fields and Temperatures . . . . .
3.2.2  Analysis of Triggering Conditions . . . . . .. ... ... ...
3.2.3 Sweep Measurements at Different Angle . . . ... ... ...
3.2.4 Measurements in Non-linear Sweeps . . . . . . .. ... ...
3.2.5 Discussion . . . . ...
Propagation of Avalanches . . . . . . .. ... ... ... . ......
3.3.1 Experimental Setups . . . . ... ... .. ... ... ...
3.3.2 Local Magnetization Measurements . . . . . . ... ... ...
3.3.3 Fast Measurements . . . . ... ... ... ... ...
334 Analysis . . . ...
3.3.5 Discussion . . . . ... Lo

Thermometer Response during Avalanches . . . . . . ... ... ...

4 General Experimental Techniques

4.1
4.2

4.3

SHe Cryostat . . . . . . . . o
Hall Sensors . . . . . . . . . . . .. .
4.2.1 Configuration . . . . . . . ...
4.2.2 Calibration and Background . . . . . . ... ... 0L
Other Techniques . . . . . . . . . . . .. .
4.3.1 Samples and Preparation . . . . . ... ... ... ... .. ..
4.3.2 Thermometer . . . . . . . . . . .. ...
4.3.3 FElectronics for Fast Measurements . . . . . ... ... .. ..
4.3.4 Data Acquisition . . . . . ... ...

xi

iv
vii

xiii



xii

4.4 Appendix . ... 116
4.4.1 Magnetization Calculation for Mnjs-acetate . . . . . . .. .. 116

4.4.2 Calculation for Field Line Images . . . . . . .. .. ... ... 116

5 Conclusions 119

Bibliography 122



xiii

List of Figures

w

12

13
14
15
16
17
18
19
20
21

22

23

24

25
26

Magnetic core of Mnjs-acetate (diagram) . . . . . . . ... ... ...

ot

Double well potential without external magnetic field (graph)

Energy eigenvalues with anti-crossings as a function of magnetic field

Ground state tunneling (graph) . . . . ... ... ... ...
Thermally assisted tunneling from m =9 (graph) . . . ... ... ..

Double well potential for over-the-barrier hopping (diagram) . . . . .

© © 00 N O

Coherent Landau-Zener-Stueckelberg process (graph) . . . . . . . ..
Temperature dependence of hysteresis curves (data) . . . . . ... .. 10
Temperature independent relaxation: ground state tunneling (data) . 11
Magnetic field sweep rate dependence for ground state tunneling (data) 12
Hysteresis curves for Mnjs-acetate at 0.3 K with and without avalanches

(data) . . . . . 14

Double well potential of spin state in Mnjs-acetate before and during

an avalanche (diagram) . . . . . . .. ..o oL 16
Bolometer measurements during magnetic field sweeps (data) . . . . . 22
Mn;o-acetate crystal, sample A (photograph) . . . . . . ... ... .. 24
Hysteresis curves with avalanches at different temperatures (data) . . 25
Stochastic behavior of avalanches at 0.3 K (data) . . ... ... ... 26
Distribution of magnetic fields at which avalanches occurred (data) . 27

Absence of avalanches between tunneling resonances above 3.5 T (data) 28
Histogram for number of occurrences of avalanches below 0.6 K (data) 29
Triggering conditions in double well potential (diagram) . . . . . . . . 31
Triggering conditions during magnetic field sweep at low temperature
(graph) . . . . . 32
Comparison of triggering conditions to number of avalanche occur-
rences at low temperature (data) . . . ... ... ... ... 33
Triggering conditions during magnetic field sweep for different temper-
atures (graph) . . . . . ..o 35
Triggering condition for different magnetic field sweep rates (graph) . 37
Direction of magnetic field relative to the easy axis (diagram) . ... 39
Hysteresis curves with magnetic field sweeps at different angles around
LIK (data) . . . ..o 40



27

28

29

30

31

32
33
34
35
36
37

38
39
40
41
42

43
44
45
46
47
48

49
50
51
52

Xiv

Hysteresis curves with magnetic field sweeps at 40° for different tem-
peratures (data) . . . . . ... Lo 41
Hysteresis curves with magnetic field sweeps for different temperatures
at 20° and 30° (data) . . . . . ... 42
Estimated threshold temperatures for avalanches to occur with mag-
netic field sweeps at different angles (graph) . . . .. ... ... ... 43
Triggering condition during magnetic field sweeps at different angles
(graph) . . . . . . 44
Possible defects with the easy axis tilted relative to the majority of

molecules for triggering avalanches below 3.5T (diagram) . . . . . . . 45
Avalanches with non-linear magnetic sweeps by deceleration (data) . 46
Avalanche with a constant magnetic field (data) . . . . ... ... .. A7
Sample #1 on Hall sensor chip (photograph) . . . .. ... ... ... 52

Experimental setup for measurements on magnetic avalanches (schematic) 53
Magnetic dipole field lines with uniform magnetization (diagram) . . 54
Sample #1 with an array of Hall sensors and coordinates of Hall sensor

position relative to sample (diagram) . . . . . .. .. ... ... ... 55
Local hysteresis curves with uniform magnetization (data) . . . . .. 56
Scaling of local hysteresis curves with uniform magnetization (graph) 57
Simulation of B, with uniform magnetization (graph) . . . . . . . .. 58
Simulation of B, with different values of uniform magnetization (graph) 59
Simulation of B, dependence on sample thickness with uniform mag-

netization (graph) . . . . . . ... Lo 59
Comparison of measured and calculated B, (graph) . . . . ... ... 60

Hall sensor signal during magnetic field sweeps with avalanche (data) 61

Simultaneous seven Hall sensor signals during an avalanche (data) . . 62
Propagation of avalanche with constant speed (graph) . . . . . . . .. 62
[lustration of avalanche propagation (diagram) . . . . ... ... .. 63

B, plotted as a function of position for different times during avalanche

(data) . . . .. 64
Contour plot of B, as a function of position and time (data) . . . . . 65
Speed of propagation vs magnetic fields for avalanches (graph) . . . . 66
Width of B, vs magnetic fields for avalanches (graph) . . . . . . . .. 67

Avalanches with different AM/2M,,, (data) . . . .. ... ... ... 68



53

o4
55
56
57
58
59

60
61

62
63
64
65

66
67
68
69
70
71
72
73
74

I6)
76
7
78
79
80
81
82

XV

Scaling for the avalanche propagation speed with released energy per

molecule (graph) . . ... ..o 69
Analogy to chemical deflagration (diagram) . . ... ... ... ... 70
Propagation of flame front (illustration) . . . ... .. ... ... .. 71
Calculated heat capacities for phonons and spin (graph) . . ... .. 73
Calculated temperature of avalanche flame front (graph) . . ... .. 74
Calculated energy as a function of magnetic field (graph) . . . . . . . 75
Fits for velocity of avalanche propagation with the deflagration model

(graph) . . . . . . 76
[lustration of avalanche propagation (illustration) . . . . . . . . . .. 77

Simulationn of avalanche propagation with calculated magnetic field

lines (illustration) . . . . . . . ... Lo 78
Simulation of B, during an avalanche (graph) . . . . ... ... ... 79
Comparison with measured and approximately calculated B, (graph) 80
Ruthenium-oxide thermometer mounted on sample A (photograph) . 87

Temperature during magnetic field sweeps with and without an avalanche

(data) . . ... 88
Fast measurements for temperature during avalanche (data) . . . . . 89
Temperature during and after avalanche (data) . .. ... ... ... 90
3He cryostat: side view (photograph) . . . . .. ... ... ... ... 91
3He cryostat with the probe in “up” position (schematic) . . . . . . . 92
3He cryostat with the probe in “down” position (schematic) . . . . . . 93
Cooling cycle to 0.3K in 3He cryostat (schematic) . . . . ... .. .. 96
3He cryostat: top view (photograph) . . . ... ... ... ... ... 97
3He cryostat: side view with the insert out (photograph) . . . . . . . 97
The interior parts of He cryostat: the insert, the *He pot and the 1K

stage (photograph) . . . . . . . ... 98
1K stage pumping line of 3He cryostat (photograph) . . . . ... .. 99
GaAs/AlGaAs heterostructures (schematic) . . ... ... ... ... 100
Hall-sensor array (photograph). . . . . .. ... ... ... ... ... 101
Hall-sensor chip (photograph) . . . . . .. ... ... ... ... ... 102
Hall-sensor chip on a chip carrier (photograph) . . . . . . .. ... .. 103
Hall sensor mounted on a probe with a rotator (photograph) . . . . . 104

Rotation of the Hall sensor chip relative to the magnetic field (schematic)105
Measurement for Hall coefficient, Ry (graph). . . . . ... ... ... 106



83

84

85

86
87

88

89

90

91

92

93

Linearity test for the Hall voltage using the external magnetic field

Electromagnetic induction mixing with Hall voltage with different mag-
netic field sweep rates (graph) . . . . . . ... ...

Temperature increase due to the excitation current for Hall sensors

Mn,-acetate crystal glued and sealed with Eicosene on the Hall-sensor
chip (photograph) . . . . . . . ... ..
Assembly of many Mnj-acetate crystals for optical measurements (pho-
tograph) . . . ..
Dimensions for bare chip of ruthenium oxide thermometer (schematic)
Electronics circuit for precision current source (schematic) . . . . . .
Electronics circuit for signal amplifier (schematic) . . . . ... .. ..
Linearity (stability of gain) for an amplifier with and without Hall
sensor (graph) . . . . ...

Electronics circuit for signal amplifier (photograph) . . . . . . .. ..

xXvi

107

108

108
109

110



1 Introduction

During the past two decades, the field of single molecule magnets (SMMs) [1, 2],
has grown dramatically within chemistry and physics; and extensive research has
led to many wonderful discoveries in fundamental studies of physics together with
the possibility of applications for new technology. The first SMM, Mnjs-acetate was
synthesized in 1980 by Lis [3]. However, it did not received much attention until
its unique magnetic properties were measured in the early 1990’s by Caneschi, et
al. [4], Sessoli, et al. [5,6]. While there are now hundreds of different compounds
of SMMs that have been synthesized over years by chemists (a few examples are
Feg [7,8], Mnj3 [9], Mny [10,11], Mng [12], Mn-[3 x 3] [13-15], [Mnyg]** [16], Mnsq [17],
[Mny]p dimer [18], V5 [19,20], Nig [21-23], Moyss [24], Moy7¢ [25], Feso [26,27] and
Mng, [28,29]), Mnjo-acetate still remains the most studied SMM to date.

SMMs have several atomic spins strongly coupled together, within each molecule,
yielding a total spin that is larger than the electronic spin but small enough [30-33] to
exhibit quantum mechanical phenomena. In a typical SMM, each molecule consists of
hundreds of atoms and ions, and the magnetic cluster in the middle is surrounded by
non-magnetic solvents. As a result, the distance between magnetic clusters is large,
and each tiny (nano-)magnet acts more-or-less independently. Avogadro’s number
of identical molecules are contained in a single crystal, and measuring the response
generated by the entire crystal provides ample signal strength. Since the molecules
are identical and independent of each other, we are still probing the behavior of the
individual molecular spins; and by measuring many of them at once, we obtain the
probability distribution for the behavior of an individual spin. (It is equivalent to
measuring one molecule Avogadro number of times). At low temperature, quantum
tunneling of magnetization was observed with Mnis-acetate by Fried man, et al. in

1996 [34-36] and later in other SMMs [8, 10, 16,20,37]. Berry phase oscillations were



observed with Feg the other prototypical SMM by Wernsdorfer, et al. in 1999 [38,39].
The molecules are in solid form and interact with their environment (such as phonon,
photon, hyperfine, intermolecular dipolar and exchange interactions) [30,31,33,40-50].
The interactions with the spin and its decoherence process are also very interesting
subjects to study in SMMs.

Many measurements and studies have been made on SMMs (review articles,
[51-56]), especially Mnjs-acetate [57-61] and Feg [62-66]. The magnetic proper-
ties have been measured in different conditions at different temperatures and mag-
netic fields. Inelastic neutron scattering [67-70], HF-EPR [71-75], MNR [76-83],
p-SR [84,85], magnetic circular dichroism measurements [86-88] and many optical
measurements [89-95] have netted a precise description of these materials. Many
successful theoretical [42,96-104] and computational [105-109] studies have led to a
better understanding of the behavior of SMMs. The field has been fueled by chemists
who have persistently created new SMMs with made-to-order symmetries and cluster-
spin sizes [110], as well as crystals with fewer defects [111-113]. One of the aims is
to create SMMs with larger anisotropy energies to improve the possibility of us-
ing them for memory storage. Also there has been tremendous effort to deposit or
fabricate two-dimensional arrays of these molecules without losing their magnetic
properties [114-118] in order to explore the possibility of using them for memory
storage and/or as qubits in quantum computing [119,120]. The most recent stud-
ies were focused on population manipulation of the spin states by electromagnetic
radiation [121-125].

In this thesis, I will describe detailed measurements of one of the interesting
and possibly unique properties of SMMs, namely magnetic avalanches [126,127]. The
thesis is organized in the following way: The basic properties of Mnjs-acetate are
described in Section 2. Section 3 presents the detailed experimental results, and

proposes and discusses a simple theoretical interpretation in terms of magnetic “de-



flagration”. In Section 4, some of experimental techniques used for the measurements
are shown. And finally in Section 5, a summary of the research and a list of conclu-
sion of the experimental results are presented along with some suggestions for future

research.



2 Mny-acetate

2.1 Chemical Structure and Spin Hamiltonian

Mnjs-acetate is the most studied SMM (the other is Feg). Its chemical formula is
given by: [Mn;2015(CH3C0O0)4(H20),4]-2CH;COOH-4H,0. The magnetic proper-
ties derive from twelve Mn ions that are located near the center of the molecule. As
shown in Fig. 1 the magnetic core consists of eight Mn3* (S = 2) ions located on an
outer ring that surrounds four inner Mn** (S = 3/2) ions symmetrically arranged
on the corners of a cubane. The four inner Mn ions couple antiferromagnetically via
superexchange through oxygen bridges to the eight outer Mn ions. As determined
by ac-susceptibility measurements [4,6,71] and EPR measurements [4,6,72-74], the
molecule has an S = (8 x 2) — (4 x 3/2) = 10 ground state. The molecular symmetry
gives the molecules its large anisotropy. The net result is that the SMM, Mnj,-acetate,
acts like a giant S = 10 spin particle with large uniaxial anisotropy of 65K forming

a double well potential (see Fig. 2).

)
P4 v O
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Figure 1: The magnetic core of the S = 10 ground state in Mnjs-acetate. The four inner
Mn ions couple anti-ferromagnetically via superexchange through oxygen bridges to the
eight outer Mn ions.

The crystalline form of Mnjs-acetate has a tetragonal body centered lattice with

lattice spacings of a = b = 17.3A and ¢ = 12.1 A [3]. The inter-molecule distance



is sufficiently large in the crystalline form of Mnjs-acetate so that the exchange in-
teraction is negligible [5,128] and the dipole field due to a neighboring molecule is
rather small (= 0.01T — 0.05T) [5,128,129]. This means that each molecule acts
nearly independently and the entire crystal can be considered an ensemble of weakly
interacting, nearly identical S = 10 spin particles. X-ray diffraction measurements

have determined that Mnjs-acetate has 14 (S;) space group symmetry [3].

10
0 m’;;lz‘ ’f:‘o ,mrri:l
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Figure 2: The 21-energy levels for S = 10 were calculated for poH = 0T and Vp = 0
using Eq. 1. Due to the uniaxial anisotropy turms, it forms a double well potential with
the energy barrier of 65 K. Therefore, at low temperate, the spin orients either up or down
along z-axis.

Neutron scattering experiments [67-69] as well EPR measurements [72, 73] have

determined Mnjs-acetate can be modeled by the effective spin-Hamiltonian:

where D = 0.5477K is the second order anisotropy constant, A = 1.173 x 102K is
the fourth order anisotropy constant and g, &~ 1.94 is the g-factor. The last term,
VT, is the symmetry breaking term. Vi may include terms such as transverse field,
gzt Hy, fourth order transverse anisotropy, C(S”jlr + 54), or other terms. Second

order transverse anisotropy, F (53 — 5’5) is forbidden by the tetragonal symmetry for



perfect Mnjgo-acetate crystals. However, it was found that due to solvent disorder [130]
and other defects [131,132], there is a distributed (not single valued) second order
transverse anisotropy, and also that this is the main symmetry breaking that drives

the tunneling process in Mnjs-acetate [133-135].
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Figure 3: Energy eigenvalues for Eq. 1 (which includes the presence of a small symmetry

breaking term, Vi = GaigH. xgz) determined by numerically diagonalizing the Hamiltonian.
The presence of the symmetry-breaking term means the eigenvalues do not cross. The inset
shows a close-up view of one of the crossings appearing in the rectangle. A also can be

calculated by the high order perturbation theory for small V.

In Fig. 3, the dependence of the 21-energy levels on ugH, during magnetic field
sweep along z-axis. At ugH, = 0T, the degenerate levels split as poH, increases due
to the Zeeman interaction. Eq. 1 with small Vi was used for the calculation. Due
to the presence of the symmetry breaking term, the energy levels have avoided-level
crossing as shown in the inset. For small VT7 the energy eigenvalues are given to good
approximation by:

E, = —Dm? — Am* — g.ugH.m . (2)



The fields at which the energy level resonances between m (the left well) and m' (the

right well) occur are given by:

A
H,=N 1+ = m2+m’2}, 3
9B D( ) ( )
where N = —(m + m’) is the “step number”. The resonant fields for m = —9 and
m = —10 are indicated by dotted red lines in Fig. 3. Inclusion of the second order

longitudinal anisotropy, AS’;‘, has the effect of shifting the energy levels so that the
energy eigenvalues no longer come into resonance simultaneously for different ms at
the same NN resonant number. Rather, each step N now represents a family of energy

resonances that occur at slightly different magnetic fields.
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Figure 4: The ground state tunneling at the resonance, N = 6 is shown with arrows. In
part (a), spin is originally at m = —10 and stays there until poH, = 3.15T. At very low
temperatures, spin can relax only through ground state tunneling. At uoH, = 3.15T, the
spin tunnels from m = —10 to m’ = 4 and relaxes to m’ = 10 immediately by releasing
phonons. In part (b), the double-well potential at the resonant magnetic field is shown.

At very low temperature (< 0.5K), only ground state tunneling proceeds (the
example shown in Fig. 4) and the relaxation rate does not depend on temperature
as will be shown later. (see Fig. 9). Above ~0.5K, thermally assisted tunneling
also can proceed as the spin gets excited to higher states once in a while by phonons

more and more often at higher temperature as example shown in Fig. 5. Thermally



assisted tunneling can proceed from any of the excited states. The strength of the
relaxation at each level depends on the temperature and the tunnel splittings. At
even higher temperature (> 3.0 K), over-the-barrier hopping also occurs as example

shown in Fig. 6.
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Figure 5: The thermally assisted tunneling from m = —9 at the resonance, N = 6 is
shown with arrows. The resonance for m = —9 occurs at a slightly smaller magnet field

than the one for m = —10 shown in Fig. 4. In part (a), the spin is originally at m = —10
and stays there right before poH, = 3.01 T. At low temperature, spin stays at the ground
state for most of the time, but can get excited for a short time every once in a while. Right
before pgH, = 3.01 T, the spin gets excited to m = 9, tunnels to m = 3 and relaxes to
m = 10 immediately by releasing phonons. In part (b), the double-well potential at the
resonant magnetic field is shown. Tunneling is easer at higher excited states since the tunnel
splitting is larger.

The tunneling probability is described by the Landau-Zener-Stueckelberg (LZS)
formula [136-138], the exact solution to the Schrodinger equation for a two-level
system with diagonal terms that change linearly with time and off-diagonal symmetry-
breaking terms that are constant (see Fig. 7). The probability of remaining at the
initial state is given as:

Ppzs = exp(—mA?Juh), (4)
where A is the tunnel splitting and v is the energy sweep rate. A is the size of the gap

formed at the anti-crossing. v is the rate at which the energy levels approach each

other (in the absence of any symmetry breaking terms) and in our case is proportional



UoH, =2.55 (T)

Figure 6: When not on resonance, spin can relax only at high temperature via over-the-
barrier hopping.

to the magnetic field sweep rate, dH,/dt. From Eq. 4, it is clear that the slower the
magnetic field is swept, the greater the probability of tunneling to occur. Also, the

probability of tunneling increases with increasing tunnel splitting.
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Figure 7: The two level system of coherent LZS process at an anti-crossing is shown.
At far away from the crossing, t = —oo, |1) and |2) are the eigenstates. At the crossing,
due to the symmetry breaking term, the two state will not cross, and symmetric and anti-

symmetric terms of |1) and |2) become the eigenstates at the middle of the crossing. Przg
is the probability to stay in the initial state at ¢ = inf after a linear energy sweep.

Eq. 4 was derived for coherent tunneling in a two-level system. In our case, it may
not be applicable. Due to the short de-coherence time, especially at higher excited

states, the line-widths of the energy levels easily exceed the size of tunnel splittings

even at very low temperatures. Furthermore, there are more than two states. As
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seen in Fig. 4, at pgH, # 0, in the stable well, spins would relax down to the ground
state in the stable well due to the short life time of the higher excited states during
the LZS crossing. Interestingly, though, when all these complications are taken into

account, exactly the same formula as Eq. 4 was derived [46,97,139].

2.2 Magnetization Measurements

1.0

0.5

0.0

M/M;,,

-1.0

-6.0 40 20 0.0 2.0 4.0 6.0
oH, (T)

Figure 8: The magnetization curves between 3.0 K and 0.3 K with a magnetic field sweep
rate of 10mT /s are shown.

Fig. 8 shows the magnetization measurements for the case where the magnetic field
is swept along the easy axis between 3.0 K and 0.3 K. The steps in the magnetization
curves are indications that the magnetization is relaxing faster at certain fields than
at others. Friedman et al. were the first to observe and interpret these steps [34,140]
as evidence of quantum tunneling of magnetization. This was later confirmed by
others [35,36,141-144]. From Fig. 8, it is clear that at higher temperatures the
magnetization relaxes at lower fields. This is because at higher temperatures, the

spins can relax through thermally assisted tunneling in addition to ground state
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tunneling. Above 3.0 K, the behavior is no longer hysteretic and the steps disappear.
This is due to the fact that equilibrium is established via over-the-barrier hopping on
time scales shorter than the magnetic field sweep rates used in these experiments.

Ground State Tunneling Resonances
2 3 4 5 6 17 8§ 9 10

| Temperature
—0.24 K
—0.26 K
—0.30K
—0.35K

—043K

— 048K
—0.54K

Figure 9: The derivative of the normalized magnetization curves with respect to applied
field of Mnjo-acetate for temperatures between 0.54 K and 0.24 K at a magnetic field sweep
rate of 1.85mT/s. The curves overlap indicating that the tunneling process has become
independent of temperature. The position of the peaks indicate the transition fields. The
vertical dashed purple lines are the calculated transition fields corresponding to ground
state tunneling.

An important observation to make is that the magnetization curves become inde-
pendent of temperature below T = 0.5 K [57,59,60]. Fig. 9 is a plot of dM/MudH,
(derivative of normalized magnetization curves) between 0.54 K and 0.24 K as a func-
tion of magnetic field. All the curves overlap, indicating that the tunneling process
has become independent of temperature. Plotting dM /M, dH., is a simple way of de-
termining the fields at which tunneling occurs. Also plotted in Fig. 9 are the fields at
which energy resonances are expected to occur for ground state tunneling (m’ = —10)
(shown by the vertical dashed purple lines). The fact that the magnetization curves

are independent of temperature, as well as the fact that the peaks occur at fields



12

corresponding to energy resonances of the ground state, are strong evidence that the

system is tunneling from the ground state.
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Figure 10: Ground state tunneling rate dependence on the magnetic field sweep rates
i)sgsil(oxlzvn. Fach curve depicts the normalized magnetization for a different sweep rate at

Also visible in Fig. 9 are several peaks that appear at fields below ~ 1.2 T. These
peaks are due to a second species of Mnjs-acetate which present ~ 5% of molecules
in all Mnj,-acetate crystals [11,145]. They have the same S = 10, but the anisotropy
energy is smaller. Therefore, they relax at smaller magnetic fields before any of the
molecules of the main species of Mnjs-acetate relax. As a result we are always able
to separate them easily. Although several isomeric forms [4, 5,130, 141, 146, 147] of
Mnip-acetate have been chemically identified, only one minority species is present in
the samples studied here with sufficient concentration to produce measurable effects.

Fig. 10 shows the magnetization of zero-field-cooled samples for various sweep

rates. Kach curve represents one sweep of the external field and each sweep was

!The magnetization due to the second species has been removed from the data by first determining
the saturation level for the second species, then subtracting this amount from the magnetization
curves and then normalizing.
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performed at a different sweep rate. All these field sweeps were taken at 0.3 K so that
only ground state tunneling occurs. This makes analyzing the data significantly easier
since only one tunneling channel is available. For thermally assisted tunneling, the
energy resonances are sufficiently close to one another and the widths of the peaks
sufficiently broad that it is difficult to resolve the energy resonances. From these
curves it is clear that the sweep rate plays an important role in determining how many
molecules tunnel at each energy resonance. For all the samples the magnetization
relaxes at lower fields when the field is swept more slowly. This is in agreement with
the predictions of the LZS formalism, since the tunneling probability increases with

decrease energy sweep rate.
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3 Magnetic Avalanches in Mnis;-acetate

In Section 2, it was shown that the magnetization in Mnj,-acetate relaxes by ther-
mal excitation, quantum tunneling, or both. At very low temperatures, the spin
can reverse only by tunneling from the ground state of the metastable well. This
purely quantum mechanical process yields a constant relaxation rate regardless of the

temperature. The hysteresis curves have step-like behavior at fields corresponding

LA With(;ut Avalanclhes (I_ (I_
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05t 4
E
S 00| fo
S
05 L ]
0.3K
-1.0 L 10 mT/s 7
1 _)I 1 _I) 1 1 1
-60 -40 -20 0.0 2.0 4.0 6.0
u H, (T)

Figure 11: Hysteresis curves of a single crystal of Mnjo-acetate were measured at 0.3 K
with a magnetic field sweep rate of 10mT/s. With the same sample and same conditions,
sometimes an avalanche occurred and sometimes an avalanche did not occur. Without
avalanches, the hysteresis curves were reproducible showing beautiful step-like relaxation at
the ground state tunneling resonance fields (red trace). With this sample at around 0.3 K,
an avalanche occurred about 50 % of the time at various magnetic fields. The blue curve
shows one such example of an avalanche. The full magnetization was reversed in a short
time. The time resolution for this measurement was ~1s. With this slow sampling rate,
no data points were captured during an avalanche.

to the calculated tunneling resonances, as shown by the red curve in Fig. 11. At
intermediate temperatures, the population of phonons with sufficient energy to excite

the spin over the barrier is too low; however there is sufficient population of phonons

with enough energy to excite the spins to some of the low lying excited states from
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which they can tunnel more easily. At higher temperatures, over-the-barrier hopping
dominates.

These relaxation mechanisms have been carefully studied in Mnis-acetate under
controlled conditions. However, much faster relaxation by way of an avalanche [126]
is also known to frequently occur at low temperatures in relatively larger samples.
When this happens, the whole magnetization is reversed in one step in a very short
time with a relatively small reversing magnetic field as demonstrated by the blue
curve in Fig. 11. In this section, detailed studies of the phenomenon of magnetic
avalanches are presented.

Section 3.1.1 provides an overview of our understanding of the avalanche phe-
nomenon and other related subjects at the time when we began our investigation,
as well as the motivation for our investigations of avalanches. In order to consider
only the intrinsic properties of the material and also to simplify the list of possible
mechanisms leading to avalanches, only single crystals of Mnjs-acetate were used in
our measurements. The measurements were performed mainly at low temperatures
since avalanches occurred only at low temperatures in high quality single crystals.
Our studies focussed mainly on two aspects of avalanches which may or may not
have a close relationship to each other. The first was to determine the conditions for
avalanches to occur naturally (conditions for self-triggering) while sweeping a mag-
netic field back and forth. The second was to determine how avalanches proceed once
they are triggered. The first of these did not require any additional experimental
preparation so our early measurements were focused on studying the conditions for
triggering avalanches and the distribution of magnetic fields for which avalanches were
triggered during field sweeps. These results are presented in Section 3.2. We then
prepared measurements with higher time resolution and spatial resolution using an
array of Hall sensors monitored by fast recording devices in order to study the prop-

agation of avalanches, as described in Section 3.3. A thermometer was also installed
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close to the samples and its response during avalanches is presented in Section 3.4.

3.1 Background of Avalanches

3.1.1 Overview in Avalanches

A magnetic avalanche is a runaway process during which energy that has gradually
accumulated is suddenly released. In the case of magnetic avalanches in Mnjs-acetate
the energy is stored as Zeeman energy of the spins. To understand this more con-
cretely, recall that the spin state in Mnjs-acetate resides in a double well potential
with a barrier of 65 K. At very low temperature (< 3 K), the probability that the spin
will tunnel or become thermally excited over the barrier is so low that the spin stays
frozen in one of the wells for a long time. When an external magnetic field is applied
along the easy axis, the double well potential is asymmetric; the energy of one well
(stable well) is lower than the other (metastable well) due to Zeeman splitting (see
Fig. 12). To observe avalanches samples are prepared with all the molecules magne-

tized in one of the wells by either cooling the sample in the presence of a magnetic

(a) Before an Avalanche (b) During an Avalanche
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Figure 12: (a) At very low temperatures, the spin can reverse only through ground-state
tunneling (the thin purple arrow) from the metastable well (left side well) to stable well
(right side well). As soon as it tunnels, it decays to the ground state in the stable well
by emitting phonons. Consequently, the released phonons increase the temperature of the
neighboring molecules. (b) If the temperature rises, the spin of the remaining molecules can
tunnel more easily from the excited state (thick purple arrow) and release more phonons.
As a result, an avalanche occurs.
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field or by applying a large magnetic field at low temperature. Either technique leads
to a sample with the spins of all the molecules aligned with the magnetic field and
in one of the wells.?2 To increase the potential energy of the system and to place the
system in a metastable state, the magnetic field is swept in a direction opposite to
the sample magnetization. All the molecules now have their spin in the metastable
well (left hand well of Fig. 12(a)). At low temperature, the spin can reverse only
through ground-state tunneling. When the spin reverses, the difference in the en-
ergy between metastable well and stable well (the Zeeman splitting) can be released
through the emission of phonons (Fig. 12 (a)). Consequently, the released phonons
increase the temperature of neighboring molecules. For the controlled release of the
magnetic potential energy, the temperature of the sample should remain constant;
this can happen when the rate at which energy is released due to tunneling events is
lower than the rate at which heat diffuses away. However, if the process depicted in
Fig. 12 (a) happens to many molecules in a localized region of the sample and during
a sufficiently short amount of time, then the temperature increases and the magnetic
relaxation process becomes uncontrolled. In this case, when the temperature of the
sample increases, the spin of the remaining molecules can tunnel more easily from
excited states which in turn releases more phonons (Fig. 12 (b)). This process contin-
ues until all the molecules rapidly release their magnetic potential energy by flipping

their spin. When this happens, an avalanche is said to have occurred.
3.1.2 Historical Background

Prior to the discovery in 1996 by Friedman, et al. [34,140] and then by others [35,148]
of regularly-spaced multiple steps in the hysteresis loops due to resonant spin tunnel-

ing in Mnj,-acetate, early experiments by Paulsen, et al. [126,149] found sharp single-

2For some samples an avalanche occurred, even when the sample was prepared with 50 % of the
molecules in one well and the other 50 % in the other well by cooling it in the absence of a magnetic
field (zero-field cooling).
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step reversals of the magnetization in 1995. They measured hysteresis curves for a
cluster of several crystals of Mnj,-acetate using a magnetic sweep rate of 0.3mT/s
at various temperatures down to 175 mK. The magnetic field was applied at vari-
ous angles with respect to the easy axis. Avalanches were found to always occur at
temperatures below 1.5 K at reversing magnetic fields between 0.5T to 1.5T. A su-
perconducting pick-up coil was used with a sampling rate of 516 Hz for detection. The
duration of an avalanche was roughly estimated to be at most 10 ms for the samples
in the 2-3mm length range; from these values they estimated the speed of the heat
pulse to be at least 0.3m/s (5 x 1072 sec/molecular length) and they discussed this
in comparison with the spin-phonon relaxation time of 7y = 107%s. The temperature
measured near the samples increased up to 1.5 K. The magnetic fields at which an
avalanche occurred varied in a somewhat stochastic way within some distribution.
The distribution was also found to be sample-dependent.

Paulsen and Park [126] suggested that these avalanches are “a kind of chain
reaction or thermal runaway, when one spin flips, it heats its neighbors above the
blocking temperature, greatly increasing the probability that they will flip and in turn
heat their neighbors and so on until all spins have turned over.” Using the measured
specific heat from Ref. [150] and the calculated total released energy, they estimated
the rise in sample temperature as 12K for an avalanche which occurred at 1T on
the assumption that no heat escaped from the sample. The origin of the avalanches
was unclear, but it was suggested that there was a resemblance to a system of self-
organized criticality [151].

Fominaya, et al. [152] observed heat emissions caused by magnetization relax-
ation. Del Barco, et al. [127] numerically confirmed the enhancement of magnetization
relaxation due to heating caused by magnetization relaxation for a zero-field-cooled
oriented powder sample of Mnjs-acetate at temperatures above 1.9K in a pulsed

magnetic field with a slew rate of 140T/s.
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For many years, in order to study the behavior of SMMs under controlled condi-
tions at fixed temperatures, a great deal of effort was directed at avoiding uncontrolled
magnetic avalanches rather than investigating them further. Luckily avalanches
tend to occur only at low temperatures in larger samples. Stimulated by a sug-
gestion by Chudnovsky and Garanin in 2002 [153], recent studies of Mnjs-acetate
have focused on the possible observation of superradiance triggered by magnetization
avalanches [154-156]. Superradiance was originally predicted by Dicke in 1954 [157]
and later observed in a number of atomic and molecular gasses [158,159]. A particle
prepared in its excited state has a certain probability to decay by the spontaneous
emission of light. However, if there are other identical particles within the wavelength
of the light emitted, the light can not be emitted independently. For a system with
N identical particles, this results in a cooperative spontaneous emission which has N
times larger probability of an emission than that of an individual particle. Moreover,
the emitted radiation is coherent with power oc N2.

SMMs are very suitable for the emission of superradiance since Avogadro’s num-
ber of nearly identical molecular spin systems acting nearly independently (with only
magnetic dipolar inter-molecular interactions) are located within the wavelengths
corresponding to the energy spacings between the levels in Mnjs-acetate [153]. Ordi-
narily, the spin decays from the excited states by emitting a phonon since phonons
have a larger number of modes than photons in the sample. However, when a very
large number of molecules are prepared simultaneously in their excited state (in other
words, when a population inversion happens), Chudnovsky and Garanin suggested
there is a high probability for emission of superradiance.

During an avalanche in Mnis-acetate, the sample experiences rapid heating. A
large number of molecules are promoted to the excited states from which the electronic
spin tunnels very easily to the stable well due to the larger tunnel splittings of the

excited states. After tunneling to the stable well, the spin finds itself in a highly
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excited state as seen in the right hand well in Fig. 12 (b). If a large number of
molecules undergo the same process in a short time during an avalanche, a population
inversion is created resulting in the possible emission of superradiance [154].

In an experimental search for superradiance during avalanches in a cluster of
Mnig-acetate crystals, Tejada, et al. reported in 2004 that the magnetization reversal
occurs in a time on the order of 0.1s at temperatures above 1.8 K [154]. They also
detected a short burst of electromagnetic radiation from the sample using an InSh
bolometer. The hysteresis curves and the position and amplitude of the radiation
bursts associated with an avalanche were totally reproducible at a fixed temperature
and magnetic field sweep rate.

Later measurements by Bal, et al. indicated faster switching times of avalanches
on the order of milliseconds [155]. They also found that the magnetization was
not reversed uniformly throughout the sample during an avalanche. They used a
Josephson junction to extract spectral information of the radiation associated with
avalanches. However, they did not detect any significant radiation at well-defined
frequencies, as might be expected for superradiance. In their case, above 1.8 K for
a large cluster of crystals, avalanches occurred at magnetic fields corresponding to
tunneling resonances, and they occurred at the same, reproducible, magnetic field
for a given fixed temperature, which is consistent with Ref. [154]. The magnetic
field at which an avalanche occurred increased as the temperature was raised. With
the magnetic field sweep rate of 5.5mT /s which they used, avalanches did not occur
above ~ 3 K. In more recent measurements, the group of Tejada, et al. [156] reported
avalanches in a large single crystal above 1.8 K. The magnetization switching time
was on the order of milliseconds, which is more consistent with Ref. [155].

Chudnovsky and Garanin [153] also suggested that under certain conditions using
a very fast magnetic field sweep, magnetization reversal of SMMs can occur collec-

tively through the emission of superradiance rather than by Landau-Zener tunneling
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for individual spins [160]. These experimental conditions were realized in experiments
performed in Feg by Jordi, et al. in 2004 [161]. They applied magnetic field sweep
rates between 10°T/s and 1074 T/s to oriented microcrystals of Feg at a tempera-
ture below 1 K. With the fast field sweep, the magnetization relaxed away from the
ground-state tunneling resonance fields in a short time of 30 us to 60 us. The mag-
netic relaxation agreed remarkably well at different magnetic field sweep rates with
the model for superradiance. Subsequently, Vanacken, et al. reported similar results
for Mnjs-acetate [162]. A magnetic field sweep rate of 1 x10%T/s (3 x 103T/s) was
used at temperature down to 670 mK, and the magnetization relaxed in 180 us (100
ps) between 1.4 T and 1.6 T (1.5T and 1.8T). The value of the magnetic field at
which the magnetization relaxed increased as the magnetic sweep rate was increased.

Wernsdorfer suggested that the fast magnetization relaxation in Ref. [162] was
due instead to thermal avalanches triggered by the faster relaxing species (the sec-
ond species discussed in Section 2.2) [163]. He applied magnetic field sweep rates of
0.3mT/s to 680mT/s to a small crystal (20 x 6 x 5 um?) of Mnjs-acetate at 60 mK.
Avalanches occurred reproducibly at the ground-state tunneling resonance around
4T. The entire magnetization was reversed on a time scale faster than a millisec-
ond. The value of the magnetic field at which avalanches occurred decreased as the
magnetic field sweep rate was increased.

In 2003, we performed preliminary experiments to detect radiation from Mnjo-
acetate at Brookhaven National Laboratories in collaboration with Jiufeng Tu, Laszlo
Mihaly and Larry Carr [164]. A 1.6 K Si bolometer was used to monitor the emission
of radiation by a Mnjs-acetate sample in a swept magnetic field. The bolometer was
located 1.5 m away form the sample in a separate cooling system. The samples were
prepared in the form of three cylinders of 5.3 mm diameter and 5mm height. The
cylinders were filled with many crystals of typical dimensions 0.7 x 0.7 x 2.0 mm?.

The crystals in one cylinder were randomly oriented. The crystals in the other two
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cylinders were oriented by setting in 1266AB stycast in a field of 3.0T at room
temperature for six hours. One of the oriented cylinders was placed along the magnetic

field and the other was placed about 30° with respect to the magnetic field.
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Figure 13: (a) The bolometer responses plotted as a function of magnetic field while it
was swept upward from -6.0 T to 6.0 T (blue trace) and downward from 6.0 T to -6.0 T (red
trace) using a sweep rate of 17mT/s at 1.6 K. In the inset, one of the pulses is plotted as a
function of time. (b) The bolometer response plotted as a function of magnetic field with
magnetic field sweeping downward at a sweep rate of 17mT/s at 1.6 K and 2.8 K.

The bolometer responses are plotted in Fig. 13 (a). The magnetic field was swept
upward from -6.0T to 6.0 T (blue trace) and down from 6.0 T to -6.0T (red trace)
with a sweep rate of 17mT/s at 1.6 K. The bolometer response decreases when it
absorbs radiation. One pulse was observed for each sweep and these are symmetric
with respect to each other in magnetic field position and shape. In the inset of Fig. 13,
one of the pulses is plotted as a function of time with 4 ms resolution. In Fig. 13 (b),
the bolometer responses with magnetic field sweeping downward are plotted for 1.6 K
and 2.8 K. Consistent with our expectations, no pulse was observed at 2.8 K, which
is near or above the blocking temperature. Even though the magnetization was not
monitored, we strongly believe that the spike of radiation was associated with an
avalanche. Spectral information was not obtained in these experiments. Therefore,

we do not know whether it was coherent radiation associated with superradiance or

thermal radiation associated with heating of the sample.
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3.2 Triggering of Avalanches

The triggering mechanism leading to magnetic avalanches in Mnjs-acetate is still not
known. Once an avalanche is triggered, it proceeds very fast and lasts only for a
short time, which makes measuring the time evolution of an avalanche very challeng-
ing. However, it is simple to detect that an avalanche has occurred, as it results
in the complete reversal of the magnetization. It is therefore possible to study the
conditions (temperature, magnetic field, other variables) for which avalanches occur.
This section reports the various conditions under which avalanches were observed.

In previous measurements, a number of experiments have reported avalanches
at relatively high temperatures above 1.8 K in a pumped *He cryostat. For a fixed
temperature and magnetic field sweep rate, these avalanches occurred at the same,
reproducible field [154-156]. Moreover, the avalanches occurred in the middle of
a tunneling resonance where there was some relaxation by tunneling prior to the
avalanche. However, this is not the case for Ref. [126] or what we found in our
experiments. The most significant difference in these experiments is temperature.
In the experiments reported in Ref. [126], a dilution refrigerator operating down to
50mK was used. All avalanches occurred below 1.5K, and the magnetic fields at
which they occurred varied stochastically within a non-uniform distribution. The
reversing field was too small at those temperatures to cause any relaxation prior to
the avalanche, and avalanches occurred without any precursors®.

The avalanches above 1.8 K, were observed in an assembly of many crystals
(later also in a very large single crystal [156]) and at a relatively fast thermally-

assisted tunneling resonance.* During the tunneling resonance, the spin relaxes from

3There were a few exceptions in Ref. [126].

4Reproducible avalanches also occurred in a very small crystal of 20 x 6 x 5 pm? at 60 mK with
sweep rates above 68 mT/s [163]. In this case the temperature is low, but the behavior of these
avalanches is similar to those observed at the higher temperatures, as they were reproducible and
occurred at the tunneling resonance. The conditions for triggering avalanches depend on various
factors such as magnetic sweep rate, temperature, sample size & quality and cooling environments.



24

the metastable well to the stable well, and the biased Zeeman energy in the double
well potential is released (see Fig. 12 (a)). The sample temperature naturally rises and
an avalanche is triggered. However, in our experiments, this simple explanation can
not be applied since many avalanches occurred off-resonance at magnetic fields where
there was very little (or no) relaxation via tunneling. In this section, the conditions
for triggering avalanches for the latter case will be investigated further with different
single crystals at low temperatures. Paulsen, et al. showed a plot of the distribution
of magnetic fields at which avalanches were triggered for one sample at 0.17 K [126].
However, no comparison was possible of the conditions for magnetization relaxation
with and without avalanches since avalanches always occurred and the resonant steps
of quantum tunneling of magnetization in Mnjs-acetate had at that time not yet been

discovered.

3.2.1 Measurements in Avalanche Fields and Temperatures

Figure 14: (a) A relatively large crystal of Mnjs-acetate, sample A. The long axis is
the magnetic easy axis. (b) Sample A mounted on a array of Hall sensors. The sample
looks different because the camera was not focused on the sample but on the surface of the
Hall-sensor chip instead.

The magnetization of single crystals of Mns-acetate was measured using a 10x 10 zm?
Hall sensor composed of a two-dimensional electron gas in a GaAs/AlGaAs het-

erostructure (see Section 4.2) using excitation currents as small as 1 A at temper-
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atures down to 0.3 K.® For illustrative purposes, sample A is shown mounted on a
calibrated slide in Fig. 14 (a) and on a Hall sensor in Fig. 14 (b). A longitudinal
magnetic field, swept at a constant rate, was applied along the easy axis. Good
thermal contact was provided by direct immersion in *He liquid (see Section 4.1).
Data were obtained for seven single crystal samples of Mnjs-acetate of dimensions
0.27x0.27x 1.4 mm? (sample A), 0.4x0.4x 1.8 mm? (sample B), 0.15x0.15x 0.2 mm?
(sample C), ~0.4mm length in c-axis (sample D), 0.29 x 0.29 x 0.64 mm?® (sample
#1), 0.28 x 0.28 x 1.44 mm?(sample #2) and 0.24 x 0.24 x 1.02 mm? (sample #3).
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Figure 15: Magnetization versus magnetic field applied along the easy axis of Mnjo-
acetate at four different temperatures as labeled. Data is shown for sample A using a
magnetic field sweep rate of 10mT/s. Avalanches (dashed lines), which occur about 50 %
of the time at random magnetic fields, are shown at 0.3K and 0.5 K. In the absence of an
avalanche, the magnetization relaxed by ground-state tunneling for 0.3 K and 0.5K (blue
and green solid lines). No avalanches were observed above 0.8 K under these conditions.
The magnetization also relaxed by thermally-assisted tunneling in addition to ground-state
tunneling for 0.8 K and 1.0K (orange and red solid lines).

The magnetization is shown as a function of magnetic field in Fig. 15 at four
different temperatures between 0.3K and 1.0K for a magnetic field sweep rate of

10mT/s. In agreement with earlier measurements, the hysteresis curves at 0.3K

5An excitation current of 1A was used for sample A, 50 uA was used for samples B and C,
10 A was used for sample D, and 2 yA was used for sample #1, sample #2 and sample #3.



26

and 0.5 K (blue and green solid lines) coincide, indicating that the magnetic relax-
ation is completely dominated by ground state tunneling. Small changes are ob-
served at the two higher temperatures (orange and red solid lines), indicating that
thermally-assisted tunneling is playing a measurable role. Also shown in Fig. 15
are four avalanche events, at 0.3 K and 0.5K (blue and green dashed lines). Please
note that the change in magnetization below 1.5T is known to be the magnetization

relaxation of the second species (see Section 2.2).
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Figure 16: Magnetization versus magnetic field applied along the easy axis of Mnjo-
acetate at ~ 0.3 K using a magnetic field sweep rate of 10 mT /s for sample A, showing several
hysteresis curves with and without avalanches. The fields at which avalanches occurred were
distributed as shown in Fig. 17.

Fig. 16 shows the stochastic nature of the magnetic fields associated with the
triggering of avalanches. There are five full hysteresis curves (ten magnetic reversals)
obtained under the same conditions at ~ 0.3 K using a field sweep rate of 10mT/s.
Six magnetic avalanches occurring at six different magnetic fields are shown, as well as
four reversals which occurred without an avalanche. The probability of an avalanche

was different for different samples. In the temperature range between 0.3 K and 0.6 K,

avalanches occurred roughly 50 % of the time for sample A and 100% of the time for
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sample B. This difference may be associated with different sample size, sample quality

or some other factor.
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Figure 17: Magnetic fields at which avalanches occurred at different temperatures above
0.3 K for seven samples. The absence of data points above 0.82 K reflects the fact that no
avalanches were observed above this temperature.® Note that points at positive and negative
fields represent different data, and are not simply reflections about the horizontal axis.
Closed and open circle marks represent sweep rates of 10mT /s and 5mT/s, respectively.
Closed diamond marks represent sweep rates of 12mT/s. To indicate the resonant magnetic
fields for ground state tunneling, the first derivative of an avalanche free M versus H, curve
for sample A at 0.3K (blue curve of Fig. 15) is shown by the solid black curve for the
upward sweep and by the gray curve for the downward sweep.

For seven single crystals of Mnjs-acetate of different dimensions, Fig. 17 shows the
distribution of magnetic fields at which magnetic avalanches occurred at different tem-
peratures above 0.3 K for field sweep rates of 5, 10 and 12mT/s. No avalanches were
recorded at temperatures above 0.82 K with the magnetic field along the easy axis.
There appears to be no dependence on temperature for the number of data points

accumulated, except for their apparent disappearance above 0.82K.% This threshold

6More data were obtained in some temperature intervals than others, and the density of points
does not therefore reflect the probability of obtaining an avalanche. Although preliminary results
do indicate that the probability of avalanches decreases as the temperature is raised from 0.30 K to
0.82 K, additional measurements are needed to establish this rigorously.
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temperature depends on the sample. For most small single crystals (below 0.5 mm
in length) of good quality, which we used for the measurements to study quantum
tunneling of magnetization in the past, avalanches never occurred in our temperature
range (> 0.3K).

The threshold temperature for each sample was not investigated carefully. There
were many attempts to trigger an avalanche in a single crystal at higher temperatures
(close to the temperatures for pumped *He), but they were not successful. This should
be compared (but is not inconsistent) with Ref. [154-156] where avalanches occurred
above 1.8 K only for an assembly of many crystals or one very large crystal and they
did not occur for a small crystals. In our experiments, the apparent temperature

cutoff for avalanches was the same regardless of the cooling environments.”
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Figure 18: The same data in Fig. 17 is plotted as a function of |ugH|. To indicate the
resonant magnetic fields for ground state tunneling, the first derivative of the M versus H,
curves (blue curve of Fig. 15) with sample A at 0.3 K without an avalanche is shown by
the black solid and dashed curves.® The plot scale of the temperature has been compressed
so that it reveals the absence of avalanches occurring at ~3.85T and ~4.35T which are
between ground-state tunneling resonances above 3.5 T. There is also a gap between 1.0 T
and 1.5T.

In Fig. 17, for temperatures below 0.82 K, the magnetic fields at which avalanches

occurred were distributed almost randomly between 1.5T and 4.5T. More than half

"The hysteresis measurements were repeated in the following order: in *He liquid at 0.4 K, in 3He
liquid at 0.9K, in 3He vapor at 0.4K, and in 3He vapor at 0.9K. The dependence of temperature
remained the same (i.e.avalanches dissapeared at higher temperatures) regardless of whether the
sample is immersed in >He liquid or 3He gas.

8dM/M,q;dH, with only the positive values of poH, for “Sweep Up” and the negative values of
poH, for “Sweep Down” are plotted as a function of |uoH.|.
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the avalanches occurred below 3.5T above which appreciable relaxation proceeds
by ground state tunneling under controlled conditions. In Fig. 18, the same data
in Fig. 17 is plotted as a function of |ugH.| on a compressed temperature scale so
that it is easier to see the distribution of fields at which avalanches occurred. From
Fig. 18, we see the avalanches occur stochastically with a non-uniform distribution
of fields. Above 3.5T, there is a suppression in the number of avalanches occurring
around 3.85T and around 4.357T, in the interval between ground-state tunneling
resonances. This suggests that above ~3.5T, the relaxation through ground-state
tunneling plays a role in triggering avalanches. There is also a gap between 1.0T
and 1.5T. The magnetization due to the second species saturates around 1.5T. The
avalanches which occurred around 1.0 T may have been triggered by the relaxation

of this second species [163].
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Figure 19: The number of occurrences of avalanches are plotted (blue bars) as a function of
|0 H . |.Y Different samples had a different distribution of magnetic fields at which avalanches
occurred. dM /MqdH at 0.3 K, at which the magnetization relaxes predominantly through
ground-state tunneling, is shown by the black curve. The absence of avalanches above 4.5 T
derives from the fact that all the magnetization has already reversed at these fields, either
by avalanches or by steps via controlled tunneling. The dashed purple lines indicate the
magnetic fields for the ground-state tunneling resonances which were calculated using the
Hamiltonian in Eq. 1 (see Section 2.2).

9The histogram indicates the number of avalanche occurrences and does not represent a prob-
ability distribution. For a probability distribution, the number of occurrences needs to be divided
by number of attempts. In this case, smaller fields had a larger number of attempts since once an
avalanche occurred at a smaller field, no more attempts were possible for higher fields. Different
samples had a different probability (0 to 100 %) of magnetic reversal without an avalanche which
depends mostly on sample size. These probabilities are not indicated in the histogram. The number
of accumulated data points is not large enough to properly determine a probability distribution.
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The number of occurrences for avalanches are plotted (blue bars) in Fig. 19 as a
function of |y H,|. The number of avalanches which occurred in intervals of 0.05 T for
all the samples for the temperatures below 0.6 K in Fig. 17 were simply summed and
plotted in each bar.!® As noted earlier, there is almost no temperature dependence in
the hysteresis curves below 0.6 K indicating the magnetic relaxation proceeds predom-
inantly through ground-state tunneling. The black curve represents the derivative of
the magnetization curve (i.e.the tunneling rate) for sample A at 0.3 K. The dashed
purple lines indicate the magnetic fields for the ground-state tunneling resonances.
More than the half of avalanches occurred between 1.5T to 3.5 T where there is al-
most no discernible magnetic relaxation by tunneling detected. Therefore we suggest
that small defects, which consist of small number of molecules, with lower energy
barriers (higher symmetry breaking for tunneling) are responsible for triggering these
avalanches. Naturally, the molecules on the surface of the crystal suffer with high
symmetry breaking. The dislocations are also possible source of defects [132, 153].
The details for other possible defects are discussed in Section 3.2.3.

As seen in Fig. 18 above 3.5 T, the probability for avalanches to occur is relatively
larger on the tunneling resonances. The magnetic fields at which avalanches occurred
are nevertheless still distributed in a stochastic way near the tunneling resonances,
in contrast with the reproducible magnetic fields at which avalanches occurred in

Ref. [154-156,163].1* This is discussed further in the next section.
3.2.2 Analysis of Triggering Conditions

As mentioned earlier, there are two aspects of a magnetic avalanche event: the condi-
tions for triggering an avalanche, and what happens after it is triggered. In Section 3.3

we will learn from the local time-resolved measurements that magnetic avalanches are

0Different samples had a different distribution of magnetic fields at which avalanches occurred.
UFor sample #1, avalanches repeatedly occurred at the the N = 8 ground-state tunneling reso-
nance around 4.2 T.
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trigged locally in one region of the sample, and after they are triggered, the avalanche
front propagates with a constant speed through the sample. We also argue that
this behavior is closely analogous to the propagation of a flame front (deflagration)
through a flammable chemical substance. In other words, once they are triggered,
the observed behavior is very close to the way nonexplosive fuel burns. Since we have
made an analogy between magnetic avalanches and chemical deflagration regarding
the propagation of the front, in this section, we will extend the analogy by considering

the triggering conditions.

Figure 20: During magnetic field sweeps, the molecule relaxes from metastable state (left
well) to the stable well (the right well) and releases the Zeeman energy, AE. This Zeeman
energy is stored until the molecule relaxes, and once it relaxes, it is released through phonons
that heat neighboring molecules. U is the anisotropy energy barrier. It becomes smaller as
the magnetic field increases and the metastability goes down.

There are three necessary factors for the triggering of deflagration. First, there
has to be some stored energy, i.e. “fuel” to be burned in the substance. For the case of
magnetic avalanches, the “fuel” is the Zeeman energy AE = 2g,upSH, (see Fig. 20).
This energy is stored in each molecule which is remaining in the metastable state. On

average through the sample, the stored energy per molecule, Egpreq = AE X (fraction

of remaining molecules), can be expressed as,
Estored - 292MBSHZ(Msat - M)/QMsat . (5)

In Fig. 21, Fgoreq is plotted in brown. The values were obtained using the measured

magnetization curve (solid blue curve in Fig. 15) which was taken at 0.3 K with a



32

sweep rate of 10 mT/s. The magnetization curve without an avalanche was used
because we are investigating the condition before avalanches occur.

The second condition requires that the metastability not be too large. In other
words, the energy barrier from the metastable state to the lower energy state should
not be too high. For the case of magnetic avalanches, the anisotropy barrier, U in
Fig. 20, corresponds to this metastability. Using the simplified spin Hamiltonian for
S =10,'2

H=-DS?— g.upS.H.,, (6)
where D = 0.65 K and g, = 1.94. U(H,) (see Fig. 20), the classical energy barrier [165]

can be calculated™® as

2
U(H.) = DS (1 - gZQ’gP’gz) . (7)

In Fig. 21, U is plotted as a function of H, (blue curve).
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Figure 21: Three factors for triggering condition for avalanches are plotted for the mag-
netization curve which was taken at 0.3 K and 10 mT/s. Fgyreq (brown curve) indicates the
average stored Zeeman energy per molecule and corresponds to the “fuel” in a flammable
chemical substance. U (blue curve) is the calculated values of the anisotropy energy barrier
and indicates the metastability of the flammable chemical substance. Pjejeqseq (red curve)

is the power of heating accompanied by tunneling relaxation that can be used for “ignition”
of avalanches.

12The results using the Hamiltonian with the higher order, AS? yielded only small differences in
the result.

13The energy barrier can be reduced by tunneling at tunneling resonances.



33

The third condition is an ignition. There has to be some heat or other kind of
energy released into the substance to initiate the burning process. For the case of
magnetic avalanches, the only energy released in the samples during the magnetic field
sweeps is the Zeeman energy which is released through phonons following the spin
relaxation through tunneling (see Fig. 12). The average power of heating per molecule,
which can be calculated from the measured tunneling rate using the derivative of the
magnetization curve, is AE X (fraction of tunneling molecules per second).

1 dM dH
Pre ease =2 z SHzi E . 8
teased = SJNBO R0 0 CAH, dt (®)

P, ejeasea 1s plotted (red curve) in Fig. 21 for the data taken at 0.3K and 10mT/s

(solid blue curve in Fig. 15).
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Figure 22: Three factors for triggering conditions for avalanches are plotted with the
measured number of avalanche occurrences. This analysis captures the character of the
actual avalanche occurrence well only above 3.5T. The occurrences of avalanches below
3.5 T cannot be explained with this analysis since there is not enough heating (Prejeased 15
near zero below 3.5T). Also, the overall stochastic behavior of avalanche occurrences can
not be explained.

In Fig. 21, the three factors are plotted together. The best triggering conditions
are when Fg.eq is large, U is smaller, and P¢jeqseq i large. For the data used, the

more likely magnetic fields for avalanches to occur are 3.6 T at the tunneling resonance
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of N =7or 41T at the tunneling resonance of N = 8. Above 4.5T the avalanches
are not likely to occur since only a small fraction of “fuel” remains. In Fig. 22
the same three factors are plotted and compared with the actual measured number
of occurrences of avalanches at low temperature. Only above 3.5T, this analysis
consistents with the actual occurrences of avalanches. The occurrences of avalanches
below 3.5T cannot be explained with this analysis since there is not enough heating.
In other words, Pjejeqseq 18 near zero below 3.5T. We suggest that the avalanches
triggered below 3.5 T must originate from defects with lower energy barriers (smaller
metastability due to higher symmetry breaking for tunneling). Also the number of
molecules with the defects must be small so that their magnetic relaxation is too small
to be detected for the magnetization measurements. The overall stochastic nature of
avalanche occurrences cannot be explained well with this analysis. Defects which are
small enough might give some uncertainty for an ignition.

In Section 3.2.1, we also found that avalanches tend to occur only at lower tem-
peratures and no avalanches were observed above 0.82 K for all samples measured. In
Fig. 23, the three triggering factors during the magnetic field sweep are shown at sev-
eral different temperatures. Frame (a) shows the amount of “fuel” which can be used
during an avalanche for different temperatures. As expected, when the temperature is
lower, a larger fraction of molecules remain at higher magnetic field. Therefore, above
a certain magnetic field, avalanches are more likely to occur at lower temperature due
to the large amount of “fuel” available for the burning process.

Fig. 23 (b) shows the relaxation rates of the metastable state for different tem-
peratures. The anisotropy energy barrier, U which is plotted in Fig. 21 is temperature
independent. The stability of the metastable state at different temperature can be in-
ferred from relaxation rates. The relaxation rates were obtained using the Arrhenius’
law,

v

1 _ v
I'= ?06 KBt ) (9)
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Figure 23: Three factors (a)-(c) for triggering conditions of avalanches are plotted for dif-
ferent temepatures. (a) shows the amount of “fuel” which can be used during an avalanche.
(b) shows the relaxation rates of the metastable state. (c) shows the power of heating
accompanied with tunneling relaxation. Considering all three aspects together shows that
avalanches are more likely to occur at low temperature.

where 79 is an attempt time which we set to an approximate value of 10~7s. When I"
is larger, the metastability is small; therefore, avalanches are more likely to occur. In
Fig. 23 (b), I is much larger at higher temperature since more phonons are available
to overcome the energy barrier. Therefore, avalanches are more likely to occur at
higher temperature regarding “metastability”. However, this effect is minimal since
a small amount of energy can increase the temperature from 0.3K to 1.0K due to
the small heat capacity in this range of temperature. Later in Section 3.3.4, the
temperature of the avalanche front is estimated and it is shown that it can be as high

as 27 K. In this case, the difference in the initial temperature between 0.3 K and 1.0 K

is negligible.
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Avalanches occur when the value of P,eeqseq €xceeds the speed of energy diffus-
ing out of the sample, which depends on thermal diffusivity of the sample, thermal
coupling between the sample & its environments, and the cooling power of the cryo-
stat. Also, it should be mentioned that the cooling power of the cryostat is normally
larger at lower temperature in our cryostat. Fig. 23 (c) shows the power of heat-
ing accompanied with tunneling relaxation for different temperatures. Large values
of Pejeasea should ignite avalanches. At lower temperature, Preeqeq Teaches higher
values. Therefore, avalanches are more likely to occur at low temperature regarding
“ignition”. When taking all three aspects together, Fig. 23 shows that avalanches
are more likely to occur at low temperature. This might explain the reason that no
avalanches were observed above 0.9 K as shown in Fig. 17.

One of the reasons for smaller maximum values of P,ccqseq at higher tempera-
ture is that there are more tunneling resonances (including many thermally excited
tunneling resonances) through which the spin can relax. Therefore, the relaxation is
distributed over larger number of resonances.'* Consequently, the tunneling rate for
each resonance is smaller. On the other hand, for low temperature the spin can only
tunnel from the ground state, and when it does, it relaxes a large amount of magne-
tization at resonance. For example, in the case of Fig. 23 (c), the highest tunneling

resonances are located between pugH, =3.8 and 4.3 T where the N = 8 resonances are.

For low temperature, the spin can relax only from m = —10 around 4.2'T. However,
as the temperature is increased, some of the molecules can also relax from m = —9
around 3.9 T. Consequently each of the two peaks (m = —10 and m = —9) is smaller.

The temperature dependence of the maximum value of P,geqseq I the previous

paragraph is not always true for different temperature ranges or different sweep rates.

4The other reason, which has a relatively smaller effect and is always true, is that spin relaxes at
smaller magnetic fields through thermally excited tunneling during a magnetic field sweep for higher
temperature and Prejeqseq 1S proportional to magnetic field so it is smaller for smaller magnetic
fields. U is larger for smaller magnetic fields and larger U prevents avalanches from occurring.
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This happens when a large amount of magnetization relaxes at one thermally assisted
tunneling resonance during a magnetic field sweep. The tunneling probability at the

Nth resonance from state m at the temperature, T' is expressed as [46],

2 7A8N T
TAN € m/

’UN,mh

Py =1—exp |— , (10)

where Ay, is the tunnel splitting, Aey,, is the excitation energy to state m, and
UN,m is the energy sweep rate. Then the tunneling rate is, Riunneting = PN mMremaining
where M, emaining 18 the fraction of molecules which have not yet tunneled. In order
to have a resonance with large Riunneting, both Py, and Miemaining have to be large.
M, emaining 1 history dependent during a magnetic field sweep. In order to have large
M, emaining at the (N, m) resonance, all the value of Py ,,,» before the (N, m) resonance
have to be small. Despite a very complicated competition among all the resonances
during a magnetic field sweep, the temperature dependence of Pr¢jeqseq @8 shown in

Fig. 23 (c) captures the way avalanches disappear above 0.82 K well.
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Figure 24: (b) shows magnetic sweep rate dependence of Prejegsed- (a) shows the mag-
netization curves which were used to obtain Ppcjeqseq- As can be seen, larger sweep rates
cause Prejeqseq to reach higher values. This analysis shows that avalanches are more likely
to occur during a magnetic field sweep with larger sweep rate.

In Fig. 24 (b), magnetic sweep rate dependence in P,eqseq is shown. (a) shows

the magnetization curves which were used to obtain P,ceaseq.- As can be seen, larger
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sweep rates cause Pjeeqseq t0 reach higher values. This is partially due to the history
dependence of the magnetization. The tunneling rate is determined from the product
of the fraction of remaining molecules and the tunneling probability. With smaller
sweep rates, some magnetization relaxes at the lower resonance with smaller tunneling
probability before it reaches the higher resonance with larger tunneling probability,
while with higher sweep rates, only a small fraction of magnetization relaxes at the
lower resonances and ample magnetization is left to relax at the higher resonance with
larger tunneling probability and also higher Zeeman energy. A distribution of tunnel
splittings (see Section 2.2) also causes Pyejeqseq t0 reach higher values for higher sweep
rates. Unlike the relaxation with a single value of the tunnel splitting, a distribution
of tunnel splitting makes relaxation slower than exponential as time goes on. This
analysis shows that avalanches are more likely to occur during a magnetic field sweep
with a larger sweep rate. Not enough data for sweep rate dependence has been
accumulated to prove this. More measurements on avalanches with different magnetic
field sweeps are shown Section 3.2.4. In Ref. [163], reproducible avalanches occurred,
and with faster magnetic field sweeps avalanches occurred at smaller magnetic fields

at the beginning of the tunneling resonance.
3.2.3 Sweep Measurements at Different Angle

All the data in Fig. 17 were taken with a constant magnetic field sweep rate along
the easy axis (# = 0 in Fig. 25). This section describes the effect on threshold
temperature for sample B when the angle between the magnetic field and the easy
axis of the crystal is varied . No avalanches occurred above 0.82 K when the magnetic
field was swept along the easy axis with sample B as shown in Fig. 17. Whether
avalanches could occur at temperatures higher than 0.82K when # > 0 in Fig. 25

during a magnetic field sweep is the main topic of this investigation.
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These measurements were preliminary experiments for the bolometer measure-
ments shown Fig. 13 for which we did not monitor the magnetization but rather
only monitored the response of the bolometer.!® The bolometer measurements were
possible only above 1.6 K. Therefore, we only needed to determine the optimal con-
figuration for avalanches at high temperatures. These angled magnetic field sweep
measurements were not performed at lower temperatures. Fig. 26 shows hysteresis
curves with the magnetic field swept at the angles of 0°, 20°, 30°, 40° and 60° with
respect to the easy axis with the magnetic field sweep rate of 12mT/s at tempera-
tures around 1.1 to 1.2 K.'® Please note that the temperatures at 0° and 60° were
slightly higher than the other angles. In Fig. 26 (a), the hysteresis curves are plotted
as a function of the total magnetic field, puoH while in (b), the same hysteresis curves
are plotted as a function of the component of the magnetic field along the easy axis,

ILL()HZ.

Easy Axis

Sample z Magnetic
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%
X

Figure 25: The magnetic field was swept at different angles, 6 with respect to the easy
axis. In this experiment, dH/dt = 12mT/s; yielding dH, /dt = cos§-12mT /s and dH,,/dt =
sinf - 12mT/s.

Fig. 26 (a) shows complicated crossings in the magnetization curves at different

angles. This is because magnetization relaxation depends both on the longitudinal

5Sample B is a single crystal. Many crystals which were glued together were used for the mea-
surements in Fig. 13 and also used in Ref. [154-156] for avalanche measurements which occurred
above 1.6 K.

16The setup for the angle measurements use in section is shown in Fig. 81 (b) in which ¢ indicates
the rotating angle. Please also note that the signal came mainly from the M, component (the
magnetization along the easy axis), but a small M, component (magnetization in hard plane) might
present in the signal. The signal from M, should be almost proportional to poH,. In Fig. 26 and
the others, the linear components have been subtracted.
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magnetic field, pgH, and the transverse magnetic field, ugH,. In this range of mag-
netic field, 1o H, would bring the anisotropy energy barrier lower (the Zeeman energy
difference between the stable well and metastable well as seen in Fig. 12), and poH,
increases the symmetry breaking which makes tunneling faster (the strength of the
tunneling, the thickness of the purple arrows in Fig. 12) [165-167]. When sweeping
the field at an angle, both components o H, and pgH,, are swept; our experimental
conditions did not allow their independent control. Fig. 26 (b) shows the hysteresis
curves plotted as a function of pugH, at different angels. For angle, §=0, there is
no transverse field'”. In this temperature range, mainly thermally-assisted tunneling
proceeded. For 6§ = 20° to 60°, the transverse field, poH, = poH sin 8 was also present
and gave faster magnetic relaxations. Therefore, for larger 6, the magnetization re-

laxed and saturated at the smaller pgH,.

(a) , , — : : (b) ;
1.0 y o 10F
0.5 1 0.5
g 3
S S o0l
S 00f —0° (1.19K) I 00
= N
——30° (1.08 K)
——40° (1.09K)
-0.5 ——60° (1.19K) : 051
7~
210 dH/dt =12 mT/s | 1.0 | dH,/dt =12 cos © mT/s {
4.0 20 0.0 2.0 4.0 -4.0 2.0 0.0 2.0 4.0
uoH (T) woH, (T)

Figure 26: The magnetic field was swept at 6 = 0°, 20°, 30°, 40° and 60° with respect
to the easy axis at temperatures around 1.1K.'® Please note that at these temperatures
thermally-assisted tunneling rather than ground-state tunneling dominates the spin relax-
ation at the different resonant magnetic fields. The magnetic field was swept at 12mT/s.
(a) The hysteresis curves are plotted as a function of the total magnetic field, poH. (b)
The same hysteresis curves are plotted as a function of the component of the magnetic field
along the easy axis, puoH,. Sample B is a large single crystal and apparently contains a
somewhat larger amount of the second species as is often true for larger crystals.

"The internal fields (< 1000 Gauss) and small external magnetic field from misalignment (<
3° — <2000 Gauss at pgH = 4T) were always present for the transverse magnetic field.
8The temperatures at 0° and 60° were slightly higher than the other angles.
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In Fig. 26 (b), an avalanche occurred around poH,=1.9T when the sample was
oriented at 40°. In Fig. 27, hysteresis curves with the magnetic field sweep at 40° were
plotted for different temperatures. Fig. 27 (a) shows the full hysteresis, and Fig. 27
(b) shows enlargement of the data near an avalanche for pgH >1.8 T where avalanches
occurred for the two lowest temperatures of 0.98 K and 1.09 K at the fixed magnetic
field in the middle of tunneling resonance. This behavior resembles avalanches above
1.6 K in Ref. [154-156]. In Fig. (1) of Ref. [155], the magnetic field at which an

avalanche occurred also increased as the temperature was raised.
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Figure 27: The magnetic field at an angle of 40° with a respect to the easy axis was swept
for different temperatures. (a) The full hysteresis curves. (b) The enlargement of the data
for pgH >1.8 T. Avalanches occurred for the two lowest temperatures of 0.98 K and 1.09 K
at the middle of tunneling resonance.

In Fig. 28, hysteresis curves with the magnetic field sweep at 20° and 30° were
plotted for different temperatures. As can be seen in Fig. 28 (a), at 20°, stochastic
behavior remained with avalanches occurring at various magnetic fields on and off
resonance. The threshold temperature for 20° is between 0.8 K and 1.09 K. In (b), at
30°, avalanches occurred only on the tunneling resonance, and this behavior is similar
to the one at 40°. The threshold temperature for 30° is between 0.98 K and 1.08 K.

Unfortunately we did not take data at lower temperatures so we do not know whether

it is stochastic as the temperature is reduced down to 0.3 K at § = 30° and 40°.
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From the data which we obtained so far, the threshold temperatures were esti-
mated as ~0.8 K for 0°, 1.03 K for 30° and 1.09 K for 40° with a magnetic sweep rate
of 12mT/s (see Fig. 29). In Fig. 26, avalanches did not occur at 60°. This suggests
that there is a maximum for the threshold temperature near or between 40° and 60°
(dashed line in Fig. 29). Higher threshold temperatures should result from the better
conditions for avalanches. In Fig. 30, Preeased in Eq. 8 was calculated for different
angles using the magnetization curves shown in Fig. 26. P,¢jeqseq indicates the energy
release rate caused by relaxation through tunneling. When this is high, there is a
higher probability for avalanches to be triggered. The magnetic field sweep at 40°

reaches the highest value. This is consistent with the result in Fig. 29.
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Figure 28: (a) The magnetic field was swept at an angle of 20° with respect to the easy
axis for different temperatures. (b) The magnetic field was swept at an angle of 30°

The avalanches around the threshold temperature at 30° and 40° occurred only
at the tunneling resonance and they were quite reproducible.!® On the other hand,
at 0° and 20° below the corresponding threshold temperatures, avalanches occurred
in a stochastic way; i.e.the magnetic field at which an avalanche occurred was dif-

ferent every time and it was not at a tunneling resonance. In the previous chapter,

19Please note that this measurement was performed only on sample B once and has not been
confirmed with other samples. This is just a speculation for future studies which might lead to more
understanding on the mechanisms of self-triggering of avalanches with Mnjs-acetate.
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Section 3.2.1, it was suggested that avalanches below 3.5T in Fig. 18 may be due to
defects in the crystal.

For example, consider that a small part (as small as of few hundred molecules for
example) of the sample crystallized so that its easy axis is tilted by some angle relative
to remaining molecules (see Fig. 31). The magnetic field is then applied along the
crystal c-axis which is the easy axis of the majority of the molecules. Therefore, the
magnetic field is at some angle (for example, 8 = 30° to 40°) relative to the easy axis of
the small part. The molecules in the tilted part would have magnetization relaxation
through tunneling at smaller magnetic fields. This can be seen by examining the data
shown in Fig. 26 which clearly shows that the magnetization relaxes at smaller fields
as the tilt angle inreases. In this case, a small part of the magnetization of the sample

relaxes at a smaller field leading to avalanches occurring below 3.5 T.%°
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Figure 29: The estimated threshold temperatures were plotted for 8 = 0°, 30° and 40°.

As seen in Fig. 26, avalanches did not occur at 60°. This suggests that there is a maximum
for the threshold temperature near or between 40° and 60° (dashed line).

Moreover, the reason that sweeping magnetic field at some angle is favorable for
triggering avalanches is following. The probability of an avalanche event increases
as the size of the nucleation event increases. To maximize the size of the nucleation
event, the number of molecules participating must be maximal — which corresponds
to reducing the amount of tunneling that occurs during lower field resonances. This

is easily achieved by using a small transverse field at at low longitudinal fields and

20Please note that the measurement was done around 1.1 K which is higher temperature than the
ones in Fig. 18.
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large transverse field at large longitudinal field. An increasing transverse field oc-
curs naturally when the field is swept for a sample held at an angle relative to the
sweeping field. For fixed total field sweep rates, as the angle between the field and
the easy axis of the crystal increases, the longitudinal sweep rate is reduced and the
transverse sweep rate increases. Increasing the transverse field significantly increases

the probability of tunneling between the resonances.
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Figure 30: P,¢cqseq in Eq. 8 was calculated for different angles using the magnetization
curves shown in Fig. 26. Pjrgjeqseq indicates the energy release rate caused by relaxation
through tunneling. When this is high, there is a higher probability for avalanches to be

triggered. The magnetic field sweep at 40° reaches the highest value. This is consistent
with the result in Fig. 29.

The probability of tunneling, Py = 1 — exp (—7A% /vh), where Ay is the tun-
neling splitting, NV is the resonance number and v is the energy sweep rate. For a
field swept at an angle, v ~ dH,/dt and Ay ~ (g.upH,/2D)**~N, where D is the
anisotropy constant and S = 10. Normally, g, upH, < 2D. The tunneling probabil-
ity is a strong function of the tunnel splitting where the tunnel splitting itself grows

as the power of N. Therefore, the tunnel splitting increases by a large amount from

A, to A, .1, between the resonance, N = n to the adjacent resonance, N = n + 1.
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With the magnetic field swept at the angle, § # 0, H, (which is the base of the
exponential dependence of A) also increases as N increases. Consequently Ay has an
even stronger dependence on N for larger §. While the value of dH,/dt decreases at
larger angles for constant dH/dt, Py has much weaker dependence on dH,/dt which

is also independent of 6.

Z
Sample

Figure 31: A small part of the sample (light gray) which is tilted relative to the easy axis
could be the source of a locally large Prejeqseq- This part of the sample can trigger avalanches
below 3.5T. From the stochastic nature of the avalanche occurrences, the defects have to
be small enough to give some uncertainty for triggering and there have to be many of them.

With the magnetic field swept at 40° in Fig. 27, avalanches probably tend to
nucleate in the normal molecules rather than defects which are tilted away from the
normal molecules. Therefore the process should be more reproducible and occur at
the tunneling resonance measured in the data for the bulk measurements as seen in
Fig. 27. This needs to be confirmed by measurements down to lower temperatures
on other samples. Please again note that this measurement was performed only
on sample B once and has not been confirmed with other samples. This is just
a speculation for future studies which might lead to a better understanding of the

mechanisms of self-triggering of avalanches with Mn,-acetate.
3.2.4 Measurements in Non-linear Sweeps

So far, the magnetic field has been swept at (different) constant rates. The effect
of sweeping the field at different (constant) rates on triggering avalanches was not

clear within the statistics which we have accumulated. In this section, non-linear
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sweeps were applied to sample D.2!. Sample D was about 0.4mm in length along the
easy axis. It contained a somewhat larger (~10 %) than usual amount (~5 %) of the

second species.

(a) 1.0 ra 2.35 (b) 1.0 T T T 22.10

05 05
/ 1225 \‘\\\
0.0 e

. - 220% = 00 o
o = 1 -230°%
—
/ {215 2 -
-0.5 0.5 1 -2.35

/ j 1210 A 1 -2.40

o 03K h

M/M.ml

-1.0 i i
-20.0  -150 -10.0 -5.0 0.0 5.0 10.0 -20.0  -150 -10.0 -5.0 0.0 5.0 10.0
Time (s) Time (s)

Figure 32: (a) Normalized magnetization, M /Mgy (red curve) and the external magnetic
field, puoH (blue curve) are plotted as a function of time. Here sample D was prepared to
have magnetization at negative saturation, and the magnetic field was swept upward along
the easy axis at 10mT/s. Around puogH, = 2.27 T, the rate of change of the magnetic
field was reduced (decelerated). An avalanche occurred as soon as the magnetic field sweep
started to slow down. (b) Sample D was prepared to have magnetization at negative
saturation, and the magnetic field was swept upward along the easy axis at 10 mT/s. Around
poH, = —2.37T, the rate of change of the magnetic field was reduced (decelerated). An
avalanche also occurred as soon as the magnetic field sweep started to slow down. The
temperature of the sample place was kept at 0.3 K. The sampling rate of the measurements
was about 1Hz.

In Fig. 32, at 0.3 K, sample D was first magnetized by ramping the field along
the easy axis to -6 T in part (a) and 6T in part (b). The magnetic field was then
swept in the opposite direction at a rate of 10mT /s down to ugH, = 2.27T in part
(a) and up to poH, = —2.37T in part (b). In both cases after the field reached the
set magnetic fields, the rate of change of the magnetic field was reduced (decelerated).
As evidenced in Fig. 32, an avalanche occurred as soon as the magnetic field sweep
started to slow down.

In Fig. 33, an avalanche also occurred with a constant magnetic field of -2.29 T.

At 0.3 K sample D was magnetized to positive saturation, and the magnetic field was

21Please note that these measurements were not performed on other samples. These results can
be sample dependent.
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swept along the easy axis with a time dependence shown by the blue curve in Fig. 33
(a), whereby the sample underwent periods of linear magnetic field sweeps followed by
periods of fixed fields.??> About one minute after stopping the field sweep at -2.29 T,
an avalanche occurred. An enlargement of the data is shown in (b). Another attempt

was made at 2.30T, but after waiting one hour an avalanche still had not occurred.
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Figure 33: (a) Normalized magnetization, M /Mg, (red curve) and the external magnetic
field, poH, (blue curve) are plotted as a function of time. First, sample D was prepared
to have magnetization at positive saturation, and the magnetic field was swept downward
along the easy axis little by little with many sets of linear sweeps (10 and 5 mT /s were used
for the sweep rates) and breaks. Around -70s in time for x-axis, the magnetic field was
kept at the constant value of -2.29 T for a while. About one minute later, at 0s in z-axis,
an avalanche occurred. (b) The enlargement of the avalanche event in constant magnetic
field is shown. The temperature of the sample was kept at 0.3 K. The sampling rate of the
measurements was about 1 Hz.

Changing the sweep rate appears to affect the probability for triggering avalanches.
Aside from effects associated with changing the rate at which the field is swept, there
are consequences that derive fom sweeping slowly rather than fast. If one assumes
that avalanches are triggered thermally and the heat derives from the magnetization

relaxation via tunneling, the best condition for triggering an avalanche would be sud-

22The reason that the magnetic field was swept downward little by little was to avoid an avalanche
triggered by deceleration as occurred in Fig. 32. Actually the behavior in Fig. 32 was discovered
trying to conduct the measurements in Fig. 33. If the magnetic field was swept with 10mT/s (or
5mT/s) in one step and decelerated to achieve a constant magnetic field above 2T, an avalanche
always occurred as soon as the magnetic field was slowed down as seen in Fig. 32. It is unknown
why sweeping the magnetic field little by little, as for the blue curve in Fig. 33 (a), prevented an
avalanche from being triggered immediately by deceleration of the magnetic field.
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den heat release by relaxation, while much of the magnetization is still remaining to
be relaxed. As in Fig. 10, the larger the magnetic sweep rates, the larger the fraction
of molecules that remain without relaxing by tunneling. According to Fig. 24, the
heat release rate, Prejeqseq 1S also larger when the sweep rate is larger. Fast magnetic
field sweep is good for both sudden heat release (large Pjejeqsea) and many remain-
ing molecules. Therefore, reducing the magnetic field sweep rate is not favorable for
triggering avalanches.

In Fig. 32, the deceleration of magnetic field sweep clearly triggered an avalanche.
This happened repeatedly above 2T with sample D. The cause of this remains un-
known.”

It is also very interesting that deceleration of the magnetic field sweep did not
trigger an avalanche when the magnetic field was swept slowly with many breaks in
smaller fields prior to the deceleration above 2T, as seen in Fig. 33. An avalanche
occurred also in a constant magnetic field after some time. This would give us further
evidence for the stochastic nature of the nucleation process of the avalanches. In any

case, more investigation is needed before for any conclusion can be drawn.
3.2.5 Discussion

If avalanches are simply thermally triggered and if the heat comes from the magneti-
zation relaxation via tunneling, then the best condition leading to an avalanche would
be the sudden relaxation of a locally concentrated set of molecules (nucleation event)
while much of the magnetization is still remaining to be relaxed. In other words, a
local “spark” (point heat source) with a lot of “fuel” to burn. In this case, magnetiza-
tion relaxation through tunneling would provide a “spark” since the tunneling events
are always followed by the release of the Zeeman energy, while the remaining mag-
netization is the “fuel”. Therefore avalanches are expected to occur at the tunneling

resonances.
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The most puzzling part, as can be seen in Fig. 18, is that below 3.5T a large
number of avalanches did not occur during any of the tunneling resonances, but rather
occurred where there was almost no relaxation by tunneling. One possible explanation
for these avalanches may be the presence of small defects in the crystal structure.
Small defects may exist even though they can not been seen in the measurements
for the bulk magnetization. Any kind of defect in the molecules, in most cases,
would bring additional symmetry breaking and increase the tunneling probability.
Therefore, the spin can flip much more easily at smaller magnetic fields (an example
is shown in Section 3.2.3).

If there is a localized concentration of defects, then the process should be re-
producible since there will be a strong probability that the phonons will be released
during tunneling from these particular molecules which will subsequently trigger an
avalanche. However, for most of the samples reported here, the fields at which
avalanches are observed occur stochastically with a non-uniform distribution den-
sity. This could be because these defects are very small (consisting of few hundred
molecules for example), but there are many defects distributed in the sample. Our
time-resolved studies presented in Section 3.3 indicate that the avalanches propagate
with speeds well below the speed of sound, and are analogous to chemical burning,
or “deflagration”. One can imagine a scenario in which there are many small sparks
from these defects during the field sweep, and an avalanche occurs when one or a
bunch of them probabilistically ignites a fire.

This distributed microdefect model is consistent with the absence of avalanches
above 3.5T in the range between the tunneling resonances; because above 3.5T the
molecules with defects will have already tunneled, leaving only the normal molecules
available to trigger an avalanche. However, avalanches were still not reproducible and
they are distributed probabilistically over the tunneling resonances above 3.5T. We

still do not know what causes this kind of uncertainty. This must originate from some
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kind of a self-organized critical phenomenon as Paulsen, et al. originally suggested
[126]. This needs to be investigated further and compared to other self-organized
critical behaviors such as the “sandpile” model [168] or “forest-fire” model [169].

In this section, self-triggering conditions with (or without) a swept magnetic
field were studied and possible involvement of defects for stochastic triggering was
speculated. As described in Section 3.2.2, “fuel” and “ignition”, two of the factors
necessary for triggering avalanches, do not necessarily come from the same parts of
the samples. For the most effective way to trigger avalanches, the large part of the
samples with a large metastable barrier?® should play a role of “fuel”, and only a very
small fraction of the sample, which has lower metastability, is needed for “ignition”.

Normally, in explosive materials, the defects (so-called “hot spots”) play essential
roles [170-172]. Energetic materials (propellants and explosives) are useful and less
dangerous, if they are stable before an intentional ignition. However, if they are
too stable, ignition itself could be very difficult. For example, if an explosive solid is
compressed, in a perfect crystal, adiabatic compression occurs, and it will not explode
until it is compressed further. With defects, during compression, energy is released in
a form of friction and it heats up the region (therefore they are called “hot spots”).
If enough heat is released, it will trigger combustion. Therefore, the size and density
of “hot spots” determine the stability of the materials. Too many “hot spots” will
result in unstable explosives. On the other hand, if the “hot spots” are too small, the
temperature of “hot spots” would not become high enough to activate the rest of the
material.

Regarding the “ignition” condition, magnetic field sweeps applied to Mnjs-acetate
can be analogous to a compression of energetic materials.?* Mn;s-acetate would

release heat through magnetic relaxation, while energetic materials released heat

23it needs to be stable so that it would remain the energy until the ignition is applied.
24Other aspects are not analogous. Mnjs-acetate stores energy only from the magnetic field, while
energetic materials already have chemical energy stored before compression.
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through friction or chemical decomposition. Heat is first released from the defects,
but if it is compressed too slowly (or with slow magnetic field sweep), there is enough
time for the heat to escape without raising the temperature, and it will not ignite. It
is, therefore, interesting to study the relationship between size and density of defects

for the triggering of avalanches.
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3.3 Propagation of Avalanches

In the measurements presented in Section 3.2, the magnetization of the bulk sample
was measured with a slow sampling rate. It was fast enough to obtain the mag-
netic field values and the temperatures at which avalanches were triggered. In order
to further investigate the avalanches, we needed to acquire higher time and spatial
resolution for the measurements. If avalanches originate locally, local time-resolved
measurements would give us information about where they are triggered and how
they propagate. In Section 3.3.1, the experimental setups for these measurements
are shown. In Section 3.3.2, calculations are presented for a uniformly magnetized
sample that relate the transverse magnetic fields detected by the Hall bars placed at
different positions along the easy axis, to the longitudinal, easy-axis magnetization
that generates these fields; good fits can be obtained with the measured data by ad-
justing geometric parameters and assumptions concerning discontinuities at the ends.
When avalanches occur, the magnetization is no longer uniform in the samples as will

be described in Section 3.3.3. The data are analyzed further in Section 3.3.4. Some

1 mm

Figure 34: Sample #1 is mounted on a array of eleven Hall sensors with the easy axis
along the z-axis. The sensors are evenly spaced along the z-axis. The active surface is in
the yz plane with a current of 2 A along the z-axis. The Hall voltage along the y-axis was
measured for each sensor. The white chunk below the sample is “Eicosane” wax. It was
later melted at a temperature just above room temperature to glue and seal the sample on
the Hall sensor chip surface (see Section 4.3.1).
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of these results were published in Ref. [173].
3.3.1 Experimental Setups

Microscopic arrays of Hall bars (shown it Fig. 34) provided by Zeldov’s group at
the Weizmann Institute (see Section 4.2) were used to measure the magnetization of
three single crystals of Mnjs-ac of dimensions: 0.29 x 0.29 x 0.64mm? (sample #1),
0.28 x 0.28 x 1.44mm? (sample #2), 0.24 x 0.24 x 1.02mm? (sample #3). These
crystals were provided by the group of G. Christou of UFL and the group of D. N.
Hendrickson of UCSD (see Section 4.3.1). Eleven Hall bars of dimensions 10 x 10 zzm?
with 30 ym intervals were used for sample #1, and 30 x 30 m? with 130 um intervals

for samples #2 and #3. Fig. 35 shows sample #1 mounted on the Hall sensor chip.

He System

Magnet

Magnetic
Field

Figure 35: The samples were immersed in liquid 3He (see Section 4.1). The signal was
amplified by a factor of 1200, and detected and recorded by several digital scopes and a
data acquisition card. In order to ensure proper synchronization, one channel of each scope
was anchored to the same signal.

Using an excitation current of 2 uA, the Hall bar signal was amplified by a factor of
1200 (see Section 4.3.3), and detected and recorded by several digital scopes and a
data acquisition card (see Section 4.3.4). In order to ensure proper synchronization,
one channel of each scope was anchored to the same signal, as shown in Fig. 35.

The Hall sensor and amplifier introduced combined delays of up to 2 us. A magnetic
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field was applied in the z-direction along the crystal easy axis. The Hall sensors
were aligned to detect the magnetic induction of the sample in the z-direction. More
details regarding the Hall sensor signals will be described in the next section. The
samples were immersed in liquid *He (see Section 4.1); most of the data were obtained

at the base temperature of 0.3 K.
3.3.2 Local Magnetization Measurements

First, without tedious calculation, let us consider what kind of information we can
glean from the Hall sensor signals. The easy axis of the sample is always placed
along the z-axis. Due to the high anisotropy energy barrier (without a large external
magnetic field in the zy plane), the spin is forced to point either up or down along the
z-axis. Fig. 36 (a) shows a schematic diagram of the approximate magnetic dipole

field lines (red arrows) for a uniformly magnetized sample.?®
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Figure 36: (a) In this schematic diagram, magnetic dipole field lines (red lines) are drawn
around a sample that is uniformly magnetized along the z-axis. (b) B, is the x component
of the magnetic field at the different positions where the Hall sensors are located. The
Hall sensors are oriented to pick up only B,. B, is antisymmetric about the middle of the
sample along the z-axis and is largest at the ends of the sample.

The Hall sensors were placed along the z-axis and the active surface lies in the

yz plane. Therefore, the Hall sensors are only sensitive to the magnetic field in the

25Crystals of Mnjo-acetate have one long axis which is also the easy axis, and have almost rect-
angular cross section except at the ends (see Section 4.3.1).
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x direction, and the signal is proportional to B, (see more details in Section 4.2). In
Fig. 36 (b), the z-component of the dipole field is shown for each Hall sensor. B,
is largest at the ends and antisymmetric about the middle of the sample along the
z-axis. Therefore, when changes in uniform magnetization were probed, a Hall sensor

was placed close to the end of the sample for maximum sensitivity.
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Figure 37: (a) Schematic diagram of sample #1 mounted on an array of Hall sensors
used to detect B,. The sensors are labeled by the approximate distance from the top of
the sample. (b) The parameters used in Eq. 12, where ¢ is the sample length, a is sample
thickness, d is the distance between sample and Hall sensor, and z is the Hall sensor position
along z-axis, for a perfectly rectangular shaped sample.

Fig. 37 (a) shows a schematic diagram of sample #1 mounted on an array of Hall
sensors used to detect B,. As can be seen in Fig. 34, the sample did not have square
ends at the top and bottom. Using the mean of each of the end points, the sample
length was determined to be 640 ym. The sensors are labeled by the approximate
distance from the top of the sample to the center of each sensor. The hysteresis curves
at seven positions measured at a temperature of 0.3 K and an external magnetic field
sweep rate of 10mT /s are plotted in Fig. 38. An avalanche did not occur during
either the upward or downward sweep of the magnetic field. Therefore, the spin
relaxed through controlled tunneling at constant temperature of 0.3 K. The position

dependence of B, was as we expected for the geometry shown in Fig. 36 (b). The

flat response of the sensor at 320 um indicates that it was located at the middle
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of the sample. The magnetization is approximately uniform for quasi-equilibrium

conditions.
300 T T T T T T T Sensor
| 03K | Position
- 10mT/s | O™
— 160
- 1 —240
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Figure 38: The hysteresis curves measured by seven sensors at the positions between 120
and 520 ym.?® Sample #1 was mounted on an array of Hall sensors as in Fig. 37 (a), and
at 0.3 K a magnetic field was swept at 10mT/s along the z-axis .

In Fig. 39, the hysteresis curves for all the sensors (except 320 and 400 ym) in
Fig. 38 were scaled with B, /B, where By, is the saturation values for the hysteresis
curves for each sensor position. Small deviations of B, /B, from exact superposition
for the sensors at the middle of the sample (160 pum and 240 um) are within the
error and sensitivity of the Hall sensors; the measured values of B, were small and
divided by small values of B, for these sensors, leading to large uncertainties. Small
non-monotonicity in B, (it might look large in B,/Bs.) at the beginning and end
of tunneling resonances indicates small non-uniformity during the resonances due to

slightly different tunneling resonant fields [174].

26The measured (sensitivity of) Hall voltages were smaller here than the previous sections because
all the sensors were further away from the ends.
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B, also can be calculated easily for a sample with a perfect rectangular shape for
uniform magnetization [174]. In Mnjs-acetate crystals, the magnetization is oriented
along the z-axis. Assume M, has a finite value within the sample while M, = 0
outside of the sample and M, = M, = 0 everywhere. In general, the magnetic dipole
field in  due to the magnetization along the z-axis can be determined regardless of

sample shape, and is expressed as:

3(z—2)(x—2a)

|r —r'|5

B(7) =~ [ M.(P)dr' (11)

Sensor
Position
(um)

— 160
240
1 —480
—520

05}

Bx/Bsat
=}
=]

05F

Figure 39: The hysteresis curves for all the sensors (except for the sensors, which were
located too close the middle of the sample, at 320 and 400 ym) in Fig. 38 were scaled with
B, /Bsat, where Bg,; is the saturation values for the hysteresis curves for each sensor posi-
tion. Small deviations B, /Bsat for the sensors near the middle of the sample (160 um and
240 pm) are within the error and sensitivity of the Hall sensors; the measured values of B,
were small and divided by small values of By, for these sensors, leading to large uncertain-
ties. Small non-monotonicity in B, (it might look large in B, /Bs) at the beginning and
end of tunneling resonances indicates small non-uniformity during the resonances due to
slightly different tunneling resonant fields [174].

Assuming a perfectly rectangular shaped sample without magnetization depen-
dence in the x-y plane within the sample and using the parameters in Fig. 37 (b),

this volume integral can be reduced to:

B.(z) = / F(z— z’)aﬂéZZ(Z/)dz', (12)
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where

F(z—2")=log (13)

B, (z) indicates the z-component of the magnetic filed at (z,y,2) = (a/2 + d,a/2, z)
with the origin of coordinates in the middle of the sample in Fig. 37 (b).
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Figure 40: Using Eq. 12, values of B, at different Hall sensor positions were calculated for
the case of uniform magnetization at different Hall sensor positions (red trace). d = 0.1 um
and the approximate dimensions of sample #1, ¢ = 290 um and ¢ = 640 um (i.e. the
sample’s ends were located at z = £+ 320 um) were used. 47w M, for the full magnetization
of Mnjz-acetate can be calculated as 1.29 x 10% Gauss (see Section 4.4.1). The end(s) of
the sample on the z-axis was simulated using a Gaussian function for OM,/0z (blue trace),
resulting in an error function for M, (gray shade). A large value of 30 um for the Gaussian
function was chosen for the full width at half maximum (FWHM) for illustrative purposes.

Fig. 40 shows an example of the calculated B, profile along the z-axis for the case
of full magnetization for Mnjs-acetate. Using Eq. 12, values of B, at different Hall
sensor positions were calculated for the case of uniform magnetization at different
Hall sensor positions (red trace). The approximate dimensions of sample #1, a =
290 pm and ¢ = 640 pm (i.e. the sample’s ends were located at z = £ 320 um) were
used. The thickness assumed for the insulation layer on the array of Hall sensors
was d = 0.1 um. 47w M, for the full magnetization of Mnjs-acetate can be calculated
as 4m M, = 1.29 x 10° Gauss (see Section 4.4.1). The end of the sample on the
z-axis was simulated using a Gaussian function for dM,/dz (blue trace); this yields

the error function for M, (gray shade). A large value of 30 um was chosen for the full
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width at half maximum (FWHM) for the Gaussian function for illustrative purposes.’
In Eq. 12, OM,(2')/0z (blue trace) is integrated with a function F'(z — 2’) over 2.
Therefore, the width of B,(z) (red trace) is widened by F(z — 2’) which mostly

depends on the parameter, a (see also Fig. 42).

400
MZ/Msat

~ 200 — 10
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2 — 00
G — 05
= —_
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-600 -400 -200 0 200 400 600

z (um)
Figure 41: The same values for the parameters, a, ¢ and d for Fig. 40 were used, but the
FWHM of the Gaussian function for OM,/0z at the ends of the sample was changed to the

more realistic value of 5 pum. The uniform magnetization value of M, /Mg, was varied from
1.0 at positive saturation to -1.0 at negative saturation.

In Fig. 41, the same values for the parameters, a, ¢ and d for Fig. 40 were used,

but the FWHM of the Gaussian function for dM,/dz at the ends of the sample was

600 —T T T T — .
| Sample Thickness
400 - | 1 100 um
G 200 I | —290 um
%] 1 | —_
= 1000 um
= 0 | |
O | |
= | |
= -200 | | b
Q |
400 - | Sample ends ]
|
-600 L 1 L L L L
-600 -400 -200 0 200 400 600

Z (um)

Figure 42: The value of a was varied to 100, 290 and 1000 pm, while the same values
for the parameters, ¢ and d for Fig. 40 were used; 5 pm was used for the FWHM of the
Gaussian function for 9M,/9z at the ends of the sample with the uniform magnetization
value of M, /Msq: = 1.

2TSince the magnetization is assumed to be uniform within the sample, dM, /dz rather describes
the molecular density in the space. In reality, the sample ends should be much sharper. In Fig. 40,
a large width was used dM,/dz only for demonstration purpose for Eq. 12 and Eq. 13.
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changed to the more realistic value of 5 um so that dM, would have step function-like
ends.?® The uniform magnetization value of M, /M,,; was varied from 1.0 (correspond-
ing to positive saturation) to -1.0 (corresponding to negative saturation). As clearly
seen in Eq. 11, at each position in z, the value of B, is proportional to M, /M,,,. This
is true regardless of the sample shape [174].

B, is shown in Fig. 42 for a =100, 290 and 1000 gm, while the same values for
the parameters, ¢ and d for Fig. 40 were used, and 5 pm was used for the FWHM
of the Gaussian function for OM,/0z at the ends of the sample with the uniform
magnetization value of M,/M,,; = 1 in the sample. This dependence comes from
the function, F'(z — 2’) in Eq. 13. As the sample thickness, a is reduced, F(z — 2’)

becomes a shorter range function in z.

T T
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Figure 43: The measured values of B, at positive saturation in Fig. 38 for sample #1
are shown (red dots). The black line is the best fit by calculation with Eq. 12 using the
following parameters: a=470 ym, ¢c=290 pm and d=0.1 ym. A Gaussian function with 5 pm
for the FWHM was used for OM,/0z at the ends of the sample.

The measured values of B, at positive saturation in Fig. 38 for sample #1 (the
values of By, for each sensor position are the same as those used in Fig. 39) are plotted

in Fig. 43 (red dots). The black line is the best fit by calculation with Eq. 12 using

the following parameters: the width of sample #1 was estimated by a microscope

28Tt doesn’t make sense to use smaller values since the spatial resolution of the Hall sensor (the
dimension of the Hall sensor) is 10 pm.
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to be ¢ = 290 pm. A thickness d = 0.1 um was used for the insulating layer of the
array of Hall sensors, on which the sample was directly mounted. As seen in Fig. 34,
sample #1 did not have square ends along the z-axis. Therefore, the calculation using
Eq. 12 is not appropriate. In order to fit the data using step-function like square ends
with an integral of a Gaussian function (5 um for the FWHM), a = 470 um was used,
which is 25 % smaller than the estimated mean length of sample #1 as determined

by using a microscope and a calibrated slide.?”

3.3.3 Fast Measurements

LA
200 vl :|| 15@‘\ T T T
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Figure 44: Hysteresis loops with avalanches in sample #1 are plotted. B, was recorded
by a Hall sensor situated about 80 pum above the middle of the sample (labeled as 240
pm in Fig. 37 (a) and Fig. 38). Steps due to quantum tunneling of the magnetization are
observed, followed by a sharp spike in B, associated with an avalanche at + 4.1T, shown
in the inset for -4.1T.

Fig. 44 shows avalanches for sample #1. The magnetic field was swept upward and

downward at 10mT /s at a temperature of 0.3 K. Steps due to quantum tunneling

29These calculations are not expected to be accurate; the main purpose of this analysis is to
examine the overall behavior and dependence on various parameters. Real samples don’t have
square ends so that accurate calculation is impossible with this model which requires samples with
perfect rectangular shape. A reliable numerical calculation is possible only by integrating over the
actual sample shape.
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Figure 45: Signals recorded by seven equally spaced Hall sensors situated near the center
of sample #1 during an avalanche triggered at —4.1T. The left (right) trace corresponds to
the top (bottom) sensor (see the inset). Sensor positions are measured relative to the top
of the sample, with the center at ~ 320 pm.

of the magnetization were observed, with a magnetization that was almost uniform
throughout the sample, until an avalanche occured at £4.1T, as shown in the inset

(for -4.1T only). throughout the sample, until an avalanche occured at +4.1T, as

300 T T T

Equation of Best Fit Line
y =-206.42 + 12.385x R=0.99982

250

200

150

100 1

Sensor Position (um)

501

20 25 30 35 40
Time (us)
Figure 46: The sensor position versus the time at which the sensor recorded peak ampli-

tude in Fig. 45 are plotted. A straight line fit yields a constant velocity of propagation of
12m/s.
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shown in the inset (for -4.1T only). During the avalanche the Hall sensor recorded a
large peak in B,, signaling the abrupt onset of a highly non-uniform magnetization.

For the avalanche at -4.1'T, Fig. 45 shows the response of seven Hall sensors (out
of the eleven sensors) placed in sequential positions near the center of the sample.
The avalanche was triggered above the top-most sensor and traveled downward (see
the inset). B, displays the largest peak at the center. Fig. 46 shows the sensor
position as a function of the time at which the sensor registered the peak amplitude.

The slope of the straight line drawn through these points yields a constant velocity

of 12m/s for this avalanche.
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Figure 47: (a) A simple illustration of the propagation of an avalanche interface is shown.
A magnetic quadrupole-like field is created giving a large B, value at the interface. (b)
The top sensor at 160 um registered the peak in B, first and the other sensors registered
similar peaks sequentially from top to bottom. The avalanche is inferred to have originated
somewhere above the top sensor with an interface that propagated downward. The dark
dashed line indicates the approximate time when the interface of the avalanche just passed
the Hall sensor at 240 pm.

A model of the propagating avalanche front can be inferred from the measured
B, with a simple diagram shown in Fig. 47 (a).?* A magnetic quadrupole-like field
is created giving a large B, value at the interface between regions of opposing mag-

netization. Therefore the Hall sensor closest to the interface registers a peak at the

39The calculation using Eq. 12 is also shown later in Section 3.3.4.



64

time the interface is passing. As shown in Fig. 47 (b), the top sensor at 160 um reg-
istered the peak in B, first and the other sensors register similar peaks in sequential
order from top to bottom. The avalanche was inferred to have originated somewhere
above the top sensor with an interface front propagating downward. As can be seen
in Fig. 46, the avalanche front propagated with a constant velocity of 12m/s which

is two orders of magnitude smaller than the typical speed of sound in solids.

Time (us) | 0
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4240
Sample #1 T 1320

(290 X 290 X 640 um?)

(wm) uonrsog

Sensors
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500 1000 1500
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Figure 48: The data in Fig. 45 are re-plotted as a function of position for different times.

In Fig. 48, the data in Fig. 45 are re-plotted as a function of position at different
times. As can be seen, spatial resolution is lower than time resolution having fewer
data points on each curve. At times 16.4, 29.5, 32.7, 35.9 and 39.5 us, used for the
plot, one of the sensors registered a peak in B, in Fig. 45. Therefore, the data point
at the peak on each curve can safely be considered as the real peak position in Fig. 48.
The width of the curves can not be inferred directly as the width of the avalanche
interface, OM,/0z. B,(z) gains additional thickness from the function F(z — 2’) (see
Eq. 13) which depends mainly on the thickness of the sample. Fig. 49 also shows the

same data as a contour pot which maps B, as a function of time and position.
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Avalanches of three single crystals of Mns-acetate with dimensions: 0.29 x 0.29 x
0.64 mm? (sample #1), 0.28 x 0.28 x 1.44mm? (sample #2), 0.24 x 0.24 x 1.02 mm?
(sample #3) were measured. Most of the data were obtained at the base temperature
of 0.3 K. The few points measured at 0.4 and 0.7 K were found to lie on the same curve
within the scatter of the data, indicating that the temperature dependence is weak.
A longitudinal magnetic field (parallel to the easy axis) was swept back and forth
through the hysteresis loop to 6 T until an avalanche was triggered.®! Avalanches
were also found for sample #2 for zero field-cooled conditions, where the sample starts
from zero magnetization (instead of full saturation). The velocity of propagation for
each avalanche was obtained in the same way as in Fig. 46.3% Fig. 50 shows velocity of
propagation of avalanches versus longitudinal magnetic field at which the avalanches
occurred for those three samples. Further analysis on these data is presented in the

next section.
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Figure 49: The data in Fig. 45 shown as a contour plot for B, mapped as a function of
time and sensor position.?3

31As seen in Fig. 17, avalanches occur in a stochastic way at 0.3K both at tunneling resonant
magnetic fields (where energy levels on opposite side of the barrier match) and away from tunneling
resonance.

32The sensors away from the ends of the sample were used for determinations of the propagation
velocity in order to avoid edge effects.
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Figure 50: Velocity of propagation of avalanches versus longitudinal magnetic field at
which the avalanches occured. ZFC denotes data obtained for sample #2 cooled in zero
field, thus starting from zero magnetization and ending in full magnetization.

In Fig. 55, approximate values of o, (widths of B,(z) in z) for each avalanche
are plotted as a function of the magnetic fields at which the avalanches occurred for
the three samples. Since the resolution in space was small with a limited number of
sensors as seen in Fig. 48, the values were obtained in the following way. Curves of
B, vs time for the sensor located at the center of each sample were used to estimate
o (the widths of B, in time) at the half maximun of the peak (such as the curve at
320 pm in Fig. 45). To approximate o, o, was multiplied by the propagation velocity
v, which was obtained by the method in Fig. 46. ¢, = o0; X v is valid when the
avalanche interface becomes self-sustaining and the shape of the interface does not
change in time while traveling along the z-axis. As mentioned before in Fig. 48, o,
does not directly indicate the width of the avalanche interface of OM, /0z, since B,(z)
gains additional thickness from the function F'(z — 2’) (see Eq. 13) which depends

mainly on the thickness of the sample.

33The low resolution of position (or the large difference in the resolution between position and
time) has introduced additional noise in the contour lines.
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Figure 51: Approximate values of o, (widths of B,(z)) for each avalanche plotted as
a function of magnetic fields at which the avalanches occurred for the three samples. o,
does not represent the width of the avalanche interface, OM,/0z, as B, gains additional
thickness from the function F'(z — 2’) (see Eq. 13) which depends mainly on the thickness
of the sample.

3.3.4 Analysis

Fig. 50 summarizes the data obtained for the velocity of propagation of avalanches
recorded in different longitudinal magnetic fields for all three samples. For avalanches
relaxing from full magnetization in one direction to the other (AM = 2M,,,), the data
for samples #2 and #3 lie on approximately the same curve. The velocity decreases
with decreasing longitudinal magnetic field and goes to zero at about 0.6 T, below
which no avalanches occur. Smaller velocities are obtained for avalanches in sample
#2 when starting from the zero-field-cooled condition (AM = M,:). Avalanches for
sample #1 were obtained only at relatively high magnetic fields in the vicinity of
4.1'T; the velocities for this sample range in value and do not appear to be consistent
with data for the other two samples. In all cases the velocity increases with increasing
magnetic field.

The change in magnetization, AM, during an avalanche is an important param-
eter. This parameter indicates how many molecules had their spins reversed during

the avalanche, and AM/2M,, represents the ratio of relaxed magnetization rela-
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tive to maximum magnetization reversal (from full magnetization in one direction
to the other). Before the avalanches, the magnetization is relatively uniform with
quasi-equilibrium conditions, as explained in Section 3.3.2. After the avalanches, the
magnetization normally reaches saturation in the opposite direction and is again uni-
form. In these cases, the Hall sensor signals can be interpreted as being proportional

to the magnetization.

(a) Sample #1 (b) Sample #2 (c) Sample #3
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Figure 52: (a) A typical magnetization curve is shown for sample #1 for an avalanche
at £4.1T. About 25 % of the magnetization relaxed by tunneling before the avalanche oc-
curred. Therefore, the relaxed magnetization fraction during the avalanche is AM/2Mg,; =~
0.75. (b) Magnetization curves are shown for three cases for sample #2; the field cooled
sample had almost full reversal with AM/2Mg, ~ 1 (blue curve), the ZFC sample had
almost half of the full reversal with AM/2Mgq =~ 0.5 (red curve), and the avalanche at
lower magnetic field below 1.5 T had an incomplete reversal with AM/2Mgq ~ 0.75 (green
curve). In Fig. 52 (c), sample #3 had almost full reversal giving AM/2M,; = 1.

In Fig. 52 the normalized magnetization curves, M/2M,,;, are plotted for the
three samples.® Slow sampling rates were chosen with a longer integration time to
reduce the noise when there was no rapid change in the signal. The signal changed
rapidly only during avalanches. For clarity, the data (the spikes as seen in Fig. 44)

during the avalanches were omitted, and only the data before and after the avalanches

34 About 5 % of the magnetization, which relaxed below 1.5 T for sample #1 and #3, was associated
with the second species (see Section 2.2). Sample #2 contained a larger amount (~ 10%) of the
second species. In all cases, relaxation by the second species was disregarded. This might give an
error of up to 5-10 %.
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were potted. Therefore occurrences of avalanches appear as straight vertical lines
(rather than spikes) in Fig. 52.

Fig. 52 (a) shows a typical magnetization curve for sample #1 for which avalanches
occurred around 4.1 T. The sample was magnetized first, and the magnetic field was
reversed. Before the avalanche, about 25 % of the magnetization relaxed at the large
tunneling resonances N = 7,8 (see Section 2.2). This relaxation rate was much
smaller as seen in the relatively flat part of the curves near ¢ = 0 in Fig. 45 (i.e. just
before the faster changes recorded during the avalanche). The relaxed magnetization
during the avalanche is AM/2M,,; ~ 0.75. Fig. 52 (b) shows magnetization curves
for three cases for sample #2; the field cooled sample had almost full reversal with
AM/2M, ~ 1 (blue curve), the ZFC sample had almost half of the full reversal
with AM/2Ma =~ 0.5 (red curve), and the avalanche at lower magnetic field below
1.5 T had an incomplete reversal with AM/2M,, ~ 0.75 (green curve). In Fig. 52

(c), sample #3 had almost full reversal giving AM/2M,y; ~ 1.
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Figure 53: Velocity of propagation of avalanches versus released energy per molecule.
Approximate collapse is obtained for all the data in Fig. 50 when plotted as a function of
91 HS(AM/Msqt). The best fit straight line is drawn to guide the eye.
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AM/2M,,; indicates the fraction of molecules which reversed spin during the
avalanche. Before the avalanche, each remaining molecule has stored potential Zee-
man energy, AFE(H,) = 2g,upSH,. The product yields

AM
AEAUalanche(Hz) = gz,U'BSHzMi ) (14)
sat

the energy released per molecule during an avalanche (here g, = 1.94 is the gyromag-
netic factor in z, up is the Bohr magneton, H, is the longitudinal magnetic field at
which an avalanche occurs, and S = 10 is the spin of the molecule).?> Interestingly,
as shown in Fig. 53, an approximate collapse is obtained for all the data in Fig. 50
when plotted as a function of the released energy per molecule, AF Avaianche: 1hus,
avalanches require the release of a threshold energy, above which they propagate with
a speed that appears to be a linear function of the energy for the range investigated

in these experiments.

(a) Chemical Reaction (b) Spin Reversal

Figure 54: (a) A metastable state of a hydrogen and oxygen mixture can have a chemical
reaction and produce the lower energy state of water with the difference in the chemical
energy released. (b) The double well potential for the spin states of Mnjs-acetate with a
longitudinal magnetic field, H,. In this case, the spin flips from the metastable “spin-down”
state to the stable “spin-up” state and the Zeeman energy, AFE, is released.

Now, let us consider an appropriate model for this avalanche phenomenon in

Mng-acetate. Our observations cannot be attributed to magnetization reversal asso-

35AEA1;alanche(Hz) = 2gzuBSHz(AM/2Msat) = gz,U/BSHz (AM/Meaf)
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ciated with domain wall motion, since there is no long-range order in our system.36
E. M. Chudnovsley suggested that from a thermodynamic point of view, a crystal of
Mn;5 molecules placed in a magnetic field opposite to the magnetic moment is equiva-
lent to a metastable (flammable) chemical substance [173]. In our case, the role of the
chemical energy stored in a molecule is played by the difference in the Zeeman energy,
AE(H,) = 2g.,upSH,, for states of the Mnjs-acetate molecule that correspond to S
parallel and antiparallel to H,. For Mnjs-ac in a field of a few Tesla, AE(H.,) is below
0.01eV, as is the energy barrier, U(H,), between spin-up and spin-down states due
to the magnetic anisotropy. Thus, for the avalanches in Mnjs-acetate, both AE and
U are two orders of magnitude smaller than typical energies of chemical reactions.
However, our temperature range is also more than two orders of magnitude below
room temperature, making the analogy rather close.

Fig. 54 shows a simple picture of the analogy. In Fig. 54 (a), a metastable state
of a hydrogen and oxygen mixture can have a chemical reaction and produce the lower
energy state of water with the difference in the chemical energy released. Fig. 54 (b)
shows the double well potential for the spin states of Mnjs-acetate in a longitudinal
magnetic field, H,. In this case, the spin flips from the metastable “spin-down” state
to the stable “spin-up” state, and the Zeeman energy, AF, is released. In both cases,

the released energy induces the neighboring systems to go through the same process.

€
Figure 55: The propagation of the flame front with width, § is illustrated. The simple
theory of deflagration shows that the flame front approximately has the shape of T =
Ty exp [—v(x — vt)/k], which propagates with speed, v.

36Small dipolar long-range interactions between molecules might exists in Mnjz-acetate [175,176).
However, the strength is many orders of magnitude smaller than for the avalanches we observed.
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A well-known mechanism for the release of energy by a metastable chemical
substance is combustion or slow burning, technically referred to as deflagration [177].
It occurs as a flame of finite width, §, propagates at a constant speed, v, small
compared to the speed of sound. The parameter § is determined by the distance,
d ~ /&7 through which the heat diffuses during the time of the chemical reaction 7.

In our case

T(H.) = 1o exp Hgf)} , (15)

where 79 ~ 107 "s is the attempt time [34] and T} is the temperature of the flame
front. The dynamics of the flame are governed by the thermal diffusivity, x, which
obeys:

oT

o= KV?T . (16)

For k independent of T', substituting 7" = T'(x — vt) a * > vt, one obtains T =
Trexp [—v(x — vt)/k] in front of the interface, which yields v = k (see Fig. 55). An
interface thickness that is at most the distance between sensors, § ~ 30 um, and the
experimentally measured velocities of the order of 1 — 15m/s, yield an upper bound
on # in the range 107> m?/s to 10~*m? /s, consistent with heat pulse experiments.3”

Combining vd = k with § ~ /K7, one obtains:

UNiN K/T = (:;)I/QQXP [_ZUk(ZiH , (17)

The strongest dependence of v on H, derives from the exponential, which contains

the known dependence [165] of the energy barrier, U(H,), on the magnetic field.
It is of interest to estimate the temperature of the flame front, T, for these
avalanches. We have estimated 7} by calculation using published results for the

heat-capacity of Mnjs-acetate [152,178-181].

Ctot(zl = Cphonon + Cspin + Chyperfine . (18)

37]. Tejada (private communication), A 10 us heat pulse was found to travel a distance d = 1 mm
in a time ¢ ~ 20 — 50 ms, yielding x ~ d?/t ~ (2 — 5) x 107> m?/s.
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Figure 56: With the Debye temperature, ©p = 34K. the lattice heat capacity per
molecule, Cphonon(H-) was calculated as the derivative of Eq. 19. The heat capacity per
molecule due to spin, Cspin(H), was calculated for different longitudinal magnetic fields
from Eq. 21. For Cyp,(H,) at small non-zero H,, there is a peak below 3 K. This is because
the ground state in the metastable well has slightly higher energy than the ground state in
the stable well [178]. This behavior is quenched at very low temperatures, >~ 2K due to the
slow relaxation through the anisotropy energy barrier. At higher temperatures, Cypin (H)
has a Schottky behavior.

The hyperfine energy splittings are small, and their contribution is negligible above
0.3 K in our measurements. [182] The Debye temperature, ©p = 34 K [181] was used

in the calculation for the Debye model.

T\? réo/T g
D) =97 () | 5

3

dx . (19)

The temperature of the flame front is expected to reach close to the Debye tempera-

ture of 34 K. Therefore, it is important to use the full expression rather than the low

temperature approximation. Taking the derivative of the internal energy, the lattice
9{Ephonon (T))

heat capacity per molecule, Cphonon(T') = =225 (black solid curve) is shown as

a function of temperature in Fig. 56.

38The values for Ty are different from the ones in Ref. [173], in which, Ty was calculated using the
low temperature approximation for the Debye model instead of the full form of Eq. 19.
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Figure 57: The spin and lattice temperature is calculated for a system starting at T=0.3 K
assuming that 100% of the energy released per molecule during avalanche, AFE svaianche =
91BSH(AM/Mgat), is converted into thermal energy.>® Eq. 22 was solved numerically for

Ty with AM/2My. = 1.0 (blue curve), 0.75 (green curve) and 0.5 (red curve) and is plotted
as a function of H,.

The Schottky magnetic energy contribution, Cyy,(H), was calculated for differ-

ent magnetic fields, H,, using the simplified spin Hamiltonian for S = 10,3
H=—-DS?— g.upS.H.,, (20)

where D = 0.65 K and g, = 1.94. The internal magnetic energy per molecule can be

calculated as
> AEm(HZ) eXp(_Em(HZ)/T)

(Espin(H, T)) = = Yexp(—FE,(H,)/T) 7

where E,, are the 21-energy levels for S = 10 and AFE,, are the energy spacings from

(21)

the ground state. The spin heat capacity per molecule, Cypin(H.,T) 5 ,

is plotted as a function of temperature in Fig. 56 for different longitudinal magnetic
fields (solid colored curves) . At higher temperatures, the spin mixings (such as the
S = 9 manifold) could play a role. The internal magnetic energy in the case of S = 10

with the S = 9 manifold was therefore also estimated. There has been no definitive

39The results using the Hamiltonian with the higher order, AS? yielded only small differences in
the result.
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determination of the energy levels of S = 9 for Mnj,-acetate.’ We approximated
this by using the measured parameters for the S=9 manifold for the similar system
of Mny5-BrAc; the energy levels of S = 9 lie at 40 K above S = 10 with the same
spin Hamiltonian except with a somewhat smaller anisotropy of D = 0.62K [183].
The additional contribution to the spin heat capacity due to the S=9 manifold is
plotted for poH, = 0.0 T (dashed red curve) and poH, = 7.0 T (dashed purple curve).
This additional contribution did not make significant changes in the analysis of the

propagation velocities so it was neglected in all the analysis.
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Figure 58: The classical energy barrier, U(H,) (see Fig. 54 and Eq. 23) was calculated and
is plotted as a function of poH, (solid black curve).4! Also the energy released per molecule,
AFE pvalanche(Hy) = AE(H,) X AM/2Mgq; is shown for AM/2Mgq: = 1.0 (solid blue line),
0.75 (solid green line) and 0.5 (solid red line). T;(H), the flame front temperature (which
would be raised by the released energy, AE gpaianche(H:)) was solved for AM /2Mq: = 1.0,
0.75 & 0.5 using Eq. 22 and is plotted in Fig. 57. The energy, (Ephonon(T)) in Eq. 22
was also solved and indicates the energy which is converted into phonons at the flame front
and is plotted with dashed lines. The energy difference between the solid and dashed lines
is (Espin(Ty)) which should be absorbed by the spin at the flame front according to the
calculation.

Before the occurrence of an avalanche, the temperature of the sample was stable

at 0.3 K. At this temperature, all the molecules had spins in the lowest state of either

40Mnz-acetate contains intrinsic molecular disorder [130] which makes the measurements for the
energy levels of S = 9 more difficult.
“IThis energy barrier is lowered at tunneling resonances due to quantum tunneling.
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the stable well or the metastable well, and the high anisotropy barrier prevented
the spin from moving between them. (Epponon(7T")) is almost zero at T = 0.3K.
The Zeeman energy in the biased magnetic field is the only internal energy which is
stored. Assuming that 100 % of the released energy per molecule during avalanche,
AE avatanche(H,) = g.ppSH.(AM/M,,), contributes to bringing the temperature of

the spin and the lattice to T¢(H,) from 0.3 K,
9eh3SH-(AM[Miat) = (Espin(Hz, T (H2))) + (Epponon(Ty(H2))) - (22)

This equation was numerically solved for Tj(H.) for different AM /2M,,. T(H.,) is

plotted as a function of poH, in Fig. 57.
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Figure 59: Velocity of propagation of avalanches versus longitudinal magnetic field at
which the avalanches occurred (samples are identified by number).*? ZFC denotes data
obtained for the sample cooled in the absence of a magnetic field. From top to bottom, the
curves are fits with Eq. 17 using T(H) obtained from Eq. 22 for AM/2M, = 1.0, 0.75,
0.5.

In Fig. 58, AFE svatanche(H.) for AM/2M,; = 1.0 (solid blue line), 0.75 (solid

green line) and 0.5 (solid red line) is calculated and plotted as a function of pgH.,.

42The values of the velocity and T are different from those in Ref. [173], where Ty was calculated
using the low temperature approximation for the Debye model instead of the full form of Eq. 19.
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The calculated (Epponon (7)) in Eq. 22 is also plotted with dashed lines. Using the
Hamiltonian in Eq. 20, U(H,) (see Fig. 54), the classical energy barrier [165] can be

calculated®® as

_ gz,UfBHz>2
25D '

In Fig. 58, U(H.) is plotted as a function of ugH, (solid black curve).

U(H,) = DS? <1 (23)

Also the energy released per molecule, AE ayqianche(H,) = AE(H,) X AM/2Mqq,
is shown for AM/2M,,: = 1.0 (solid blue line), 0.75 (solid green line) and 0.5 (solid
red line). Ty(H,), the flame front temperature (which would be raised by the released
energy, AFE avatanche (H)) was solved for AM /2M,,; = 1.0, 0.75 & 0.5 using Eq. 22 and
is plotted in Fig. 57. The energy, (Epnonon (1)) in Eq. 22 was also solved and indicates
the energy which is converted into phonons at the flame front and is plotted with
dashed lines. The energy difference between the solid and dashed lines is (Eq;, (1))

which should be absorbed by the spin at the flame front according to Eq. 22.

Figure 60: A simple demonstration of magnetic deflagration (slow burning) is shown. (a)
The sample is magnetized upward, then the reversing magnetic field is applied. (b)-(d)
The sample starts to flip its spin from the top as a “burning flame” front. The flame front
propagates downward with constant speed. (e) As it finishes burning, the magnetization
of the entire sample has reversed. This phenomenon is nondestructive as the spin simply
flips up or down during the process.

We estimate that the released magnetic energy raises the temperature of the
flame front to 13 K for an avalanche at 1 T and 27.5 K for an avalanche triggered at
4T. Fits to Eq. 17 then yield the curves shown in Fig. 59, and reasonable values of

k and 7. For the best fit curves, 23.1, 17.7 and 12.4 were used for the prefactor of

43This energy barrier is lowered at tunneling resonances due to quantum tunneling.
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Eq. 17, (;”;)1/2 for the avalanches with AM /2M,,; = 1.0, 0.75 and 0.5 respectively.**
Here we have used the simplest model of deflagration, a widely studied phenomenon
that is known to be quite complex [184]. This crude model captures the overall

behavior, and yields parameters that are quite reasonable in size. A more complete

theory is needed to account for the apparent data collapse of Fig. 53.

Figure 61: A simulation of an avalanche with calculated magnetic dipole field lines inside
and outside of the sample is shown. In the same way as in Fig. 60, in the pictures from
left to right, an avalanche starts at the top of the sample and propagate downward. The
method for the calculation is shown in Section 4.4.2 in the appendix.

The strongest evidence that our observations are due to deflagration is the pres-
ence of a well defined propagating front requiring a threshold energy traveling at a
subsonic velocity. It is also well known that deflagration of a flammable gas will not
occur in a pipe of diameter, d small compared to the width of the flame front, 4.
In our case, unless § is small compared to the crystal diameter the heat generated
will diffuse mostly through the sample walls and will not sustain the propagation of
the interface. Indeed, avalanches tend occur in larger crystals with sufficiently large
magnetization opposite to the direction of the field. The latter corresponds to the
condition of “flammability” [184] needed to provide sufficient heating (that is, the
large T's) required for 6 < d. It is interesting to note that the few avalanches recorded

around 1T did not result in full reversal of the magnetization (see Fig. 52). At these

44 The fitting procedure yielded a prefactor of two for different AM/2M,,;, reflecting the fact that
the prefactor is not well known within the theory. On the other hand, the exponential dependence
is well captured by the model.
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low fields the conditions for ignition are marginally satisfied, and the “fame” is ex-
tinguished before the process of magnetization reversal has been completed. This
deflagration mechanism provides the condition needed for the avalanche to occur. In
addition to available magnetic energy (flammability), the conditions for ignition may
also depend on the shape and quality of the crystal, which may account for differences
observed for different samples. The avalanches in the three samples, which we have

measured, were triggered at the top edges of the samples and propagated downward.?’
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Figure 62: Using Eq. 12, values of B, at different Hall sensor positions were calculated
for the case of a sharp avalanche interface in the middle of the sample (z = 1) (red trace).
The dimensions of sample #1, a = 290 um and ¢ = 640 um (i.e. the sample’s ends were
located at z = £+ 320 um) and d = 0.1 um were used. 47w M, for the full magnetization of
Mnjz-acetate can be calculated as 1.29 x 103 Gauss (see Section 4.4.1). The ends and the
interface of the sample in z-axis was simulated using a Gaussian function for 9M, /9z (blue
trace), resulting in an error function for M, (gray shade). A large value of 30 um for the
Gaussian function was chosen for the full width at half maximum (FWHM) for illustrative
purpose.

Slow burning at a subsonic speed (deflagration) is governed by the linear process
of thermal conductivity. In addition to deflagration, unstable chemical substances
also exhibit detonation, which can be caused by instability of the flame or by direct
initiation other than through deflagration [184]. The initial stage of the detonation

corresponds to a nonlinear supersonic shock wave [177,184]. Theory and experimental

45With sample #2 in a field cooled condition, an avalanche with neither distinct large peaks
nor propagation of the peaks in the Hall sensor signals occurred occasionally. These data are not
included in the analysis. These avalanches might have had the propagation direction perpendicular
to the array of the Hall sensors. More investigation is needed.
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studies of advanced stages of detonation are lacking. Based on the close analogy
between unstable chemical substances and molecular magnets, the latter may well
exhibit magnetic detonation under the right conditions.

In Fig. 60, a simple demonstration of magnetic deflagration (slow burning) is
shown. In (a), the sample is magnetized upward, then the reversing magnetic field
is applied. In (b)-(d), the sample starts to flip its spin from the top with a thin
interface propagating downwards with constant speed, in analogy with a burning
chemical “flame front”. In (e), as it finishes burning, the magnetization of the entire
sample has reversed. This phenomenon is nondestructive as the spin just flips up
and down. “Ash” is the spin-down region while the remaining part is the spin-up
region. Therefore, it can be reversible and can be repeated again and again. Also,
the combustion energy can be tuned by the external magnetic field (see Fig. 54). In
Fig. 61, a simulation of an avalanche with calculated magnetic dipole field lines inside
and outside of the sample is shown. In the same way as in Fig. 60 in the pictures from

left to right, an avalanche starts at the top of the sample and propagate downward.
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Figure 63: The measured values of B, with the Hall sensors at seven different positions
(at 32.7 us in Fig. 48) for sample #1 are plotted (orange crosses). The black crosses are the
calculation with Eq. 12 using the following parameters: a=470 pm, ¢=290 pm and d=0.1 pm.
A Gaussian function with 5 pm for the FWHM was used as OM,/0z at the ends and the
interface of the sample. For this avalanche (orange crosses), M/2M,q changed from -0.25
to 0.5 and AM/2Mgq: = 0.75 (see Fig. 52 (a)).

Using Eq. 12, values of B, at different Hall sensor positions were calculated for
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the case of an avalanche interface in the middle of the sample (z = 1) and are plotted
in Fig. 62 (red trace). The dimensions of sample #1, a = 290 um and ¢ = 640 um
(i.e. the sample’s ends were located at z = + 320 um) were used and d = 0.1 ym
was used. The ends and the interface of the sample in z-axis were simulated using a
Gaussian functions for OM,/0z (blue trace), with a resulting error function for M,
(gray shade). A large value of 30 um for the Gaussian function was chosen for the
full width at half maximum (FWHM) for illustrative purpose.

In Fig. 63, the measured values of B, with the Hall sensors at seven different
positions (at 32.7 us in Fig. 48) for sample #1 are plotted (orange crosses). The black
crosses are the calculation with Eq. 12 using the following parameters: a=470 ym,
¢=290 yum and d=0.1 uym. A Gaussian function with 5 um for the FWHM was used
as OM,/0z at the ends and the interface of the sample. There is a discrepancy in
the amplitude of the peak. The measured amplitude is too large compare to the
calculated value even with a very thin interface width. This might have been due to a
miscalibration of the Hall sensors. Most likely, some kind of voltage induction across
the signal wires due to the fast changing magnetic field from the sample could have
mixed in with the Hall-voltage signals.’® This effect can be separated from the Hall

voltage by applying a different excitation current to the Hall sensors.
3.3.5 Discussion

Hernédndez-Minguez, et al. have reported controlled ignition of avalanches by surface
acoustic waves (SAWSs) in a single crystal of Mnjs-acetate [156,185,186]. At tem-
perature around 2K, SAWs with frequencies 100 MHz to 1 GHz were used to heat
the sample to trigger an avalanche in magnetic fields between 0.2 and 1.5 T. Ignition
times were found to be 1 to 8 ms depending on magnetic field and the SAW power.

The local magnetization was not measured. The total magnetization relaxed almost

46The fastest change in the magnetic field from the sample was near the avalanche interface.
Therefore, in either case, there would have been no changes in the peak positions.
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linearly with time after ignition and the linear relaxation continued for a time on the
order of 1 ms. This relaxation was reproducible at fixed magnetic field, temperature
and SAW output. Under the assumption that the avalanche originated at the end of
the long axis and propagated at a constant speed to the other end [173], the velocity
of propagation obtained as a function of magnetic fields was found to display max-
ima at the magnetic fields corresponding to the tunneling resonances. These authors
attributed this to deflagration assisted by quantum tunneling: quantum magnetic
deflagration.

According to the theory of deflagration, the velocity of propagation depends on
the energy barrier, U(H,) as given in Eq. 17. As U(H,) is reduced, the velocity of
propagation should be larger. Mnjs-acetate is known to exhibit quantum tunneling,
effectively lowering the barrier U(H,) at the resonances. In our results shown in
Fig. 59, we did not observe any significant peaks in the velocity of propagation. We
find a velocity that increases approximately linearly with increasing magnetic field.
Herndndez-Minguez, et al. found a similar linear increase of velocity with magnetic
field except for the maxima at the tunneling resonances.*” We may not have observed
the maxima due to an insufficient number of data points and the noise associated with
the stochastic triggering of avalanches in a swept magnetic field. We had only a few
data points around 1T in the range of magnetic field below 1.5'T where Hernandez-
Minguez, et al. observed the maxima. We were not able to ignite the avalanche
externally and avalanches did not occur spontaneously at low magnetic field, while
Hernédndez-Minguez, et al. were able to probe the velocity at lower magnetic fields
since they triggered avalanche with SAWs. There were also other differences in ex-
perimental conditions: they performed the measurements at ~ 2 K in a *He exchange
gas while we performed the measurements at 0.3K in *He liquid. This difference in

temperature makes little difference within the simple model of deflagration of Eq. 17

47Their values of velocity were smaller than those obtained in our measurements.
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which we are applying, but may be important in a more exact theory. Further work
is needed to clarify these issues.

It is difficult in any event to predict at which magnetic field we should expect
the velocity to be maximum. As the flame front travels through the sample, each
molecule experience a large change in temperature in a short time. It also experiences
a large change in internal magnetic field. If the internal longitudinal magnetic field at
saturation is ~ 500 Gauss, the internal field changes by approximately 1000 Gauss in
30 ps, corresponding to a magnetic field sweep rate of 3000 T'/s. These rapid changes
may have a strong influence on the dynamics of the avalanches [162].

Furthermore, as seen in Fig. 53, the velocities obtained for different
AM /2Mg,: seem to collapse when all the data from Fig. 50 are plotted as a function of
9-1pSH,(AM/Mg,), the total energy released per molecule. In Eq. 17, v depends on
two parameters, U(H,) and T, and other parameters are assumed to be constant. We
can assume that T depends only on the total energy released per molecule. Therefore
the scaling in Fig. 50 suggests that v does not depend on U(H,) at all for the large
range of H,AM/2M,,; used in the scaling varying from 0.5H, to 1.0H,. U(H,) de-
pends strongly on H, which tunes the classical energy barrier (see Fig. 58) (neglecting
the reduction of barrier due to tunneling resonances; with the tunneling effect, U(H.,)
should have minima at certain values of H,). However, at different magnetic fields,
v only depends on the total released energy per molecule. Consequently, the fit to
the simple deflagration theory in Fig. 59 requires three different pre-factors for three
different AM /2Mq;.

There are many possible origins for this discrepancy. The model is overly simpli-
fied and makes many assumptions. For example, thehermal diffusivity, x was assumed
to be independent of temperature, while s could be strongly temperature dependent
in this temperature range. Also, we did not consider the sample shape and sur-

roundings which have a strong effect on the temperature profile and how rapidly the
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energy will diffulse away. A simple one-dimensional approximation was used, since
the samples were long and thin.

One of the easiest ways to determine whether the velocity of propagation is
enhanced at the tunneling resonances is by applying a large transverse magnetic field
to the sample during an avalanche. This can be easily achieved by applying a magnetic
field at a some known angle relative to the easy axis as in Section 3.2.3. By increasing
the tunneling rate, a large the transverse magnetic field might increase the velocity of
propagation. To study the importance of thermal diffusion with different boundary
conditions, one can vary the cooling environment and the surrounding materials. For
example, Webster, et al. studied the duration of avalanches for samples with thermal
coupling to the environment that was weak (sample placed in a glass tube) or strong
(in helium exchange gas) [187].

Developing an external triggering method would make measurements of the ve-
locity of avalanche propagation much easier and more reproducible. It would be good
to have a very local trigger so that the processes of triggering and propagation are
distinguishable. Also, global heating should be avoided so that most of the heat comes
from the sample itself. On the other hand, it would also be interesting to study how
external heat applied globally triggers avalanches. For example, a slow (or faster)
increase in temperature at a fix magnetic field could trigger avalanches. One expects
that rapid increases in temperature will be more likely to trigger avalanches.

There is also the possibility of “detonation” or the occurrence of a “deflagration
to detonation transition” in Mnjs-acetate under certain conditions. Detonation is
explosive burning, while deflagration is non-explosive burning (slow burning). In
detonation, the pressure wave (shock wave) propagates with supersonic speed, while
in deflagration the flame front (temperature wave) propagates with subsonic speed. In
chemical detonation, chemical decomposition occurs: decomposition produces higher

pressure, and higher pressure creates additional decomposition. Chemical detonation
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is a very violent event with high pressure and temperature. This causes chemical
decomposition which also requires strong interaction. With magnetic avalanches,
such a violent event is not expected to occur. However, a small lattice distortion is
enough to deform the magnetic structure and symmetry of Mnjs-acetate.

In the case of magnetic detonation in Mnjs-acetate the magnetization interface of
spin-up and spin-down would travel with a supersonic speed. Such waves, which are
not limited by the speed of phonons, may be possible. As mentioned earlier in this
section, during magnetic deflagration in which the spin-up&down front propagates
at 10m/s, the sample undergoes fast internal magnetic field changes of 3000 T/s.
This fast magnetic field sweep is probably enough to produce additional relaxation
by tunneling due to symmetry breaking, or by reducing the anisotropy barrier due to
tension or torque to the lattice [162]. If the spin-up&down front were to propagate
at 10000 m/s, as is typical for detonation, there would be fast internal magnetic field
changes of 3MT /s, which would deform the molecule’s magnetic structure enough to
erase their magnetization history.® This magnetostriction wave could propagate as

a shock wave.

48The rate of change of the internal magnetic field also depends on the width of the the spin-
up&down interface. The thinner the interface, the faster the change in the internal magnetization.
Here, 300 pm was used for the calculation.
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3.4 Thermometer Response during Avalanches

A ruthenium oxide thermometer (see Section 4.3.2) mounted directly on sample A
as in Fig. 64, was used to monitor the temperature during magnetic field sweeps. In
Fig. 65, the magnetization and the thermometer reading were measured simultane-
ously with a slow sampling rate of ~ 1 Hz. The magnetic field was swept upward and
downward with a sweep rate of 10mT/s. The sample was completely immersed in a
liquid *He bath and the sample was stabilized at the base temperature of 0.3 K. The
thermometer signal had slight magnetic field dependence in its response. The ther-
mometer was calibrated only in the absence of magnetic field, and the small increase
in resistance in a magnetic field (the temperature decrease by ~ 20mK at +5T) did
not correspond to a real change in temperature. During the field sweeps in Fig. 65,
the temperature of the surrounding was kept around 0.3 K (except at the tunneling
resonances and during an avalanche where heat was released from the sample). Please
also note that the strange structures and the peaks around zero field were due to su-
perconductivity of some materials which were used in the system and not from the
sample.*?

For the magnetic field sweep-down in Fig. 65, temperature increases of up to
200 mK (magenta curve) were recorded during the resonances for controlled quantum
tunneling of magnetization in the absence of an avalanche (light blue curve).’® For
the magnetic field sweep-up, an avalanche occurred at 3.3 T (dark blue curve). Since
all the energy was released in a short time, the temperature increased rapidly and
cooled back down to the base temperature quickly within a few hundred milliseconds.
Due to the slow sampling rate of the measurement, the temperature failed to record
a high value at 3.3T (red curve) when the avalanche occurred.

In Fig. 66, a ruthenium oxide thermometer was directly mounted on sample #1

49These peaks around the zero magnetic field were observed even with an absence of samples.
50When the bath temperature was 0.6 K, and 0.84 K, the thermometer reading increased to 0.65 K
and 0.86 K respectively during the tunneling resonances.
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in the same manner as shown in Fig. 64 and was used to monitor the temperature
during magnetic field sweeps. Sample #1 was a smaller crystal compared to Sample
A. This time, the temperature was recorded with a sampling rate of 10 MHz during an
avalanche. The local Hall sensor signals in Fig. 45 were also measured simultaneously
with a sampling rate of 10 MHz (rainbow colored curves). The temperature (dark red

curve) increased during an avalanche and had the peak value in about 100 s which

was the duration of the avalanche propagation.

Ruthenium-oxide
Thermometer

Sample A

Figure 64: A ruthenium oxide thermometer (see Section 4.3.2) was mounted directly on
a relatively large crystal, sample A.

In Fig. 67 (a), the same signals as in Fig. 66 were recorded at a slower sampling
rate of 10 KHz for a longer recording period and a higher signal to noise ratio [188].
The monitored temperature was potted for a longer period of ~ 100 ms. After the fast
increase from 0.4 K to 1.8 K in 100 us in Fig. 66, it cooled down partially on a slower
time scale and was followed by another much wider peak which decayed with an even
slower time scale of ~60ms. In (b), an avalanche occurred for very similar conditions
with the same sample #1 except that the bath temperature was 0.7 K while the bath
temperature in (a) was set at 0.3 K. The first peak was very similar to (a), but the
second peak went up to a higher temperature and decayed more slowly compared to
(a).

We can attribute the first peak to electromagnetic radiation emitted from the
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sample during the avalanche. The ruthenium oxide thermometer can also act like a
bolometer to some degree and absorb electromagnetic radiation which would increase
the temperature of the thermometer. We attribute the second peak to heating by
diffusion of phonons. The latter needed some time to reach the thermometer due to
poor thermal connection between the sample and thermometer. For Fig. 67 (b), the
sample was at 0.7 K and cooled by *He vapor. Therefore, it had a slower cooling rate

compared to (a) where the sample was directly immersed in *He liquid at 0.3 K.
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Figure 65: The magnetic field was swept upward and downward with a sweep rate of
10mT/s. For the magnetic field sweep-down, temperature increases of up to 200 mK (ma-
genta curve) were recorded during the resonances for controlled quantum tunneling of mag-
netization in the absence of an avalanche (light blue curve). For the magnetic field sweep-up,
an avalanche occurred at 3.3 T (dark blue curve). Since all the energy was released in a
short time, the temperature increased rapidly and cooled back down to the base temper-
ature quickly within a few hundred milliseconds. Due to the slow sampling rate of the
measurement, the thermometer failed to record a high temperature at 3.3 T (red curve)
when the avalanche occurred.

For either (a) or (b), the measured temperature did not increase as high as pre-
dicted by the calculation for the temperature of the flame front in Fig. 57. The flame

front temperature was expected to be 27.5 K for an avalanche at 4 T. The first sharp

spike is probably associated with thermal radiation emitted by the propagating hot



89

flame front. The radiated temperature can not be determined from these data since
we don’t have spectral information and we don’t know the precise optical properties
of this material. For the second peak, the temperature did not reach as high because
the thermometer and its setting have a larger thermal mass than the sample. This, as
well as bad thermal contact between the sample and thermometer, probably result in

most of the thermal energy diffusing elsewhere, leading to an erroneous thermometer

reading.
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Figure 66: A ruthenium oxide thermometer was directly mounted also on sample #1
in the same manner as in Fig. 64 and was used to monitor the temperature during mag-
netic field sweeps. Sample #1 was a smaller crystal compare to sample A. This time, the
temperature was recorded with a sampling rate of 10 MHz during an avalanche. The local
Hall sensor signals in Fig. 45 were also measured simultaneously with a sampling rate of
10 MHz (rainbow colored curves). The thermometer data were digitally filtered by Fourier
transformation with a low cut frequency of 1 MHz in order to improve the signal to noise
ratio at higher temperatures, at which the detector had a small resolution. Please note
that the ruthenium oxide thermometer has slower reaction time than the Hall sensors. The
temperature (dark red curve) increased during avalanche and had the peak value in about
100 ps which was the duration of the avalanche.

Recent bolometer measurements of the radiation generated by a magnetic avalanche
(154,156, 164] (see also Fig. 13) gave puzzling results that can be understood within
our model. One enigma was that the sample temperature measured by a thermome-
ter directly following an avalanche was lower (< 6 K) than the temperature registered

by the bolometer if one assumed thermal radiation. A second puzzle was that the
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Figure 67: (a) The same signals in Fig. 66 was also recorded with a slower sampling rate
of 10 KHz for a longer recording period and a higher signal to noise ratio. The monitored
temperature was potted for a longer period of ~100ms. After the fast increase from 0.4 K
to 1.8K in 100 us in Fig. 66, it cooled down on a slower time scale and was followed by
another much wider peak which decayed with an even slower time scale of ~60ms. (b) An
avalanche occurred in very similar conditions with the same sample #1 except at a bath
temperature of 0.7 K where the sample was cooled by 3He vapor while the bath temperature
in (a) was set at 0.3K in 3He liquid.

reversal of the magnetization during the avalanche occured on a much shorter time
scale than the cooling of the sample following the avalanche [156]. We suggest that
the radiation observed during avalanches is generated by the narrow hot interface
(flame) that propagates through the crystal. The temperature of the bulk of the
crystal (including the ash left behind the interface) is always significantly lower than
the temperature of the interface itself. The time of the magnetization reversal is de-
termined by the time ¢ = [/v needed for the interface to sweep the sample of length

[. In our case t ~ 100 us, while the time needed for the ash to reach equilibrium with

the thermal bath can be much longer.
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4 General Experimental Techniques

In this chapter, some of the experimental techniques which were used for the mea-
surements in Section 3 and some measurements in Section 2.2 are described. This
chapter also supplements the earlier chapters where detailed descriptions of experi-
mental techniques were skipped in order to maintain the flow of the text. Schematic
diagrams and photographs are used as much as possible to supplement the text, since

a picture is worth a thousand words.

Figure 68: A commercial Oxford top-load 3He cryostat was used to do most of the
measurements. This side view photograph of the He cryostat shows the system with the
probe in the “down” position (see also Fig. 70).

4.1 3He Cryostat

A commercially made Oxford top-loading *He Cryostat (Heliox”” system) was used
for most of the measurements to achieve the low temperature required. This system

can reach temperatures as low as 250 mK with relatively high cooling power and
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thermal conduction with the sample directly immersed in liquid *He. Cooling down
below 1.4 K is done via a one-shot cycle which ends when all the accumulated liquid
3He has evaporated. The holding time can be more than 10 hours at the base tem-
perature depending on the heat-load of the measurement. The top-loading capability
allows us to change samples in a few hours, while the system is kept at liquid helium
temperature.®!

Fig. 68 shows a photograph and Fig. 70 shows a schematic of the *He cryostat
with the probe in the “down” position. With this probe position, the sample is inside
the cryostat and is ready for measurements. The blue cables shown on the left of the
cryostat in Fig. 68 and on the right of the cryostat in Fig. 35 are shielded twisted
pairs (“blue hose”) that connect the amplifiers to the twisted pairs of constantan
wires inside the cryostat. The constantan wires connect directly to the Hall sensor.
Some pumping lines are connected in the right side of the probe. Fig. 69 shows the
schematic for the system before lowering the probe. The probe (the upper part with
brown outlines) is attached on the top of the system in the “up” position. The long
inner tube (filled with darker reddish brown) slides down to the “down” position as
shown in Fig. 70.

In both Fig. 69 and Fig. 70, the probe is shown with brown outlines, and the
insert (see right side of the photograph in Fig. 73) is traced with purple outlines. In
Fig. 69, the gate valve is still closed; the vacuum lock (space above the gate valve,
shown in dark brown in the schematic) and the sample space (space below the gate
valve, shown in light brown in the schematic) are separated. In Fig. 70, the gate valve
is open and the probe has been lowered. The vacuum lock and the sample space are
now connected and shown with light brown in the schematic. This chamber contains

high purity 3He.

51t takes two days to cool the cryostat from room temperature to 4.2 K. It takes about five days
for the cryostat to naturally warm up from 4.2 K (starting with the liquid *He level at 0 %) to room
temperature.
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During the cooling cycle (see Fig. 71), liquid *He (shown in magenta in the
schematic) accumulates at the bottom of the 3He pot. The sample space is thermally
isolated from the *He main bath by the inner vacuum chamber (IVC). The main bath
is shown in light blue in the schematic. The IVC is shown in light purple. The outer
vacuum chamber (OVC) with superinsulation (layers of material cooled by “He gas
from the main bath)? thermally isolates the main bath from room temperature. The
pumping line for the 1K stage is shown in red in the schematic. In Fig. 70, red (or
white) arrows show the direction of the pumping flow of *He from the main bath to
the “big” pump. Fig. 75 shows the photographs of the 1K-stage pumping line and
red arrows indicate the direction of the flow of “He.

Fig. 71 shows schematic diagrams for the cooling cycle in the sample space. By
pumping *He, the 1K stage (red) can achieve 1.4 K continuously. At 1.4K, the sorb
can absorb up to 16 liters of 3He (gas at atmospheric pressure). Cooling down below
1.4 K requires two steps. Fig. 71 (a) shows the first step. During this time, the sorb
is warmed by an electric heater to 21 ~ 36 K. At this temperature, the sorb releases
most of the *He (magenta arrows) which will condense at the cold surface of the 1 K
stage (1.4 K) and liquid ®*He (magenta) drops down to the bottom of the sample space,
the 3He pot. In the second step as in Fig. 71 (b), the heater at the sorb is turned off,
and then the sorb starts to absorb *He (magenta arrows). As more *He is evaporated
at the surface, the temperature of the remaining condensation in the 3He pot goes
down to the base temperature of 250 mK.

Fig. 72 shows the photograph of the top view of the *He cryostat. Fig. 73 shows
the side view of the 3He cryostat when we pulled the insert out for repair.>® The

insert is mounted in the main bath and is traced in purple in the schematic in Fig. 69

52This system is a vapor shielded dewar and does not have a nitrogen jacket. Nitrogen liquid is
needed only for the initial cooling of the cryostat from room temperature.

53There was a small leak between the sample space and IVC. It was successfully repaired by
ourselves.
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and Fig. 70.
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Figure 71: Schematic diagrams for cooling cycle in the sample space (pure He space)
are shown. By pumping *He, the 1K stage (red) can achieve temperatures as low as 1.4 K
continuously. At 1.4K, The sorb can absorb up to 16 liters of *He (gas at atmospheric
pressure). Cooling down below 1.4 K requires two steps: Step 1 (part a of figure), the
sorb is warmed by an electric heater to 21 ~ 36 K. At this temperature, the sorb releases
most of the *He (magenta arrows) which will condense at the cold surface of the 1K stage
(1.4K) and liquid He (magenta) will drop down to the bottom of the sample space (*He
pot).’* It normally takes about 30 minutes until the accumulation of liquid 3He stops. Step
2 (part b of figure), the heater at the sorb is turned off and the sorb starts to absorb 3He
(magenta arrows). As more *He is evaporated from the surface of the 3He liquid at the
bottom, the temperature of the remaining condensation in the 3He pot goes down to the
base temperature of 250 mK. During this period, the lower the temperature of the sorb, the
faster the sorb absorbs He. For the base temperature, the sorb is cooled down to 1.4 K by
the 1K stage. When the measurements are performed at temperatures above 0.3K (but
still below 1.4 K), the temperature of the 1K stage is raised or the sorb heater was turned
on so that the sorb remains at a higher temperature (see also Ref. [189] Section 2.5).

54Normally, liquid 3He starts to accumulate when the temperature of the 3He pot goes down to
2.2K.
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Figure 72: The top view of the 3He cryostat. Label (i) indicates the 1K stage pumping
line which is connected to the “big” pump. Label (ii) indicates the top of the gate valve
(vacuum lock valve). This is where the probe is inserted. Label (iii) indicates the one-way
release valve for the main bath.

Figure 73: The side view of the *He cryostat with the insert pulled out. The insert (traced
in purple in Fig. 70 ) is mounted in the main bath. Label (iv) indicates the location of the
radiation baffles. Label (v) indicates the location of the 4.2 K flange. Label (vi) points to
the bottom of the insert.
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v)

(vii)

Figure 74: The indicated parts are: (v) - the 4.2 K flange; (vii) - the entrance for liquid
4He from the main bath to the 1K stage line; (viii) - needle valve; (ix) - bottom of the He
pot; (x) - sorb; and (xi) - 1K stage. In part (a), the middle part of the insert is shown.
Below the brass 4.2K flange, there is a layer (traced in purple below the 4.2 K flange in
Fig. 70) which forms part of the outer wall of the IVC. In part (b), the inside of the IVC is
shown after the outer wall of the IVC is taken off. There is another smaller tail (*He pot)
inside the IVC. The interior of the 3He pot forms the sample place and the bottom of this
chamber is where 3He accumulates (see Fig. 71). In part (c), the 1K stage is shown after
the 2He pot was taken off. The sample space was exposed to air and a plastic cover was
placed over the sorb to limit the amount of moisture accumulation.

The photographs in Fig. 74 and Fig. 75 were also taken during the repair. Fig. 74
(a) shows the middle part of the insert. Below the brass (4.2 K) flange, there is a layer
(traced in purple below the 4.2K flange in Fig. 70) which is also the outer wall for
the IVC. (b) shows what is inside the IVC.% Inside the IVC, there is another smaller
tail. Inside of this is the sample place. The bottom part is the *He pot where *He
condenses (see Fig. 71). (c¢) shows the 1 K stage after removing the tail shown in (b).

Fig. 75 shows precisely how the *He flows from the entrance in the main bath
(vii) through the 4.2K flange (v) into the IVC. Once inside the IVC, the flow is
regulated by a needle valve (viii) before entering the 1K stage (xi). Before entering

and after leaving the 1K stage, the *He travels through the sorb which provides the

55Indium was used for all the inner vacuum seals.
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sorb with cooling power. The “He then travels back through the 4.2 K flange and out

of the system entirely to the “big” pump.

Figure 75: These three photographs show precisely how the 1K stage pumping line is
arranged and liquid *He is pumped out from the main bath through the IVC to the “big”
pump. The red arrows shows the direction of “He flow. The labeled parts are: (v) - 4.2K
flange; (vii) - filtered entrance for liquid *He from the main bath to the 1K stage; (viii) -
needle valve; (x) - Sorb; and (xi) - 1K stage. Part (a) shows the “*He flow from the main
bath (vii) through the 4.2K flange (v) into the IVC. Once inside the IVC, the flow splits
below (viii) before entering the sorb (x). Part(b) shows the “He flow through the sorb(x)
and 1K stage (xi). Below the sorb, the two tubes circle around a couple of times making a
coil which acts as the 1 K stage. During the condensing stage, *He condenses on the surface
of the coil and drips off the knife edge formed at the bottom of the 1K stage. Part (c)
shows the *He flow out of the sorb where it is rejoined into one tube before exiting the IVC
through the 4.2K flange and out through the the pumping port to the “big” pump (see
Fig. 70).
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4.2 Hall Sensors

Micro Hall sensor-arrays were used to probe the local magnetization of samples. Using
GaAs wafers grown by H. Shtrikman, the Hall sensors were fabricated and provided
by N. Avraham, Y. Myasoedov and Y. Paltiel of Eli Zeldov’s group at the Weizmann
Institute of Science, Israel. They have the technology to manufacture the arrays in
various sizes and configurations. These sensors enable us to probe the locally varying
magnetization of the samples with high resolution in the time-domain. Chang, et al.
first applied such small Hall bars as local field sensors for their scanning Hall probe

microscope [190].
4.2.1 Configuration

Etching by lithography

Si-doped AlGaAs

Figure 76: The array of Hall sensors were fabricated by lithography on GaAs/AlGaAs
heterostructures which forms a two-dimentional electron gas (2DEG) at the interface. Using
molecular beam epitaxy, a thin layer (10nm) of undoped Aly3Gag7As was grown on the
(001) oriented undoped GaAs substrate, followed by a Si-doped Al 3Gag 7As layer which
provides the carriers for the 2DEG.

The array of Hall sensors were fabricated by lithography on GaAs/AlGaAs het-
erostructures which form a two-dimentional electron gas (2DEG) at the interface (see
Fig. 76). Using molecular beam epitaxy, a thin layer (10 nm) of undoped Aly 3Gag7As
was grown on the (001) oriented undoped GaAs substrate, followed by a Si-doped
Al 3Gag7As which provides the carriers for the 2DEG [191,192]. Fig. 77 shows a
photograph of the top view of the Hall sensor array. The 2DEG is oriented in the
yz-plane. The excitation current, I.,. was applied parallel to the z-axis. The Hall

sensors are insensitive to magnetic fields parallel to the yz-plane. In the detailed view,
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the shaded areas designate the Hall sensors. The Hall voltage, Vi is proportional to
the perpendicular component of the magnetic field, B, under the assumption that
B, is uniform over the Hall sensor. In these photographs, relatively large sensors

(30 x 30 um? with the 50 um interval) are shown.

2DEG

\

Etching by

lithography \

Figure 77: A photograph of the top view of the Hall sensor array with relatively large
sensors (30 x 30 um? with a 50 um interval) is shown. The 2DEG is oriented in the yz-
plane. The excitation current, I.,. was applied parallel to the z-axis. The Hall voltage, Vj is
proportional to the perpendicular magnetic field, B,. Each sensor probes the approximately
uniform magnetic field, B, in each shaded area (as shown in the detailed view).

The electric resistance of the Hall sensor array is typically a few k). The Hall
mobility of the 2DEG at low temperature is about 1 x 10° cm?V~!s~! and the car-
rier concentration is about 6.25 x 10! cm™2 which gives 0.1 2/Gauss for the Hall

coefficient [193,194]. The Hall voltage, Vy, is related to the external field, B,, by
VH - Ba:RHIexc 5 (24)

where Ry is the Hall coeflicient and I, is the excitation current. There is almost
no temperature dependence of Ry in the measurement temperature regime between
0.3K to 15K (see also Ref. [189] Section 2.6). Ry is independent of I... up to
0.1mA. At low temperatures due to the quantum Hall effect, the linearity of the
Eq. 24 deviates at B, > 5000 Gauss. The sample was mounted approximately 0.1 um
above the 2DEG.
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Fig. 78 shows a photograph of the top view of the Hall sensor chip. The array
of 21 Hall-sensors of 30 x 30 um? with 50 um interval is placed in the middle of the
chip along the z-axis. Each terminal is connected to the ohmic contact pad at the
edge of the chip. The Hall-sensor chip was mounted on the chip carrier with 24
connections (see Fig. 79). Only every other sensor is connected by gold lead bonding
to an ohmic contact pad due to the limited number of connectors on the chip carrier.
In the detailed schematic at the right, Vi, Vs,.....,; Vi; label each Hall sensor. The
Hall sensor array is oriented along the z-axis and provides the local magnetization

variation.

Ohmic contact pads Hall sensor array

Figure 78: A photograph of the top view of the Hall-sensor chip is shown. The array of
21 Hall-sensors of 30 x 30 wm? with 50 pm interval is placed in the middle of the chip along
the z-axis. Each terminal is connected to an ohmic contact pad at the edge of the chip.
Only every other sensor is connected by gold lead bonding to the ohmic contact pads (see
also Fig. 79). The right hand side shows the sensor designations, Vi, Va,....., V11 used to
label the local Hall-sensor responses at the different positions along the z-axis.

Fig. 80 (a) shows the sample space at the bottom of the probe with only the
connector for the Hall-sensor chip carrier mounted. (b) shows the Hall sensor chip

carrier (with a sample and a thermometer) mounted on the the connector. The ex-
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ternal magnetic field, H.,, is applied vertically (along the z-axis as shown in Fig. 78).
The Hall sensors are insensitive to the parallel magnetic field. Therefore, the signal
primarily comes from the sample. The rotator can rotate the sensors around the
y-axis (see Fig. 78) which provides the means to achieve even more perfect alignment
(0 = 01in Fig. 81 (a)) between the Hall sensors and the external magnetic field. Please
note with external magnetic field as large as 6T, even very small misalignment will
lead to the situation where the Hall voltage due to the external field easily exceeds the
one from the sample. This precise rotational adjustment eliminates the background
signal from the external field (for more details see Section 4.2.2). For the case of
f # 0, the Hall sensors will detect the external magnetic field as well as the sample

signal. In (c), the Hall sensor was rotated by 90° relative to the position in (b).

Figure 79: The Hall-sensor chip was mounted on the chip carrier with 24 connections.
11 Hall-sensors and the excitation current contacts were connected by gold lead bonding
to the chip carrier. A Mnjs-acetate crystal was mounted on the Hall sensor array with the
easy axis along the z-axis.

In Fig. 81 (a), the direction of rotation for the Hall-sensor chip relative to the
external magnetic field is shown when the chip is mounted on the probe as in Fig. 80
(a)-(c). The rotation axis for the Hall-sensor chip is the y-axis. The rotator is used to

align the Hall sensor chip parallel to the external magnetic field, H..; so that 6 = 0.
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Figure 80: (a) The sample space at the bottom part of the probe is shown with the
connector for the Hall-sensor chip carrier. (b) The Hall sensors with the sample mounted
on the the connector. The external magnetic field is applied vertically (along the z-axis in
Fig. 78). (c) The Hall sensor was rotated by 90° relative to the position in (b). (d) The
alternative way of mounting the Hall-sensor chip.

Otherwise the Hall sensors would detect the external magnetic field as well as the

sample signal. Then Hall voltage is given by,
VH - RHIexc(Bac,sample + ,U/OHext sin 9) . (25)

As in Fig. 79, a Mnjs-acetate crystal was mounted on the Hall sensor with the easy
axis parallel to the Hall sensor surface. Since the sample is mounted with its easy axis
flush to the surface of the Hall sensor and parallel to the z-axis, then as long as the Hall
sensor is aligned along the external field, the easy axis will also be aligned.”® This
configuration only works for studying the longitudinal magnetic field dependence.
When the transverse magnetic field needs to be applied to the sample (as is the
case of the measurements in Section 3.2.3), the Hall sensors should be mounted on
the probe so that the z-axis is the rotation axis. Fig. 81 (b) shows the alternative
direction of rotation when the Hall-sensor chip is mounted as shown in Fig. 80 (d)

with 6 =~ 0°. It is mounted on the probe so that the rotation axis for the Hall-sensor

56The easy axis of the sample was aligned along the z-axis by eye.

5TOne of the disadvantages in this method is that misalignment in # can not be completely removed.
However, normally the sample signal doesn’t contain a linear component. Therefore, it is easy to
subtract the the second term in Eq. 25 (see Ref. [189] Section 2.7).
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chip is along the z-axis. In this way, the orientation of the external magentic field
changes within the yz-plane. The rotational dependence of ¢ on the sample can be
studied without losing the sensitivity of the sample signal. This method was used for
the measurements in Section 3.2.3.

(a) Magnetic Field (b) Magnetic Field
A

Sample e \

\l,'

4

\ Hall-sensor
Hall-sensor

N
chip front
< chip side

Figure 81: (a) The direction of rotation for the Hall sensor chip relative to the external
magnetic field is shown. The chip was mounted on the probe as in Fig. 80 (a)-(c). The
rotation axis for the Hall sensor chip is the y-axis. (b) The alternative direction of rotation
is shown when the Hall-sensor chip is mounted as in Fig. 80 (d) with § ~ 0. The rotation
axis for the Hall-sensor chip is the x-axis. In this way, the orientation of the external
magentic field changes within the yz-plane.

4.2.2 Calibration and Background

Without any sample mounted, Hall voltages of the top two Hall sensors in the sensor
array (30 x 30 um? with 50 ym interval) in Fig. 78 were measured and are plotted
as a function of the external magnetic field in Fig. 82. The sensors were mounted
in the position shown in Fig. 80 (c¢) with the external magnetic field oriented along
the vertical direction. Therefore, the direction of the external magnetic field was
perpendicular to the Hall sensors, i.e. # = 90° (see Fig. 81). From the slope of the

best linear fit, it was determined that, Ry = 0.1087 2/Gauss.”®

58The offsets of the linear fits most likely came from the longitudinal resistance which arose from
the relative vertical misalignments of the position of V. and V_. The longitudinal resistance does
not depend on the magnetic field. Therefore, it appears as a constant offset in the magnetic field
sweeps.
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In Fig. 83 with the sensor orientation at # ~ 9.4° as shown in Fig. 81 (a), the Hall
voltage was measured while the external magnetic field was swept from zero to 5T
with ... = 50 uA. The values were subtracted by the best fit line and the non-linear
component is plotted in the inset (blue curve). This non-linear component was mostly
due to the electromagnetic induction from the change in the external magnetic field
(see Fig. 84). Remanent or dipole magnetic fields by the magnetized surrounding

materials also contributes to the non-linear component.
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Figure 82: Without any sample mounted, Hall voltages of the top two Hall sensors in
the sensor array (30 x 30 um? with 50 um interval) as shown in Fig. 78 were measured
and are plotted as a function of the external magnetic field. The sensors were mounted in
the position shown in Fig. 80 (c¢) with the external magnetic field oriented in the vertical
direction. Therefore, the direction of the external magnetic field was perpendicular to
the Hall sensors, i.e. 6 = 90° (see Fig. 81(a)). From the slope of the best linear fit,
Ry = 0.1087 Q/Gauss.

With the sensor orientation at 6 ~ 4.2° as shown in Fig. 81 (a), Fig. 84 shows the
measured Hall voltage while the external magnetic field was swept from -6 T to 6T
and 6 T to -6 T (field sweep direction is shown by blue arrows) with external magnetic
sweep rates of 10 , 20, 30 and 40mT/s. In these measurements, I.,. = 1.0 uA. The
values were subtracted by the best fit line and the non-linear components are plotted
in the inset (with the field sweep direction indicated by red arrows). When the
magnetic field was swept upward (downward), the measured voltages were shifted

down (up) by constant values which are larger for larger magnetic field sweep rate.
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This effect originates from the electromagnetic induction due to the time rate of
change in the external magnetic field. The voltage shifts depend only on the magnetic
field sweep rate and not on I.,.. Since Vg is proportional to I.,. the voltage shifts
become negligible compared to Vg when I, is large. When small I.,. was used, the

constant shift was subtracted from the data.

T T
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Figure 83: With the sensor orientation at 6 ~ 9.4° as shown in Fig. 81 (a), the Hall
voltage was measured while the external magnetic field was swept from zero to 5T with
Teze = 50 pA. The values were subtracted by the best fit line, and the non-linear component
is plotted in the inset (blue curve).

In Fig. 85, the temperature increases of the sample relative to the bath tempera-
ture when the bath was held at the base temperature of ~ 0.3 K is plotted as a function
of excitation current of the Hall-sensor array. The sample temperature was measured
as in Fig. 64. The Hall sensor-array with 21 10 x 10 um? sensors with 10 um interval
was used. The total length of the array was 210 um. The total resistance of the array
and its contacts was 2.7K€). The calculation shows that a current of 1, 10, 30 and
50 A would produce 2.7nW, 270nW, 2.43 uW and 6.75 pW for heat respectively.
Since the sample was mounted directly on the sensor array, some parts of it might
have experienced higher temperature than what was measured in Fig. 85. For the
measurements on the normal magnetization curves with Mnjs-acetate, the hyteresis

curves show no temperature dependence below 0.6 K since all the relaxations proceed
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Figure 84: With the sensor orientation at 6 & 4.2° as shown in Fig. 81 (a), the Hall
voltage was measured while the external magnetic field was swept from -6 T to 6 T and
6T to-6T (with the field sweep direction indicated by blue arrows) with different external
magnetic sweep rates. In these measurements, ., = 1.0 uA. The measured values were
subtracted by the best fit line and the non-linear components are plotted in the inset (with

the field sweep direction indicated by red arrows).

from the ground state.’® In this case, a larger current was used to take advantage

of the larger signal-to-noise ratio. However, for the measurements with avalanches, a

smaller current was used since the mechanism for triggering avalanches was unknown

and there is possibility that heating from the excitation current in the Hall sensor

might have played a role.
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Figure 85: The temperature increases of the sample relative to the bath temperature when
the bath was held at the base temperature of ~ 0.3 K are plotted as a function of excitation
current of the Hall-sensor array. The sample temperature was measured as illustrated in

Fig. 64.

59This was confirmed with a small excitation current.
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4.3 Other Techniques
4.3.1 Samples and Preparation

Samples were grown and provided by N. E. Chakov in the group of G. Christou at
the University of Florida at Gainesville as well as E. M. Rumberger in the group
of D. Hendrickson at the University of California at San Diego. Mnjs-acetate was
first synthesized by Lis [3]. Later, relatively larger single crystals of Mnjs-acetate
became available. Fig. 86 (a) shows a relatively large crystal of Mnjs-acetate. The
Mnj,-acetate has tetragonal symmetry (see Section 2.1) and crystalizes into a rather
long rectangular shape. The magnetic easy axis (blue arrow) is along the long crystal
caxis; a, and b, are equivalent to each other by symmetry. The a.c.-plane and the
b.c.-plane are perpendicular to each other. Fig. 86 (b) shows a crystal of Fes. The
magnetic easy axis (blue arrow) lies 0.7° away from the a.b.-plane and 16° away from

the a.-axis in the a.b.-plane. [195]

(b)

Magnetic
easy-axis

Figure 86: (a) A relatively large crystal of Mnjo-acetate is shown. The Mnjs-acetate has
tetragonal symmetry (see Section 2.1) and crystalizes into a rather long rectangular shape.
The magnetic easy axis (blue arrow) is along the long crystal c.-axis. (b) A crystal of Feg
is shown. The magnetic easy axis (blue arrow) lies 0.7° away from the a.b.-plane and 16°
away from the a.-axis in the acb.-plane. [195]

As in Fig. 87 (a), normally the sample was directly mounted on the Hall-sensor
chip. The white chunk in the left side of the picture is Eicosene (a kind of bee’s
wax) which melts at a temperature a little higher than room temperature. A small

amount of it was applied next to the sample and was heated up by a light bulb for
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(b)

Figure 87: (a) The sample was normally directly mounted on the Hall-sensor chip (see
Fig. 78). The white chunk in the left side of the picture is Eicosene (a kind of bee’s wax).
which melts at a temperature a little higher than room temperature. A small amount of it
was applied next to the sample and was heated up by a light bulb for a short time until it
was melted. (b) Once the Eicosene melts, it surrounds the sample and holds it fixed to the
sensor.

a short time until it melted and surrounded the crystal as in Fig. 87 (b). After that
it was cooled down to the measurement temperature. Eicosene was used to hold the
sample in place and also to protect the crystal from losing its solvents. Many other
substances such as grease, paraffin, Stycast and other kind of waxes and oils were also
used instead of Eicosene. The choice of glue was made by considering the desirability
of certain conditions of the sample during the measurements such as good thermal

conductivity, higher stresses or adhesiveness.

Figure 88: Many crystals of Mnjs-acetate were carefully chosen, oriented along the easy
axis and glued together with Stycast 1266A one by one for optical measurements which
require larger sample size. The grid (1 x 1 mm?) drawn behind the glass plate was used as
an alignment guide. There was a layer of grease between the glass plate and the sample so
that samples would not be glued to the glass plate.

In Fig. 88, many crystals of Mnjs-acetate were carefully chosen, oriented and
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glued together with Stycast 1266A one by one for optical measurements which require
larger sample size. This procedure was continued until it made a (1 x 1) cm? cross
section in the hard plane. Thesis large assemblies of crystals were used for optical

measurements.
4.3.2 Thermometer

The temperature of the samples was measured by a ruthenium oxide thermometer
(see Fig. 89) which was directly mounted on the sample as in Fig. 64. Its resistance
has a small magnetic field dependence and has high sensitivity between 0.05 K and
200 K. This bare chip model has a faster response time and a smaller mass compared

to the other forms.

030 mm —|  |—

C——/—"] Jossmm
L; 1.45 mm A

Figure 89: The dimensions for bare chip model of ruthenium oxide thermometer (RX-
102A-BR by Lake Shore) are shown. The active surface (thick film) was directly mounted
on the sample to measure the temperature as shown in Fig. 64.

4.3.3 Electronics for Fast Measurements

For the measurements in Section 3.3, electronics needed to be prepared for the mea-
surement of signals varying as fast as ~ 1 MHz with ©V precision. Fig. 90 shows the
electronics circuit design for a precision DC current source using REF102 (a 10V
voltage reference) from Texas Instruments. The 9V batteries were used to power
both the REF102 voltage reference and OPA227 op-amp. For the measurements
in Section 3.3, R = 5 M Q) was used to produce ... = 2 uA for the Hall-sensor array.
For the ruthenium oxide thermometer, R = 20 M 2 was used to get ... = 0.5 yA.
In Fig. 91, the electronics circuit design for a signal amplifier is shown. The 9 V
batteries with 0.1 uF decoupling capacitors were used as very quiet and stable power

for all OPA228 (high precision and low noise op-amp). The OPA228 has higher
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REF102
+10V 6
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Figure 90: The electronics circuit design for a precision DC current source using a
REF102 10V voltage reference from Texas Instruments is shown. 9V batteries were used
to power both the REF102 voltage reference and the OPA227 op-amp.

10Q

OPA228 »—O Vour

10Q

3
VOUT=§ R (Vint-Vinz)

Figure 91: The electronics circuit design for a signal amplifier is shown. 9 V batteries
with 0.1 uF decoupling capacitors were used as very quiet and stable power supply for all
OPA228 high precision, low noise op-amps. In this circuit, the sample signals, V1 and
Vine were first amplified separately with standard non-inverting amplifiers each with a gain
of G = 6 and connected to a differential amplifier with gain of R/10. [196]

speed with a slew rate of 10V /us and a bandwidth of 33 MHz. It is optimized for
closed-loop gains of five or greater. In this circuit, the sample signals, V;y1 and Viyg

were first amplified separately with standard non-inverting amplifiers, each with a

gain of G = 6, and connected to a differential amplifier with gain R/10. [196]
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For the measurements in Section 3.3, R = 2 K ) was used to produce the total
gain of 1200 for the Hall sensors. The constant reliable gain of this amplifier circuit
was tested for the input signal ranging from 1 1V to 300 V. It performed well in spite
of its relatively lower common-mode rejection ratio (CMRR)®, as shown in Fig. 92.
The linearity (constant gain) was also tested with the Hall voltage, various /,. and
the external magnetic fields. In order to take full advantage of the high gain band
width of OPA228, the signal was amplified in two stages. The amplified signals had
a delay time of ~ 1 us. The entire measurement setup (including the Hall sensors,

cables, amplifiers and digital scopes) registered a total delay time of ~ 2 us.

(a) ‘ () I © o4r : :
Equation of Best Fit Line " | Equation of Best Fit Line “*| Equation of Best Fit Line
——y=-0.013218 + 592.11x R=0.99991 —— y=0.021686 + 0.0044081x R=0.99794 ——y =0.044083 + 0.82376x
15101 1 03r B 031 R=0.99998
02r 027
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s g o s 0.1
s s g oor
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0.0 100 1.0 104 2.0 104 3.0 104 60 40 20 0 20 40 60 0.4 0.2 0.0 0.2 0.4
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Figure 92: (a) The amplifier output, V,,: plotted as a function of a small known DC
voltage, V;, at room temperature. R = 1K) was used for the circuit in Fig. 91 to produce
a total gain of G = 600. (b) Different values of I.;. were applied to the Hall sensor in the
cryostat at ~ 7K. A magnetic field of ~ 37 Gauss was applied parallel to the Hall sensor.
The Hall voltage was amplified 1200 times. (c¢) Amplified Hall voltage as a function of
external magnetic field with the Hall sensor oriented at 8 = 20°. The quality of the linear
fit proves the linearity of both the Hall sensor and the amplifier.

The electric circuit was built on a breadboard in Fig. 93. The Hall sensor signals
were connected to the amplifier through twisted-pair wires with shielded twin-ax

cables. T'wisted-pair wires can carry electric signals as fast as a few MHz. The whole

60Before this design, more ideal instrumentation amplifiers with very high CMRR were built and
performed well for testing. However, when they were connected to the Hall-sensor array, there
was unintentional resonance or feedback which built up once in a while and produced large noise
of a few KHz. While it was probably associated with the bias current, after many attempts and
efforts in vain (such as using different op-amps, placing different capacitors in appropriate places
and using different circuit boards including one with photolithography) to eliminate this, this design
was abandoned and replaced with the one in Fig. 91.
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circuit and the battery power were embedded in a cast aluminum box to isolate the
amplifiers from electrical noise. The signal outputs were connected to digital scopes
and a data acquisition card by coax cables. The typical background noise with 1 MHz

bandwidth after amplification was v, ~ 10nV/v/Hz.

Vin: connected: to
atwinax cable |
—_— -
| Switch for
= battery-power
Vout: connected t T
acoax cable |
i

Figure 93: A picture of a signal amplifier with schematic circuit diagram shown in Fig. 91.
4.3.4 Data Acquisition

For the measurements in Section 3.3, the signals were recorded on three different time
scales. The data acquisition card sampled all eight channels as fast as 10 KHz. It
takes 40 minutes to measure the hysteresis curves (-6 T to 6 T and 6T to -6 T) with
a sweep rate of 10mT /s as shown in Fig. 44. Without an avalanche event, averaged
signals for 500 readings at 10 KHz sampling rate were recorded only every second in
order to reduce the number of data points. The sampling rate of 1 Hz is enough to
capture the magnetization relaxation with quantum tunneling. When an avalanche
event occurred (such as the one at + 4.2T in Fig. 44), the data acquisition card
was triggered to record the amplifier output voltages at a sampling rate of 10 KHz
for one full second. One of the eight channels of the data acquisition card recorded
the thermometer while the other seven recorded Hall voltages. Since heat diffusion
after an avalanche was a rather slow process, this sampling rate and the recording
time captured the temperature change after the avalanche well as can be seen in

Fig. 67. It also recorded a more precise value of the external magnetic field at which
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an avalanche occurred. Within the accuracy of the 100 us averaging window, this
corresponds to a field accuracy of ~ 1079 T. The 10 KHz sampling rate was not fast
enough to capture an avalanche since the avalanche event occurred within 100 us (
the full width of each peak was about 60 us as can be seen in Fig. 45). The same
eight signals were also sampled by digital scopes at the higher sampling rate. The
avalanche event triggered the scopes to record 2500 readings (or more depending on
the ability of different scopes) with a typical sampling rate of 10 MHz (see Fig. 45
and Fig. 66).
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4.4 Appendix

4.4.1 Magnetization Calculation for Mnj,-acetate

The saturated magnetization for S=10 in Mnjs-acetate was calculated, and this value
was used for comparison with the measured values in Section 3.3.2. The magnetic
moment of S=10 is:

pu=2Sup =1.1577 x 1073 eV /T=1.8548 x 10722 J/T.
The saturation magnetization of Mnis-acetate is:

M =2Sup x 2/arbrer, = 1.024 x 10° A/m, and 47 M = 1.29 x 10* Gauss, where
ar;, = by, = 1.73 x 107 m and ¢;, = 1.21 x 107 m are the lattice constants for the

body centered tetragonal lattice for Mniy-acetate.
4.4.2 Calculation for Field Line Images

For illustrative purposes as shown in Fig. 61, the magnetic field lines for Mnjs-acetate
can be calculated under a set of simplifying assumptions. For the case of avalanches,
the marrow interface of the spin-up region and the spin-down region is approximate
by the step function like two regions of oppositely polarized uniform magnetization.
When calculating the vector potential, A(7), for a box shaped region, only the sur-

() x i

o M
face current terms are present, A(7) = % | da’. For a region with the
5

7 — |
magnetization oriented along the z-axis and a coordinate system chosen so that the
yz-plane passes through the center of the region and is parallel to one of the surfaces
of the region, then from symmetry considerations, only surface currents that run per-

pendicular to the x = 0 plane will contribute to the field in the x = 0 plane. For

such a surface current running in the % direction, the vector potential is given by:
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g(x,y,z) =
—(y — yo) arctan [((z — ;) (z — 2)) /((y — yo) Rii)]
+(y — yo) arctan [((z — z4)(z — 2)) /((y — yo) Ryi) |
+(y — yo) arctan [((z — z:)(z — 2¢)) /((y — yo) Rir) |
—(y — o) arctan [((z — z7)(z — 2y)) /((y — yo) Rys)]
+(z — z)log v — x; + Rii] — (2 — zi) log [x — x¢ + Ry
+(x —x;)log [z — 2 + Ri) — (x — ;) log [z — 25 + Rif]
+(z = zp)log [z — xy + Rygl = (2 — z) log [# — i + Rif
+(x —xy)log [z — 2y + Rys] — (v — xy) log [z — z; + Ry ] x Mz,

where Ry, = \/(a: —24)? 4+ (y — y0)? + (2 — 2)2, Yo is the location of the current sheet
along the y-axis, and (x;, 2;), (2, 2y), (xy, 2;), and (zf,z5) demark the four corners
of the current sheet. The magnetic field components in the x = 0 plane are given
by: B,(0,y,2) = 0, By(0,y,2) = 0A,/0z, and B,(0,y,2) = —0A,/Jy. The field
generated by a sample is then the sum of pairs of surface currents, one pair for each

box shaped region of uniform magnetization.

To generate the field line images, the following intensity formula was used: 1(0,y, z) =
IO[]§|(O, Yy, z)+s+ 1+ cos(p|fﬂ(0, Yy, z))], where p = 19.5 is the the field line density,
s = —2 for points inside the sample, s = 0 for points outside the sample, and Iy = 9.0
is a normalization constant that determines the brightness of the image. The intensity
for each point in the x = 0 plane was then used to generate a false colored image for
the field lines. The idea behind this method is that where the field strength is high,
the brightness will be high. The field lines appear as a modulation of the intensity
due to the 1+ cos(pAr(0,y, z)) term. The false color function used in the images is

given by:

r=0,¢9g=0,0=0,
r=4I" g=0,b=0,

r=1,g=4%(I" —1/4)/2,b=0,
3/4)/2,

r=1,g=1b=4x (I -
r=1,¢9g=1,b=1,

{I” <0}
{0< 1P < 1/4}
{1/4 < I” < 3/4}
{3/4< 17 <1}
{I” > 1}

(black)
(black-red)
(red-yellow)
(yellow-white)
(white),
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where 7, g, b are the red, green and blue components of the color, [ is the intensity
given by the intensity formula, and P is a constant that determines the sharpness of

the field lines. In the images appearing here, P = 2.
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5 Conclusions

The aim of this thesis was to investigate magnetic avalanches in molecular magnets,
a process that involves the abrupt and full reversal of the magnetization of a sample
from one direction to the other in a very short time. Magnetic avalanches entail two
distinct processes: nucleation (the triggering of an avalanche) and propagation (the
dynamics of a self-sustaining avalanche). Here we summarize our findings regarding
both processes.

We began our investigations by studying the magnetic fields and temperatures at
which avalanches were triggered in response to a swept magnetic field applied along
the easy (c-axis) of a single crystal of Mnjs-acetate . Avalanches were found to occur
stochastically between 1.0T and 4.5T at temperatures below 0.82 K. No apparent
dependence was found on temperature except that no avalanches were recorded above
0.82K for the samples used in these studies. About half the avalanches occurred
below the field (3.5 T) at which appreciable relaxation proceeds by ground state
tunneling. There is evidence that the probability for the occurrence of an avalanche
is reduced between ground-state tunneling resonant magnetic fields above 3.5 T. This
suggests that above 3.5 T, the probability for triggering an avalanche is enhanced by
relaxation through ground-state tunneling. Moreover, no avalanches were detected
between 1.0 T and 1.5 T. The magnetization of the second species, present in all Mnjo-
acetate samples, saturates around 1.5T; the avalanches around 1.0 T may have been
triggered by the relaxation of the second species (and are therefore not relevant to
our investigations).

The main results of this thesis, contained in Section 3.3, were obtained by
time-resolved measurements of the local magnetization using micron-size Hall bars.
Avalanches were found to propagate with a constant velocity that depends on the

magnetic field at which the avalanche is triggered. The speed of propagation is sur-
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prisingly slow (about two orders of magnitude smaller than typical sound velocities
in solids).

We have suggested that avalanches in the magnetization reversal of sufficiently
large crystals of magnetic molecules are very similar to flame propagation (deflagra-
tion) through a metastable chemical substance. The analogy between the two systems
derives from the field-induced metastability of magnetically bistable molecular nano-
magnets. Our observation of magnetic deflagration offers a potentially important new
way to investigate the phenomenon of flame propagation (and, possibly detonation).
In contrast to deflagration in flammable chemical substances, the analogous process
of magnetic deflagration in molecular nanomagnets is non-destructive, reversible, and
much easier to control.

Below, we suggest future experiments that could expand and deepen our under-
standing of magnetic avalanches and magnetic deflagration.

Subsequent to our findings, Hernandez-Minguez, et al. reported the controlled
ignition of magnetic avalanches by surface acoustic waves (SAWs) in Mnjs-acetate
[156, 185, 186]. Obtained from analysis of measurements of the global (non-local)
measurements of the magnetization, the speed of propagation was found to display
maxima at the magnetic field corresponding to tunneling resonances. These authors
attributed this to deflagration assisted by quantum tunneling: quantum magnetic de-
flagration. We did not observe such maxima at the tunneling resonances in our data,
due perhaps to the fact that our method did not provide controlled ignition at closely
spaced intervals of magnetic field. One of the easiest ways to determine whether
the velocity of propagation is enhanced by tunneling resonances is by applying large
transverse magnetic field to the sample during an avalanche. The large transverse
magnetic field increases the tunneling rate. Therefore, the larger the transverse mag-

netic field is, the larger the velocity of propagation.
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For further studies of the velocity of avalanche propagation, a more precise de-
scription of the evolution of avalanches in three dimensions can be obtained by using
more accurate thermal boundary conditions. A measurement of the temperature
dependence of thermal diffusivity would be useful in the calculation. Also, it is in-
teresting to measure the local-time evolution of the temperature and compare it to
magnetic measurements. To see the importance of the boundary conditions of the
sample on thermal diffusion, the cooling environment and the materials of the sur-
rounding can be changed.

Developing an external triggering method is also important. It would be good
to have very local triggering so that the process of triggering and propagation would
be distinguishable. Also, global heating should be avoided so that most of the heat
comes from the sample itself. Heating by a focused laser is reccomended. It is also
interesting to study how external heat can trigger avalanches. One should also be able
to trigger avalanches by global heating. For example, at a fixed magnetic field, the
bath temperature could be increased slowly (or faster) and at some point, avalanches
would be triggered. Faster increases in temperature will be more likely to trigger
avalanches.

For self-triggering studies, the effect of the presence of defects should be stud-
ied. Our preliminary results show avalanches are more likely to occur in samples
with more defects. The defects work favorably for avalanches in two possible ways.
One is that molecules with defects have larger symmetry breaking, therefore, smaller
metastability. Relaxation of molecules with defects can be used as an ignition point,
“hot spots”, [170,171]. The other reason is that large defects or high concentration
of defects would make thermal diffusivity smaller. Therefore, heat is more easily
trapped and would trigger an avalanche. Dependence on sample size and shape also

can be studied.
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