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ABSTRACT

4

Properties 4
of Magnetization Tunneling in High-Spin Molecules

at Low Temperature
by

Yicheng Zhong
Thesis Advisor: Dist. Professor Myriam P. Sarachik

Based upon several interesting experiments, this thesis aims to address some
deeper properties of Quantum Tunneling of Magnetization in Mn;,-acetate, a high-
spin molecular maget at low temperature. After a brief introduction (Chapter 1), I
will show data obtained from Inelastic Neutron Scattering experiments in Mn;, re-

“ vealing the presence of higher order uniaxial anisotropy (Chapter 2), a term central
to the discussion of the results presented later. Chapter 3 will deal with a study of
the magnetic relaxation of single crystals of Mn,; in the regime of thermally assisted
tunneling; complex features were found within each resonance which are not fully
understood at this time. In Chapter 4 I will describe a sensitive Hall bar technique
for measuring the magnetization of micron-size samples at very low temperature. I
will present experimental data of hysteresis obtained at temperatures down to 0.4
K in Mn,,, and then interpret the data in light of the higher-order anisotropy and
the theory of the first-order transition in Mn;,. A separate study of the effect of a
transverse magnetic field on the lineshape of the N = 0 resonance in Mn;, will be
presented in Chapter 5. It will help further identify the unsolved key issues related to
the tunneling mechanism in Mn;z. I will conclude my dissertation with a summary

and suggestions for future studies in Chapter 6.
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Chapter 1

Introduction

Quantum tunneling of magnetization (QTM) has been an active area of extensive
theoretical and experimental research for more than a decade. The strong interest
in macroscopic magnetization tunneling, in which a large magnetic moment (S > 1)
tunnels quantum-mechanically between its classically stable magnetic configurations,
stems from its importance as a fundamental problem in physics, and the potential for
applications. From a fundamental point of view, physicists are fascinated by obser-
vations of quantum mechanical processes that are manifested on a macroscopic scale,
such as superconductivity, superfluidity and the laser. Leggett and his co-workers
pointed out in the 1980s that a macroscopic object with many microscopic degrees
of freedom could behave quantum mechanically provided it is sufficiently decoupled
from its environment [1, 2, 3]. In magnetism, a single-domain particle consisting of
a large number of atomic spins coupled strongly at low temperatures has been con-
sidered a candidate for the study of behavior that is borderline between classical and
quantum physics [4]. From the point of view of applications, the study of magnetic
tunneling is important for understanding the ultimate (qua.ntum)'limitations on the

size of an individual magnetic memory unit, and it may also hold promise for quantum

computation [5].
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Earlier investigations of magnetization tunneling in nanomagnets were compli-
cated by difficulties in producing systems of small and identical magnetic particles.
Size, shape and orientation distributions usually result in an averaged effect which
makes rigorous comparison with theory difficult [6]. Molecular chemistry suggested
a different approach to grow well defined magnetic clusters of metal ions which
are nominally identical and regularly arranged on a crystal lattice. To date, the
best known systems of this kind are Mnz-acetate [7] ([Mn;20,2(CH3C0OO0)6(H20)4]-
2CH3COOH-4H,0), hereafter referred to simply as Mn,2, and ([FesO,(OH);2(tacn)g]®t),
generally referred to as Feg [8]. These monodispersed systems provide a unique lab-

oratory for the study of QTM, since they can be well characterized, leaving no room

for arbitrary free parameters.

An important milestone in the study of QTM was achieved when Friedman et
al. found compelling evidence of spin tunneling in Mn,;. They discovered a series
of nearly equally spaced steps in the hysteresis loops of an oriented powder sample
below the blocking temperature of about 3 K [10], which they attributed to “thermally
assisted tunneling” of the magnetization [11]. These results were soon confirmed in
studies of single crystals of Mn;, [12]. Similar steps have subsequently been found

in the hysteresis of several other materials including Feg [13].

In this dissertation, I will present experimental data on Mn;2 which reveal richer
features of this fascinating system. Most of the results can be explained in terms
of a higher order uniaxial anisotropy term in the S = 10 spin H@ltonia.n of Mn;,
which produces a slight difference in magnetic fields for different pairs of levels coming
into resonance. A detailed investigation of the dominant tunneling path at various

temperatures shows an abrupt transition between the regimes of thermally assisted
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tunneling and ground state tunneling, as suggested by a recent theory of Chudrovsky

and Garanin [14].

In the remainder of this chapter, I will first provide relevant background informa-
tion on Mn;j2, focussing on recent work in characterization of the system; I will then
review the concept of thermally assisted magnetization tunneling which will serve as
a basis of discussion of work presented later in this thesis. I will conclude this chap-
ter by examining an interesting problem studied theoretically by Chudnovsky and

Garanin concerning the abrupt or continuous nature of the transition of a system of

spins from thermally assisted to pure quantum tunneling.

The other parts of the manuscript are organized as follows: in Chapter 2 I will
show data obtained from Inelastic Neutron Scattering experiments in Mnj,. These
studies revealed the presence of higher order uniaxial anisotropy in Mn;s, a term
which is central to the discussion of our experimental results presented in the subse-
quent two chapters. Chapter 3 will deal with a study of the magnetic relaxation of
single crystals of Mn,; in the regime of thermally assisted tunneling (above 1.8 K);
complex features were found within each resonance which are not fully understood
at this time. In Chapter 4 I will describe a sensitive Hall bar technique for measur-
ing the magnetization of micron-size samples at very low temperature. Following a
discussion of the technical details of these measurements, I will present experimental
data of hysteresis obtained at temperatures down to 0.4 K in Mn;,, and then inter-
pret the data in light of the higher-order anisotropy and the theox:y of the first-order
transition in Mn;;. A separate study of the effect of a transverse magnetic field on
the lineshape of the NV = 0 resonance in Mn;; will be presented in Chapter 5. It will

help further identify the unsolved key issues related to the tunneling mechanism in
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Mn,, (most noticeably, the puzzling role of hyperfine field in the tunneling process of

this material). I will conclude my dissertation with a summary and suggestions for

future studies in Chapter 6.

1.1 Background on Mnjs-acetate

Mn,,; had drawn much attention even before the breakthrough made by Friedman
et al. [10]. First synthesized by Lis in 1980 (7], this material consists of Avogadro’s
number of weakly interacting, chemically identical Mn;; molecules residing on a body-
centered tetragonal latice. As shown in Fig. 1.1, each molecule contains four Mn**
(S = 3/2) ions on a central tetrahedron surrounded by eight Mn3* (S = 2) ions fozm-
ing an outer ring. Superexchange coupling through oxygen bridges between Mn ions
results in an S = 10 ground state at low temperatures [15]. A strong magnetocrys-
talline anisotropy splits the ground state into 21 sublevels with the uniaxial anisotropy
axis coinciding with the crystal’s c-axis [16]. Dipole-dipole interactions between neigh-
boring molecules are small because nonmagnetic components surrounding each mag-
netic core keeps magnetic clusters well separated; the Curie-Weiss temperature for
this system has been measured to be small (between —50 and +70 mK) [17, 18].
The spin 10 lies in a magnetic regime that marks the boundary between atomic and

macroscopic scales, and thus represents a very interesting object for study.
Strong evidence for resonant spin tunneling in Mn;, was provided by the exper-

iments of Friedman et al. [10] in 1996, with the discovery of a series of steps in the

hysteresis loops of Mn;,. The system was modeled as a double-well potential, shown
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Figure 1.1: Structure of Magnetic core of Mn;2 molecule. Four Mn** jons (§ =
3/2, pointing downwards) and eight Mn3®t ions (S = 2, spointing upwards) are
strongly coupled through oxygen bridges (small dots) to form a rigid spin S = 10

at low temperature.
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in Figure 1.2, with each molecuie’s (2S + 1) = 21 states yielding two degenerate
ground states m = +10, and a set of doubly degenerate excited states m = £9,+8
...(except for m = 0) in zero field. A magnetic field along the easy axis tilts the
potential. At specific values of magnetic field, levels in opposite wells come into res-
onance and spin tunneling occurs across the anisotropy barrier, resulting in a much
faster interwell relaxation rate giving rise to s\teps in the hysteresis loops. To lowest

order, Mn;, has been described by the simple Hamiltonian [10]:
H=—-DS?—gugH-S (1.1)

where the z-axis is chosen along the anisotropy axis. D = 0.6 K represents the uniaxial
anisotropy that breaks the 21-fold degeneracy of Mnj,-acetate’s spin-19 states and
the second term represents the Zeeman energy. With this simple Hamiltonian, pairs
of levels on opposite sides of the barrier all cross simultaneously, i.e., their energies

coincide!. The level(s) from which tunneling proceeds depends on temperature (see

the following section on “thermally assisted tunneling”).

Many interesting papers appeared after this breakthrough, some based on other
experimental techniques, which further established the quantum mechanical nature
of the abnormally faster relaxation in Mn;;, and which provided additional valuable
insights into this problem. Using a sensitive heat capacity measuring device, Fominaya
et al. [20] and Gomes et al. [21] found specific heat anomalies at the magnetic field
values that correspond to the crossing of spin up and spin down levels of different
magnetic quantum numbers above the blocking temperature (T's z 3 K) of Mn;2. In
addition, heat relaxation pulses were observed below Tg when the fields were applied
antiparallel to the initial magnetization at those field values. All these results were

explained in terms of magnetization tunneling between spin states. Using ac magnetic

1This point will be revisited in Chapter 2 in which higher order anisotropy terms are considered.
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m=10 z

Figure 1.2: Double-well potential of spin-10 molecules such as Mn;,;. Different
levels correspond to different spin projections along the magnetic anisotropy

axis along which a magnetic field is applied.
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susceptibility techniques, Luis et al. [22] confirmed that there is field-tuned tunneling
between excited magnetic states which are thermally populated. The effect of a
transverse magnetic field on tunneling in Mn,, was studied by Friedman et al. [23]
who found that the transverse field does not change the longitudinal field at which

tunneling occurs; instead, it significantly increases the relaxation rate, both on and

off resonance.

Characterization of Mn;, forms another important area in recent developments.
Accurate, reliable experimental determinations of the spin Hamiltonian for Mn;, pro-
vide crucial information for theorists to calculate QTM in this system. Up to fourth-

order terms, the spin Hamiltonian for Mn;; can be written as,
H=-DS?—pugH-g-S—AS}+C(S51 + S2) (1.2)

where the first term represents the leading uniaxial anisotropy, the second term rep-
resents the Zeeman energy, and the last two terms presents the higher-order uniaxial
anisotropy and the lowest-order off-diagonal transverse anisotropy allowed by the
tetragonal symmetry in Mn,, crystal. Two Electron Paramagnetic Resonance (EPR)
measurements performed in Mn;, have yielded different sets of values for the coef-
ficients D and A of Eq. 1.2. Barra et al. [24] measured high-field EPR spectra at
frequencies ranging from 150 to 525 GHz in magnetic fields up to 25 T on a poly-
crystalline powder sample, and obtained gy = (1.93 £ 0.01), g, = (1.96 % 0.01),
D = (0.56 £0.04) K and A = (1.1 £0.1) x 10~* K. Hill et al. [25] studied a submil-
limeter single crystal using high-sensitivity EPR techniques in the frequency range
between 35 and 115 GHz; their results imply D = 0.59 K and A = 0.88 x 103 K [26]
with g ranging from 1.97 to 2.08 and g, = 1.9. Although the results do not agree
numerically, both experiments indicate the presence of a fourth order term —AS? in

the spin Hamiltonian of Mn;,. As I will show later in this thesis, inelastic neutron
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scattering experiments have helped to resolve the numerical inconsistency.

An inelastic neutron scattering study by Hennion et al. [27] of partially deuterated
Mn;, found a well-defined peak around 0.3 THz (1.24 meV) which was attributed to
excitations from m = £10 to +9. The peak broadens on its low energy side as
the temperature increases, but these authors were unable to resolve any detailed
structure. Very recently, Robinson ef al. used neutron diffraction experiments to
determine more accurately the structure factors in Mn;, [28] and then applied this
knowledge to obtain the internal magnetic structure of the molecule. Their results

confirmed [29] the standard picture of the Mn;; spin-10 cluster at low temperatures.

1.2 Thermally-assisted tunneling in Mn,

The experimental fact [10] that the magnetic relaxation rate of Mn;, has maxima. at
fields corresponding to specific level crossings clearly establishes its quantum nature.
On the other hand, the fact that the relaxation rate on resonance decreases rapidly as
the temperature is reduced indicates that the resonant tunneling is thermally assisted.
For the case of zero longitudinal field, Garanin [30] added a symmetry-breaking term
due to a transverse magnetic field to the simple Hamiltonian (Eq. 1.1); consistent with
the WKB approximation, he showed that the tunneling rate for degenerate pairs of
levels is a very strong function of m, with states near the top of the barrier having
much faster rates than states near the bottom. To obtain a reasonably fast tunnel-
ing rate comparable to the time scale of a typical DC magnetization measurement,

only levels near the top of the anisotropy barrier can be responsible for tunneling
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Figure 1.3: Illustration of »Thermally Assisted Tunneling” in a double well po-
tential. Spins are thermally activated to some level(s) near the top of anisotropy

barrier through which tunneling relaxation proceeds at a much faster rate.

of the molecular magnetic moments in Mn;,. Therefore, the QTM in Mn;; must be

thermally assisted.

First suggested by Novak and Sessoli {11], the “thermally assisted tunneling”
model states that magnetization tunneling is dominated by one or a few adjacent
thermally populated excited levels. In this picture, spins are thermally activated to

some excited state(s) in the metastable well, from which they tunnel across the bar-
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rier and then decay to the ground state in the stable well, as illustrated in Fig. 1.3.
Two competing factors come into play in this process: one is the thermal population
probability which decreases exponentially with excitation energy, exp(—E/kT); the
other is the tunneling probability which increases exponentially with energy E, as
the effective barrier height becomes lower and its angular width becomes “thinner”.
Therefore, a compromise between these two factors must be found which leads to the
fact that tunneling occurs only from one or a few adjacent levels near the top of the
anisotropy barrier. The level (or group of levels) that dominates the relaxation thus
varies strongly with temperature, as has been observed experimentally at tempera-

tures between 1.7 and 3 K [10, 22, 23], a regime in which the model of thermally

assisted tunneling can be suitably applied.

Although. the model of thermally assisted tunneling successfully addresses the
main characteristics of the tunneling process in Mn,;, quantitative comparison be-
tween experimental data and theoretical calculations requires further knowledge be-
yond this model. Under what conditions can one observe quantum tunneling of the
magnetic moment? What is the mechanism responsible for QTM in Mn;,? What is
the major symmetry breaking term that drives tunneling? These are all very impor-
tant questions which need to be addressed. The fact that there is no obvious selection
rule in the magnetic hysteresis of Mn,;; strongly suggests that the presence of a trans-
verse magnetic‘ field is mainly responsible for tunneling. Since no such field was
applied externally in the experiments, it has been suggested that the transverse com-
ponent of an internal field of dipolar or hyperfine origin may be responsible [31, 32].
Hyperfine fields in Mn,, have been estimated to be 300-500 Oe [33] while dipolar
fields are too weak to drive tunneling compared to hyperfine fields and can therefore

be ruled out [34]. Considering the random nature of hyperfine fields, inhdmogeneous
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broadening of the resonances should be expected. However, a detailed lineshape
study by Friedman et al. [35] in the neighborhood of the zero-field resonance revealed
a Lorentzian lineshape which showed no hint of inhomogeneous hyperfine broaden-
ing. The linewidth of the Lorentzian lineshape corresponds to a time scale which is
not related to any relevant microscopic time scale known for the system (neither the
Arrhenius prefactor nor the precession frequency of spin-10 in the anisotropy field)
and raises further questions about the origin of the tunneling mechanism. In Chapter

5, a further complementary study using transverse magnetic field will be discussed.

With the spin Hamiltonian containing higher order anisotropy terms, Fort et
al. [36] have presented a calculation of the resonance lineshape near zero field us-
ing fourth-order transverse anisotropy C[Si + S%] as the symmetry breaking term.
However, the fits to the data become worse at fields farther from H = 0 and the
authors also noted that half the experimentally observed resonance peaks would be
missing if the fourth-order anisotropy were solely responsible for tunneling. Luis et
al. [37] calculated the joint effect of transverse magnetic field and fourth-order trans-
verse anisotropy to account for QTM in Mn,,. However, a straightforward implication
of their work would be an alternating change in amplitude between odd and even res-
onances which has not been established experimentally. Very recently, Leuenberger
and Loss [38] presented a theory of the magnetization relaxation in Mn,, in the high
temperature regime (T° > 1 K) based on phonon-assisted spin tunneling induced by
quartic magnetic anisotropy and weak transverse magnetic fields. The main features
of their fits qualitatively agree with experimental data even thougil many details are
not accounted for (e.g. the fit to data in ref. [35] failed systematically to fit the tail

of the Lorentzian lineshape), indicating other complexity in the system which is not

accounted for in their calculation.
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1.3 Relaxation of the magnetization at lower tem-

peratures

Since the discovery of steps in the hysteresis loops of Mn;; in the temperature range
1.7-3K, theory has been challenging experimentalists to perform magnetic measure-

ments at even lower temperatures on these “tunneling nanomagnets” to explore novel

physics.

Transitions between two states in a bistable system can occur either due to the
classical thermal activation or via quantum tunneling. For Mn;,, the observed mag-
netic relaxation is a combination of these two processes. At high temperature (super-
paramagnetism) thermal activation dominates the relaxation process and the classical
Arrhenius law is observed for the relaxation rate, [' ~ exp(—U/T), with U =~ 60K
being the barrier height [40]; in the low temperature limit the relaxation is (supposed
to be) pure ground state tunneling and I' becomes independent of temperature; ther-
mally assisted tunneling defines a regime intermediate between the above two regimes

in which both thermal activation and quantum tunneling are important to the mag-

netization reversal.

It is well known from early experimental work on Mn;, that the boundary between
the regimes of thermal over-barrier activation and thermally assisted tunneling is the
blocking temperature, Tg = 3 K, below which hysteretic beha.vic;ur starts to set in
for Mn;, [40, 41]. The other boundary between thermally assisted tunneling and
ground state tunneling, however, turns out to be even more interesting. Fascinating

physics has been developed related to this boundary for a uniaxial spin system like
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Mn;, which provides us with a surprising example of how pure quantum mechanical

tunneling is reached.

Recently Chudnovsky and Garanin [14] found a novel feature in the escape rate

of a bistable large spin system described by the Hamiltonian
H=-DS!—-H_S,. (1.3)

In particular, they found that the the escape rate can undergo a transition from
the classical to the quantum regime that is sharp (first-order) or smooth (second-
order), depending on the strength of the transverse magnetic field. The analogy with
phase transitions was first made by Larkin and Ovchinnikov [42] and holds strictly
only in the limit of S — co. However, as pointed out by Chudnovsky and Garanin,
even for a moderate spin like S = 10 in Mn;, where quantization of spin levels
becomes important, the major results regarding the first- and second-order nature
of the transition remain valid except for an accuracy of 1/S in the transition. This

work was later generalized to the case of an arbitrarily directed field [43] and also to

a biaxial spin system (like Feg) [44].

The temperature dependence of the level from which dominant tunneling happens
(labeled by the quantum number mr47) is illustrated in Figure 1.4, taken from Figure
3 in ref. [32]. Two different scenarios can be clearly seen. At high values of trans-
verse magnetic field k. (which favors the second-order transition), mr4r can shift
continuously with increasing temperature from the bottom to the top of the barrier
through each value of m and finally merge with the horizontal line characterizing
the Arrhenius regime. In contrast, in lower transverse fields h, (which favors the
first-order transition) large jumps of mrar can be seen, implying that tunneling from

levels in the middle of the barrier are skipped entirely when temperature is raised.
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Figure 1.4: Calculated dominant tunneling level plotted as a function of tem-

perature (from Ref. [32]). At large/small transverse magnetic field, this level

changes continuously/abruptly with temperature for both spin-10 and spin-100

systems.
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In this case, there are two maxima, or competing channels of relaxation at the top
and near the bottom of the barrier which go from one into the other at the transition
temperature. Please note that the same kind of jump is seen for “large” (S = 100)

as well as moderate (S = 10) spins, whether level quantization is important to the

problem or not.

Intuitively, smooth (or second-order) classical-quantum transitions of the escape
rate are common, whereas abrupt (or first-order) transitions between the two regimes
are unexpected. In their original work [14], Chudnovsky and Garanin performed their
calculation by mapping the spin problem with the Hamiltonian of Eq. 1.3 onto an
equivalent problem of a particle moving in a double-well potential U(z), a method
which leads to a more transparent and solid understanding of the problem — Qual-
itatively, let us study a barrier U(z) with a rather flat top and two steep sides like
that plotted in Fig. 1.5. For such a “rectangular” barrier, tunneling through the mid-
dle part of the barrier is not favorable since the WKB tunnelling probability is not
increased substantially compared to the bottom part whereas the thermal population
is much decreased (exponentially). Therefore, thermally assisted tunneling through
this part of the potential barrier is suppressed, and thermally assisted tunneling I;ear
the top of the barrier competes directly with the ground-state tunneling. A slight
change in temperature near the transition point can cause a dramatic switch in tun-

neling between these two totally different parts of the barrier and lead to a first-order

transition.

The estimated crossover temperatures of about 1 K for Mn;; and about 0.8 K

for Feg are both substantially lower than the lowest temperature achievable (1.6—
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barrier top
tunneling

unfavorable area
for tunneling

thermal activation

ground state tunneling

Figure 1.5: Illustration of abrupt transition between tunneling paths through a
"rectangular barrier”. An intuitive way to understand the abrupt feature of

this transition is to think of tunneling through a nearby rectangular barrier.

At high temperature,. tunneling happens at the top of the barrier. As the

temperature is lowered, the ground tunneling channel immediately starts to

compete with the top channel since the much larger spin population is more

favorable to tunneling.
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1.7 K) with a commercial (Qantum Design)? SQUID magnetometer. A five-fold
reduction in temperature can be obtained in a 3He cryostat (which typically reaches
temperatures of 0.3 K), and an additional factor of five is available in our dilution
refrigerator (60 mK). For Mn,, one expects to find interesting, and perhaps dramatic,
experimental outcomes if high-sensitivity magnetometry can be performed over such a

broad range of temperature (see Chapter 4 for such a technical solution which enables

these studies).

The relaxation of the magnetization of Mn;, has been explored by Perenboom et
al. [46] with a cantilever magnetometer to temperatures below 60 mK. Contrary to
expectations [31], no steps with indices higher than 11 were observed in the hysteretic
magnetization. The long time tail (¢ > 2000 s) of the magnetic relaxation was found
to be logarithmic below 1 K, quite different from the exponential decay found in

relaxation measurements on the same time scale at high temperatures.

In the coming chapters, I will present our experimental data for the magnetic re-
laxaton of Mn,, at temperatures below 1 K, and provide an interpretation in light of
the first-order quantum-classical transition theory discussed above. I will also present
results of our inelastic neutron scattering experiments and high temperature relax-
ation measurements, both of which show the existence of the higher order uniaxial

anisotropy in Mn,;; necessary to explain the “shift” in resonant magnetic fields at
Py Xp gh

lower temperatures.

2in contrast to the micro-SQUID magnetometer developed by Wernsdorfer et al. [45]
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Chapter 2

Inelastic Neutron Scattering Study

of Mny-acetate

Neutron scattering constitutes one of the valuable tools for studying the properties of
materials. In particular, inelastic neutron scattering (INS) can be used to probe the
energy levels of high-spin molecules. After discussing the advantages of applying neu-
tron scattering to the study of molecular magnets, I will briefly describe the relevant
features of QENS at Argonne National Laboratory — the neutron spectrometer on
which we performed the INS study in Mn;; and acquired high quality data. I will then
present experimental data from these studies and end this chapter with a detailed
discussion on the crucial information INS reveals cor;ceming the energy spectrum of

Mn,, and its impact on the study of Quantum Tunneling of Magnetization in this

system.

19
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2.1 Background on neutron scattering

Thermal neutron scattering has substantial advantages in the study of high-spin
molecular magnets over other spectroscopic methods such as X-ray scattering and

Electron Paramagnetic Resonance (EPR) due to the following intrinsic properties of

neutrons [52]:

The fact that the neutron is uncharged means that it can not only penetrate deeply
into the target, but also that it comes close to the nuclei since there is no Coulomb

barrier to overcome. Therefore neutrons are scattered by nuclear forces, not by the

Coulomb forces of the electrons, as in X-ray scattering.

The de Broglie wavelength of thermal neutrons is comparable to atomic spac-
ings and the kinetic energy of neutrons is comparable to the energy of phonons in

solids, making it an ideal probe for the structure analysis of high-spin molecules in a

crystalline form such as Mn;,.

More importantly, the magnetic moment of the neutron enables it to interact with
the unpaired electrons in magnetic molecules. Elastic scattering from this interaction
gives information on the arrangement of electron spins and the density distribution
of unpaired electrons in molecular magnets. Inelastic magnetic scattering yields t?e

.
energy of magnetic excitations, providing crucial information about the energy-level

spectrum of molecular magnets.

Finally, the energy of thermal neutrons is of the same order as that of many exci-

tations in high-spin molecular magnets. The creation or annihilation of an excitation
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is aided by an inelastically scattered neutron and the percentage change in the en-
ergy of the neutron is a large fraction of its initial (or final) energy, making accurate
measurement of the energies of these excitations possible. For example, the energy
resolution is at 100 peV (1.2 K) for the fixed final neutron energy of 3.6 meV (42 K)

on the QENS spectrometer. For comparison, one of the major excitations in Mn;,

molecules is estimated at about 12 K.

Unlike thermal neutron energies, typical X-ray energies are several keV, making
X-ray spectroscopy an unsuitable tool to probe the very small energy level spacings
in magnetic molecules due to difficulty in energy resolution. Another spectrosopic
method, Electron Paramagnetic Resonance has been used widely in the character-
ization of high-spin molecules [24, 25]. However, EPR measurements are normally
done in a magnetic field and the g values, generally unknown, are treated as (addi-
tional) fitting parameters. In contrast, Inelastic Neutron Scattering experiments are
normally performed in the absence of external magnetic field, and yield a more direct

and accurate determination of the energy spectrum of the molecules.

2.2 Inelastic neutron scattering spectrometer —

QENS

) 2
Our first Inelastic Neutron Scattering experiment on Mn;; was done on PHAROS,
the Inelastic Neutron Scattering spectrometer at the Los Alamos Neutron Science

Center. A 1.24 meV peak was observed at the lowest temperature of 1.6 K. However,
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the energy resolution of PHAROS (0.4 meV at fixed initial neutron energy of 12 meV)
didn’t allow a detailed study to resolve other low energy magnetic excitations within
the S = 10 manifold of Mn,;. Consequently, QENS was proposed as a more suitable

spectrometer for investigating the low energy excitations in Mn,,.

The Quasielastic Neutron Scattering Spectrometer (QENS) at the Intense Pulsed
Neutron Source (IPNS) at Argonne National Laboratory is an inverse geometry crys-
tal analyzer spectrometer that provides full coverage of both quasielastic and inelastic
neutron scattering simultaneously from a single sample [53]. Fast neutrons are pro-
duced from spallation and fission reactions in a depleted uranium target bombarded
by 450 MeV protons in 80 ns-wide pulses. The fast neutrons are then moderated
by a liquid methane moderator at 100 K. The low temperature moderator increases
the population of neutrons below 20 meV. Therefore, QENS is mainly used as a low
energy transfer spectrometer, excellent for the study of low energy (below 20 meV)
excitations in high spin molecules like Mn;;. The energy resolution of QENS is about

100 zeV FWHM at fixed final neutron energy of 3.63 meV.

The plan view of the spectrometer is shown in Figure 2.1. The basic principle of
the inverse geometry spectrometer is that a broad energy bandwidth of neutrons are
incident on the sample and those neutrons which scatter with a select energy are Bragg
reflected by the analyzer crystals (graphite on QENS) into the detectors. The final
neutron wavelength, A, is given by the Bragg scattering condition, Ay = 2dsin§,,

and yields an expression for the scattered neutron energy:

h2
= 8md?sin?0,

Ey (2.1)

For QENS, this fixed final neutron energy is set at 3.63 meV. The incident neutron

energy is measured by the detected time-of-flight between the monitor and detector.
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The energy transfer £ = Ey — E; between an individual neutron and the sample can
therefore be accurately obtained. If an individual neutron hits a detector oriented

at (8, ), the number of counts n for such an event with parameters (6, ¢, E) will be

increased by one.

In a real experiment, a time focused neutron beam hits the sample with a high
frequency of 30 Hz and the counting numbers n (8, ¢, ') soon becomes the statis-

tical average. Important information can be obtained by analyzing the large array

n(0,¢,F).

By integrating over all the scattering angles § and ¢ available in the experiment,
the number of counts n(FE) contains all the scattering events in which a neutron
changes its energy by E. If there is a peak at energy Ep for curve n = n(E), it means

there is an intrinsic excitation with characteristic energy F in the sample.

On QENS, all the scattering experiments are performed in zero magnetic field.

Therefore, the double well potential of Mn;, mentioned in Chapter 1 is symmetric in

these experiments.

2.3 Experiments and results

A 14-gram deuterated Mn,;, powder sample was prepared by Prof. David Hendrick-
son’s group according to the published procedure [7] for the inelastic neutron scat-
tering experiments. The proton in Mn,; has a very large neutron scattering cross
section (at 82.03 barn of “Total Bound Scattering Cross Section™) so it is replaced

chemically by deuterium (at 7.64 barn TBSCS) in order to reduce background scat-
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tering. The powder sample was wrapped in an aluminum foil which is“transparent”
to thermal neutrons (Aluminum has a very small TBSCS of 1.50 barn) and placed
in the center of the sample chamber where the incoming neutron beam and all the
scattering paths to detectors join together. A small portion of the powder sample
(several mg) was later set in an epoxy at room temperature in a 5.5 T magnetic field
for 8 hours. Hysteresis sweeps were then performed to characterize the sample —

steps were found for the deuterated sample at the same quantized magnetic fields as

published [10].

Data taken at temperatures of 1.4 K, 10 K, 17 K, and 30K are shown in Figure 2.2
where the neutron scattered intensity is plotted as a function of neutron energy trans-
fer E. The large maximum centered about zero energy is due to elastic scattering. At
1.4 K, a single sharp peak is observed at 1.24 meV; this is attributed to excitations

from spin states m = £10 to m = +9 (see diagram of excitations within double well

potential of S = 10 manifold, Figure 2.3).

Note that at 1.4 K, the overwhelming majority of spins are in the ground states
m = £10. So this is the only excitation possible at this temperature. As the tem-
perature is raised and some of the spins are thermally activated to higher energy
states, new peaks develop on the low energy side of the 1.24 meV peak; we at-
tribute these to transitions from m = £9 to £8, +8 to £7, etc. Transitions such as
those between m = +9 and +7 are forbidden by neutron scattering selection rules,
AS = 0,+1,Am = 0,%1. Due to the increased population of higher energy levels
at higher temperature, peaks also appear that are symmetrically placed with respect
to E = 0 on the neutron energy-gain side. In these cases, neutrons gain quantized

energy from the Mn;; system when there is enough excited state population. No
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Figure 2.2: Neutron scattered intensity vs energy at temperatures of 1.4, 10,

17, and 30 K. The spectra shown in this figure were obtained at different scat-

tering angles.

taken at all temperatures and scattering angles.
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Figure 2.3: Diagram of excitations within the double well potential. Due to
neutron scattering selection rules, only excitations between states of magnetic
quantum numbers that differ by one are plotted. The inelastic neutron scatter-

ing peaks in Figure 2.2 are directly related to these excitations.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



28

maxima appear above 1.24 meV up to =~ 3 meV, where further excitations occur that
are possibly associated with transitions between different spin manifolds [27]; this
further confirms that the peak at 1.24 meV corresponds to transitions between the
ground and first excited state of the spin-10 manifold. The maxima are labelled by
the index m, which denotes the level from which each excitation occurs; thus, the
1.24 meV peak is labeled 10, the adjacent peak, 9, and so on. As shown below, the

positions of these peaks contain key infog)nation regarding the spin Hamiltonian of

Mnlg.

Rewriting the spin Hamiltonian of Mn;2 here,
H=—DS?—ugB-g-S—AS}+C(5% +5%) (2.2)

the following data analysis is applied. Since there is no externally applied magnetic
field in our experiments, and the Zeeman energy due to the internal magnetic field of
Mn,; (estimated to be several hundred Oe [33]) is at least two orders of magnitude
smaller than the anisotropy energy, the term —upB - g - S can be safely neglected.
Furthermore, the fourth-order transverse anisotropy term C(S$ +.5*) has little effect
on the Eigen-energies of the states with large [m| (e.g. for m = 46, the perturbation
on energy is on the order of D(§)® &~ 1072 ~ 107" D). Therefore, the energy of
the states probed in our experiments near the bottom of the anisotropy wells can be
approximated by E,, = —Dm? — Am*, and the energy of excitation from levels +m
to £(m — 1) will be

AE, = En_1— E, =D(2m —1) + A[m* — (m — 1)4]. (2.3)

In Figure 2.4, six excitation energies are plotted as a function of the index m.

The deviation from linear dependence clearly indicates the importance of including a
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Figure 2.4: Energies of the peaks of Fig. 2.2 plotted as a function of index m.
Index m denotes the initial states for energy loss and final states for energy

gain. A two parameter fit to the data yields accurate values for the paramters

A and D in the spin Hamiltonian.
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diagonal fourth-order term. A two-parameter fit to Equation 2.3 gives D = (4.67 + |
0.18) x 10~2 meV=(0.54£0.02) K and A = (1.04+0.10) x10~* meV_=(1.2:1:0.1) x10~3
K. These values are very close to the EPR results obtained by Ba.rr;. et al.: D =
(0.56 £0.04) K, A = (1.140.1) x 102 K, and in disagreement with the results of Hill
et al. [25]. Note that Inelastic Neutron Scattering experiments require no assumption
about the Landé factor g, and therefore yield more direct and accurate values of A

and D. Our neutron scattering data thus allowed identification of the correct EPR

result.

The higher energy part of our data is summarized in Figure 2.5. Hennion et
al. [27] found similar results in an early study. These excitations are related to
excitations from the S = 10 spin manifold of Mn;; to other spin states (for example
S =9, m = #£9) since it requires much higher energy to break one or several of
the superexchange coupled Mn ions within the cluster. As a comparison, the energy
scale of the low energy excitations (F < 1.24 meV) within the S = 10 manifold
analyzed above are determined by the magnetic anisotropy, or spin-orbit coupling
within the molecule. Several theoretical calculations [54, 55] have been made in order
to understand these higher energy excitations. Interpretation of the higher energy

spectral features nevertheless remains an open question.

2.4 Discussion

For the values of D and A obtained, the full height of the anisotropy barrier for
Mn,; (defined as the energy difference between m = 0 and m = 10) is calculated
to be (66 = 3) K. The ratio |[Am?*/Dm?| =~ 0.2 for m = 10. The term (—ASY)

therefore constitutes a substantial correction to the energy levels near the bottom of
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between S = 10 and other spin manifolds.
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the anisotropy wells. Since A and D have the same sign, the level spacings near the

bottom of the wells are relatively sparser, and the distribution of levels near the top

of the barrier denser.

Although a higher-order term such as (—AS?) in the spin Hamiltonian of Mn;,
is generally regarded as a detail, it turns out that the consequences of this term
far exceeds that of a trivial “correction”. It is essential to the study of Quantum
Tunneling of Magnetization in Mn;,, as will be shown below as well as in experiments

described in the next two chapters.

Due to the presence of such a sizable fourth-order term, the energy levels do
not come into resonance simutaneously for a given field applied along the anisotropy
axis. From the spin Hamiltonian of Mn;,; (Eq. 2.2), two levels with different quantum
numbers m and m’ come into resonance when E,, = E../, or at a longitudinal magnetic

field H, given by
E,. = —-Dm?— Am* — g.ugH.m. (2.4)

Combining terms containing H, one obtains
A 2 2
H, = NHQ[]. + l_j(m +m )] (2-5)

where Hy = D/g.p and N =| m +m' | Ho = D/gup is defined as the “field
quantum” for this system; the N’s are the “step numbers” first found experimentally
by hysteresis studies [10]. In the absence of the higher order anisotropy (—AS%),
levels come into resonance simultaneously; i.e. if levels m and m’ are in resonance, so
are levels (m —1) and (m’+1), and so on. However, due to the presence of the higher-
order contribution, the term #(m? + m'?) causes pairs of levels m and m' to come
into resonance at magnetic fields which are not simply determined by the sum of m

and m’, i.e. they do not come into resonance simultaneously. Rather, pairs of levels
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m and m’ with the same “step number” N will do so at slightly different magnetic
- fields. Since the fourth order anisotropy has the same sign as the second order term,
(m? + m'"?) is bigger for levels m and m’ lower in the double wells. Therefore, higher
magnetic fields are required to bring lower levels into resonance. The direction of this
correction will provide us with important hints in understanding the low temperature

hysteresis data in Chapter 4.

Friedman et al. found in earlier hysteresis studies that the steps are nearly equally
spaced in the regime of thermally assisted tunneling (2/ < T < 3K) [10]. From our
neutron scattering as well as Barra’s EPR results, A/D = 2 x 1073, and (m? + m'?)
is not a very big number (less than 30) for levels near the top of the anisotropy
barrier (in the case of thermally assisted tunneling, e.g. N =2, m = —4, m' = 2)
— their product is still relatively small and constitutes a correction of less than 6%.
In addition, the broadening of resonance peaks by hyperfine/dipolar fields, as well
as broadening associated with incomplete orientation of the powder samples, make it

difficult for the effect of this small correction term to be visible in these experiments.

With the even finer energy resolution (27.5 ueV HWHM) of the Inelastic Neutron
Scattering spectrometer at the Institute of Laue Langevin, France, Mirebeau et al.
remeasured the low energy part of the spectra presented above and obtained very
accurate values for the parameters of the spin Hamiltonian of Mny; [56]: D = 0.548(3)
K, A = 1.173(4) x 1073 K. With these parameters as well as g- and C from EPR
results by Barra et al, a detailed energy diagram can be obtained through direct
diagonalization of the spin Hamiltonian (Figure 2.6). Here, the 21 Eigen-energies of

Mn,; are plotted as a function of longitudinal magnetic field (normalized by Hp).

-~
hi
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Figure 2.6: Energy-level diagram obtained from diagonalization of the spin-

Hamiltonian Eq. 2.2.

Lines with positive slope correspond to negative quantum number 72, and vice versa.
The interesting physics occurs at the point where two lines “cross” .! Magnetization
tunneling occurs precisely at these “magic” points. The fact that these points do
not collapse onto one point when projected on the x-axis (or field axis) is due to the

fourth-order uniaxial anisotropy, (—AS?), as discussed above.

From Figure 2.6, it can be seen that this effect is small for small step number

1Strictly speaking, these are avoided crossings due to symmetry breaking terms in the spin
g & p

Hamilonian.
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N. In these conditions, the double wells are only slightly tilted. To match the
experimental time, only tunneling relaxation near the top of the anisotropy barrier,
i.e. thermally assisted tunneling, can be conveniently probed. As discussed above,
it is fairly difficult to observe this change of less than 6%. However, in Chapter
3, a point-to-point measurement of the relaxation rate in Mn;, as a function of the

longitudinal magnetic field reveals rich and complex structure due to this higher-order

anisotropy.

For large values of N, this effect is substantial and can be more easily observed.
Note that points at the crossings for a fixed step number N (e.g. N = 8) spread
out over a wide range of magnetic field. The fourth-order term actually allows us
to identify which level(s) is dominant in the tunneling relaxation by comparing the
magnetic fields at which maxima of the measured relaxation rate occur with the
calculated level crossings using the parameters in the spin Hamiltonian of Mn;,. This

turns out to be a very powerful method (see Chapter 4).

The following chapters will show that this added complexity goes a long way

toward helping us understand the intrinsic physics in Mn,;,.
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Chapter 3

Field-dependence of the Magnetic
Relaxation in Mnjs-acetate in the
Thermally Assisted Tunneling

Regime

In this chapter, I will present results of point by point measurements below the block-
ing temperature of the magnetic relaxation of Mn;; which reveal unexpected, complex
structure as a function of magnetic field applied along the easy axis of magnetiza-

tion. This new form of spectroscopy yields detailed information about the tunneling

process and the form of the spin Hamiltonian of Mn,,.

36
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3.1 Motivation for a detailed study of relaxation

Compared to hysteresis measurements, studies of magnetic relaxation yield more
straightforward results for the theoretical understanding of the tunneling process
in Mn;;. Although measurements of steps in the hysteresis loops reveal the broad
features discussed earlier, they do not provide the resolution or control necessary
for a detailed study. In measurements of the hysteresis, the external magnetic field
is swept continuously at some predetermined rate so that the magnetic response is
generally probed only on short time scales [47]. For reasons that are only partially
understood, the initial response of the magnetization in Mn;, is quite rapid and
not characteristic of the long-time behavior of the relaxation [10]. We note also
that there is a time-varying internal field associated with the time-varying sample
magnetization which must be added to the externally applied field to obtain the total
field Hyotot = H+ a(47M), where a is a unitless constant between 0 and 1 depending
on sample details. The transient conditions of a hysteresis measurement make it

particularly difficult to take this effect into account.

In relaxation measurements, the sample is cooled to the target temperature in
some external magnetic field (zero in this study), and then the field is switched to
another value. The decay of the sample magnetization towards its new equilibrium
value is measured as a function a time. Since the (final) external magnetic field is
fixed, this type of measurements provides a much more controlled way to study the
relaxation process in Mn;; in comparison to a hysteresis study in which both external

magnetic field and the sample magnetization are varying. The most accurate results

are obtained by using single crystal samples.
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3.2 Measurement techniques

All our Mn;; and Feg single crystal samples were synthesized according to the pub-
lished procedure [7] by David Hendrickson’s group at the University of California,
San Diego. These samples degrade on a time scale of months at room temperature.

In order to slow this process, samples were stored in airtight containers in a freezer.

Choosing good single crystals is crucial to making good relaxation measurements.
A batch of millimeter size single crystals of Mn;, were inspected carefully under an
optical microscope and several selection criteria were applied. Parallelepiped crystals
with shiny surfaces and sharp surface boundaries are considered to be good candi-
dates. Crystals with irregular shape and cracked surfaces should be discarded. Both
Mn,, and Feg single crystals are very fragile so they should never be handled with
tweezers or any other rigid handler. A sharpened Q-tip end with a tiny amount of
non-magnetic grease (e.g. Dow Corning high vacuum grease, Lake Shore Cryogenics)

can serve as a convenient “finger” to manipulate such single crystals.

DC magnetization measurements were performed using a Quantum Design MPMS-
5 magnetometer equipped with a 5.5 T superconducting magnet. Single crystal sam-
ples were mounted on a Quantum Design horizontal sample rotator which allows
rotation of the easy axis of the single crystal with respect to the magnetic field in
increments as small as 0.1>. The in-plane orientation of the single crystal (defined
by the angle ¢ in Figure 3-1) was achieved by applying a 1 Tesla magnetic field to
tilt its c-axis towards the field direction ! at room temperature (=~ 300 K) when the

rotator plate is roughly parallel to the field. After cooling the sample to below nitro-

IThere is a thin layer of grease between the single crystal and the sample plate.
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gen temperature (77 K), the in-plane rotational degree of freedom was frozen at its

best value and the angle between field and c-axis was controlled solely by the sample

rotator 2.

Two SQUIDs allow separate measurements of the two orthogonal components of
the crystal’s magnetization parallel and perpendicular to the field direction. The easy
axis of the Mn;; single crystal was aligned parallel to the field by adjusting the angle
8 between them to yield minimum perpendicular component of the magnetization in
a field of 1 kOe at a temperature of 5 K (i.e. when the crystal is in the superparam-
agnetic regime). A ratio between perpendicular and parallel SQUID readings smaller
than 1073 was usually achieved. The largest unintentional transverse field due to
this misalignment in the maximum 20 kOe longitudinal field used in our experiments
is estimated at 20 Oe; compared with the estimated strength of =~ 500 Oe of the
hyperfine field [33], this has a negligible effect on the tunneling rate. After cooling
the sample from 5 K to a target temperature T below the blocking temperature T
in zero magnetic field, a fixed (longitudinal) field H, was rapidly applied (in less than
300 s) and the magnetization of the single crystal was measured (by both SQUIDs)
as a function of time. The excellent alignment of the single crystal was further con-
firmed by the fact that the small ratio mentioned above remained approximately the
same throughout the entire relaxation. The relaxation measurement was repeated at
a series of different fields and temperatures to span the relaxation conditions of in-
terest. Since the magnetic relaxation depends strongly on temperature in the regime
of thermally-assisted tunneling, the DC relaxation measurements we performed were

limited to the field range between 0 — 20 kOe and to the temperature range between

2Friedman’s Ph.D. thesis provides a comprehensive and clear explanantion of the same MPMS-
5 system, including principles of SQUID magnetometry and the low temperature sample rotator

calibration. See ref. [19]
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Figure 3.1: Diagram showing the geometry of Mn;; single crystal and rotator
plate. @ is the angle between field and rotator plane. ¢ measures in-plane

orientation of the single crystal. A large field tilts the single crystal’s c-axis

towards its direction, therefore minimizing ¢. € can be minimized by rotating

the plate.
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1.8 — 2.6 K in which a substantial portion of the relaxation can be measured on an

experimentally convenient time scale to yield accurate relaxation rates.

3.3 Experimental results

It is a non-trivial task to extract a characteristic time (or rate) from these relax-
ation curves that unambiguously represents intrinsic physics which is comparable
from curve to curve. For Mn;,, the relaxation of the magnetization is different in
different regimes of temperature and in different time windows. At low tempera-
tures, a square-root-of-time dependence at short time scales has recently been cal-
culated (48] and claimed experimentally [49, 50], and attempts have been made to
fit low-temperature relaxation data to this function to explore novel physics [49, 51].
However, at higher temperatures, measurements show that a faster process dominates
the relaxation during an initial time period of about two thousand seconds (or less),
followed by a slower relaxation which can be fit very well to a single exponential func-
tion, indicating that all the fast processes have died out [10, 19, 35]. Following our
previous method of data analysis, it is this long time relaxation from which we obtain
the characteristic rate by fitting it to a single exponential, as shown in Fig. 3.2. Note
that the overall change in magnetization is small after about 2000 s, corresponding
to a negligible change in the average internal field a(47 M) compz;red to the sizable
(fixed) external field H. In our data analysis, we always fit a subset of data from the.

whole relaxation curve which satisfies this condition.
The relaxation rates at several different temperatures between 1.8 K and 2.6 Kare
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Figure 3.2: The difference between the magnetization M and its equilibrium
value Mj vesus time on a semilogarithmic plot for a single crystal of Mn;,. The
sample was cooled to 2.2K in zero field and then exposed to a field of 12.5 and
13.5 kOe applied along the easy axis of magnetization. The straight lines are
fits to an exponential function for time ¢t > 2000s. The inset shows the (spin-)

A4
potential for Mn;, in the presence of a longitudinal magnetic field. ’
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plotted in Figs. 3.3 and 3.4 as a function of the total longitudinal magnetic field
Hiptat = H + a(47M); the first term is the externally applied field H and the second
term is the internal contribution due to the sample’s magnetization. Here we used

a = 0.57 obtained from earlier measurements by Friedman [19] on similar samples.

Several observations can be readily made from the data. (1) The main features
of the ' vs.H, curves confirm the results obtained from hysteresis measurements:
there is faster relaxation at approximately regularly spaced values of the magnetic
field. Within this range of temperature five peaks or resonances are observed, labeled
by “step numbers” N = 0,1,2,3,4. (2) Some of the resonance peaks corresponding
to the “steps” in the hysteresis loops exhibit additional internal structure. Most
noticeably, the N,= 2 and N = 4 peaks split into two or more small peaks at
the higher temperatures. The N = 1 and N = 3 resonances have much simpler
structure. However, a careful examination of the N = 3 resonance at T = 2.20 K
reveals that it also consists of two closely spaced peaks. The N = 0 peak exhibits
no apparent structure at the temperature of 2.60 K eof our measurement, or at other
temperatures measured earlier [23]. (3) Unlike most spectra, which generally become
sharper and more detailed as the temperature is reduced, it is interesting to note
that the structure is more complex at higher temperatures. This is particularly clear
for the N = 4 resonance where three maxima are clearly seen at 2.00 K, while only
one major peak (probably with a small right shoulder) is present at 1.80 K. (4) The
separation of approximately 0.10 T between two neighboring peaks of the N = 4
resonance is twice as large as in the case of the N = 2 resonance, where it is about

0.05 T (see the T'=2.00 K and 2.47 K curves, respectively).
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Figure 3.3: Relaxation rate as a function of magnetic field H:.:a; applied along

the easy axis of a single crystal of Mn;;. Here Hiorat = H + a(4rM) with a = 0.57.
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and N =4 resonances.
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3.4 Discussion

Hysteresis and earlier relaxation studies of Mn;; indicated relatively simple structure
in the form of a series of clean steps, each due to energy coincidences of a pair of
levels (corresponding to spin projections) on opposite sides of the anisotropy bar-
rier. In contrast, our detailed studies reveal that each resonance corresponding to a
step displays rather complex structure. These spectra contain detailed information

concerning the energy structure of the magnetic sublevels in each well and/or the

tunneling process itself.

The observed structure could be caused by splitting by internal dipolar or hyper-
fine fields of individual spin states within each potential well. Recent experiments
have shown that dipolar fields play a negligible role [34]. On the other hand, the
hyperfine fields associated with the 5/2 spin of the Mn nuclei have been estimated
at about 300 — 500 Oe [33], so that each level with magnetic quantum number m
is broadened (or split) into = 2.2 x 10° nearly continuous sublevels. However, the
structure we observe would require a complex energy distribution which would be
difficult to justify. It is suggested instead that the spectroscopic features arise from
the fact that different pairs of magnetic sublevels on opposite sides of the anisotropy
barrier do not cross simultaneously, so that tunneling takes place at slightly different

values of the magnetic field, as shown in the previous chapter.

Let us recall the Hamiltonian of Mn;2 up to fourth-order terms: H = —DS2—pzH-
g'S—AS}+C (S} +S5?1) which determines that a level in the metastable potential well

with magnetic quantum number m comes into resonance with level m’ in the stable

well at a longitudinal magnetic field H given by: H, = N-2 [1 + 4 (m? + m”)] .

gz4p
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As a consequence, different pairs of levels m,m’ on opposite sides of the anisotropy
barrier come into resonance at slightly different magnetic fields for the same step
number N =| m + m’ |. Note that higher fields are necessary to bring lower-energy
pairs (bigger | m |) into resonance, an effect that is more pronounced for peaks with
higher numbered steps (due to the multiplicative factor N in the above equation).
The exact amount of this non-simultaneuous crossing was calculated in Table I with

parameters D, A, g, from Electron Paramagnetic Resonance and Inelastic Neutron

Scattering studies.

N=1 N =2 N = N =4
m [m' |H(T)|m' |H(T)| m' | H(T) | m' | H(T)
-1 | 0 | 0422 | — — — — — —
-2 1 10425 | 0 | 0.848 | -1 | 1.275 | — —
-3 2 104321 1089 | 0 1.286 | -1 | 1.719
—4 3 /0443 | 2 | 0877 | 1 1.308 | 0 1.740
-5 | 4 10458 ] 3 | 0902 2 1.340 | 1 1.776 ’
—6 5 | 0476 | 4 | 0935 | 3 1.383 | 2 1.827
-7 1 6 [ 0497 | 5 | 0974 | 4 1437 | 3 1.891
-8 7 (0522 | 6 | 1.021 | 5 1.502 | 4 1.971
-9 1 8 (0551 | 7 | 1075 ] 6 1.578 | 5 2.064
—10} 9 | 0584 | 8 | 1.137 | 7 | 1.664 | 6 | 2.172

Table 3.1: Calculated values of magnetic fields at which a level m in the metastable well
is in resonance with level m’ in the stable well, from Eq. reffield. Values for parameters

D = 0.548(3) K, A = 1.173(4) x 1073 K, and g, = 1.94(1) are taken from recent neutron

scattering and EPR experiments.
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Several features of the observed spectra are consistent with this model. As ex-
pected, the separation between the small neighboring peaks within the N = 4 reso-
nance is generally larger than that between the N = 2 peaks, there is no substantial
splitting (or shift) for the N = 1 resonance, and none at all for N = 0. More-
over, since the tunneling is thermally assisted in this temperature regime; one might
expect that spin reversal through resonant levels near the top of the potential will
become more active, introducing additional channels for tunneling as the temperature
is raised. This could account for the fact that more complex structure is observed at
higher temperatures. Quantitative comparison of the measured peak positions and
the calculated resonant fields listed in Table I requires a reliable determination of the
value of o used to calculate the total field Hia = H + a(47M). Using ¢ = 0.57
found in earlier experiments on similar material[19], we suggest that the N = 1 peak
centered at about 0.437 T at 2.60 K is associated with tunneling from m = —3 and/or
—4 in the metastable well, while at the lower temperatures of 2.47 K and 2.47 K, the
N = 1 maximum observed at 0.446 T is very close to the field 0.443 T listed in Table

I for tunneling from m = —4 to m’ = 3.

Other features of the data are more difficult to understand and warrant further
discussion. One is that there appears to be considerably more structure in even
(N =2,4) than in odd (N = 1,3) resonances within the range of field and temper-
ature of our measurements. It is puzzling, for example, that the N = 3 peak shows
much less structure than the N = 2 resonance (note the multiplicative factor N of
Eq. (1)). A second interesting feature is that the splitting within the N = 2 and
N = 4 steps are too large to correspond to the diﬁ'ereﬁce in magnetic fields for two
immediately neighboring level crossings (i.e. tunneling from m and (m —1)). Instead,

they correspond more closely to the field difference for every other level crossing (ze.
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tunneling from m and (m — 2)). In constrast, the N = 3 resonance has negligible
splitting and its two closely-merged peaks are probably due to immediately neigh-
boring level crossings. These effects suggest that higher-order transverse anisotropy
is important in the tunneling process.

Two symmetry-breaking terms that could be responsible for tunneling have been
considered: (1) a transverse magnetic field (of hyperfine/dipolar origin, or externally
applied); and (2) an anisotropy term of the form C(S} + S%), the lowest order al-
lowed by the tetragonal symmetry of Mn;;. Our data present a clear enigma. On
the one hand, the odd-even asymmetry between steps and level-skipping within even-
numbered steps both suggest that transverse anisotropy is responsible for the tun-
neling. On the other hand, the odd and even-numbered resonances have comparable

amplitudes, albeit at different temperatures. This implies that the tunneling is due

to transverse magnetic fields.

A simple calculation based on the model Hamiltonian as in Chapter 2 (Eq. 2.2)
has been made. Assuming a (static) transverse magnetic field of 500 Oe consistent
with former estimates [33], and using C = 2.9(7) x 10° K derived from experiment[24],
we calculated the tunnel splittings by diagonalizing the 21 x 21 matrix representing
the spin Hamiltonian of Mn;; of Eq. (1). The tunnel splittings, A, m, thermal popu-
lation factors, e~®m~10/5¥T" and the tunneling probabilities obtained from the product
of thermal population factor and tunnel splitting squared, are listed in Table 3.4 for
several pairs of levels (2, m’) within steps N = 1 and N = 2. Unfortunately, the
results do not produce the right ratio of amplitudes between these peaks for any val-
ues of the parameters: the odd-even asymmetry requires that transverse anisotropy
dominate, while the comparable amplitudes require that a transverse field be the

dominant symmetry-breaking term. Which mechanism is responsible for tunneling in
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— m | m' | Apm (K) | eBm—10/ET | A2 'm,eE,,.,..w/kT (K?)
-4 2 | 3.7x107? | 8.41x10"1° 1.15 x 1012
N=2 ~5| 3 |38x107%2| 5.11x107° 7.30 x 10~12
T=242K | -6| 4 | 24x107*| 5.62x 1078 3.24 x 10718
715 | 1.9%x10~*| 1.17x 10~° 4.22 x 10~14
N=1 -5 4 |51x1073| 6.29 x 10~° 1.63 x 10713
T=260K|-6{ 5 |15x107° | 7.11x 1078 1.60 x 1017

50

Table 3.2: Resonant tunnel splittings calculated through Eq. 2.2, A,, ./, the Boltzmann
factor, e®m—10/kT and the tunneling probability p given by the product of Afn,m, and
eEm.—10/kT 3re shown for several pairs of levels (m,m’). Here D = 0.548(3) K, A = 1.173(4) x
1073 K, g =2, H, = 500 Oe, C = 2.9(7) x10~% K. This simple calculation does not produce
the right ratio of amplitudes between peaks (not even on the correct order of magnitude).

Note that relative to the N = 2 resonances, the N = 1 resonances are at least an order of

magnitude smaller.

Leuenberger and Loss [38] and Pohjola and Schoeller [39] recently presented a
comprehensive theory of the magnetization relaxation in Mn;; in the thermally as-
sisted tunneling regime. The relaxation rate as a function of longitudinal magnetic
field was calculated using a Hamiltonian that includes spin-phonon interactions, quar-
tic magnetic anisotropy and a weak transverse field. They obtained satellite peaks
qualitatively similar to those shown in Figs. 3.3 and 3.4 whose amplitude and width
they investigated [38] for various angles between the sample easy axis and the field
direction. Quantitative agreement between their theory and our experimental obser-

vations requires a substantial transverse magnetic field, due perhaps to mosaic spread
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or unintentional misalignment of the sample with respect to the magnetic field direc-
tion. However, the mosaic spread of approximately 0.4 degrees [29] found for Mn-12
crystals is too small to account for our observations, and the degree of misalignment
required to give a sufficiently large transverse component is well outside our experi-

mental margin of uncertainty and would yield different results each time a sample is

mounted and aligned.

To conclude this chapter, we note that the point-by-point relaxation measurements
presented in this paper represent a novel form of spectroscopy. “Spectra” obtained
from such measurements allow detailed studies of the tunneling process, and provide

important information regarding the dominant tunneling paths at different tempera-

tures and magnetic fields.
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Chapter 4

Magnetic Relaxation Study of

Mny-acetate below 1 K.

A powerful measurement technique combining micron-scale Hall-effect magnetometry
and sub-millimeter single crystals of high-spin molecules has been developed to enable
the study of magnetization tunneling in these materials at temperatures below 1 Kr
This work was initiated in collaboration with Andrew Kent and Louisa Bokacheva
in the laboratory of Professor Kent at New York University, and then continued
at City College using Hall bars provided by Professor Eli Zeldov of the Weizmann
Institute. In this chapter, I shall first list the many advantages of micron-scale Hall
Magnetometry in comparison with other low temperature magnetic measurement
techniques. [ will then describe in detail the experimental procedure. Finally, I will
present experimental data for the magnetic relaxation of Mn;; down to 0.4 K t"rom
our first successful run based on this method. Our data reveal a sht;.rp transition from

thermally assisted to ground state tunneling which will be interpreted in light of the

recent theory by Chudnovsky and Garanin [14].

52
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4.1 Background on Hall magnetometry

In our study, the motivation to use Hall magnetometers to investigate Quantum Tun-
neling of Magnetization originated from strong interest in tracing the properties of
thermally assisted tunneling in Mn;,; down to temperatures below 1.7 K available in
commercial SQUID magnetometers [31]. The higher-numbered steps have progres-
sively faster magnetic relaxation because the anisotropy barrier is lowered by the
applied field. Therefore, measurements at lower temperature are needed to observe
them. For example, it has been estimated that “step numbers” up to N = 19 should
be observed with the temperature reduced to near 10 mK. However, it is difficult to at-
tain such low temperatures using SQUID techniques in standard commercial devices.
Relative motion between the sample and the detection coils, a standard techn'.iql.le
applied in almost all contemporary SQUID magnetometers, makes it extremely :iifﬁ-
cult to maintain low temperatures. A Hall probe does not involve mechanical motion

and can be easily anchored to the coldest part of a cryostat, thus making it a good

candidate for low temperature studies of high-spin molecules. -

Hall magnetometry has been developed in recent years as a powerful technique to
measure magnetic properties of small particles [57, 58]. Classically, it is well known
that the transverse Hall voltage generated in a long strip geometry of thickness ¢ in

the presence of a magnetic field B normal to the Hall bar plane is given by: .

IB '
Vg = P ) (4.1)

where [ is the current, n3p is the 3-dimensional carrier density and q is the carrier

charge. Since Vj is proportional to both the current I flowing through the Hall bar

P
»

and the magnetic field B, the Hall coefficient can be defined as,

Ve I :.
forr = IB ~ ginsp (42)
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Figure 4.1: Diagram of the classical Hall effect. A Hall voltage (V) is present
when the Lorentz force from the magnetic field on the drifting electric carriers
is balanced by the static Hall (electric) field on the same carriers. This method

also yields a powerful experimental tool in understanding many important phe-

nomena in modern physics.
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which measures a Hall bar’s capability to transform a (small) magnetic field into a

(large) Hall voltage at a specific working current I.

The Hall bar technique is straightforward to apply because of the near linearity
of the Hall signal over a wide range of magnetic fields and temperatures (in which
quantum effects play a negligible role). The magnetic signal can therefore be easily

obtained from the measured Hall voltage by simply making a linear transformation.

As with SQUIDs, Hall probes can be configured as gradiometers, enabling high
sensitivity measurements in large externally applied magnetic fields. This important
feature makes it possible to measure the (relatively small) magnetization change (for
Mn,;-acetate, 4 M at saturation is about 600 Gauss [19]) in the presence of a large

external field which is usually of the order of several Tesla.

In a usual SQUID measurement, the sample flux is transferred via a superconduct-
ing pick-up coil to the input coil of the SQUID. However, this technique is unsuitable
for the study of submillimeter size single crystals since the spatial separation of pick-
up coil and SQUID leads to a very small coupling factor. In a Hall bar measurement,
the single crystal can be coupled very closely (within several microns) to the Hall
sensor area. Further, the size of the probe can be easily matched to the samples and
the experimental space. For small samples, micron sized probes can be fabricated,
resulting in a large flux filling factor which can significantly improve the coupling of

flux to the sensor to result in a high sensitivity.

In addition, Hall devices operate over a much wider range of applied field and

temperature than a SQUID. SQUIDs, usually fabricated from Nb-AlQ.-Nb layers,
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are superconducting only within a certain range of field and temperature. For Hall

bars, the applied field and temperature range can be substantially extended in which

high spin molecules can be studied in great detail.

In short, Hall bars are a valuable tool for the measurement of magnetization at

low temperatures because of their ease of use, high sensitivity, and wide temperature

and field range.

The choice of sensor material and thickness can critically influence the performance
of a Hall bar, as is clear from Eq. 4.1. Two types of Hall sensor materials have been
commonly used for the purpose of magnetometry: the first type is high mobility
3D bulk (or thick films) of semiconductors (such as InGaAs) and the second type is
high mobility 2D heterostructure (such as GaAs/AlGaAs). A rough estimate from
the knowledge of carrier densities in these materials® yields the following typical
values of the Hall coefficients: Ry = 0.1 2/Gauss for a 2D sample compared with
Ry = 0.1 mQ/Gauss for a 3D bulk semiconductor (at 1 um thickness). Higher
current is necessary to produce the same voltage response in 3D materials, resulting
in greater power dissipation, and consequently heating, to the sample as well as larger
unwanted sensor self-fields.? Clearly, 2D heterostructures are typically three orders

of magnitude better than 3D semiconductors in transforming a small magnetic signal

from the sample into a substantial Hall voltage. In this Chapter, my discussions will

be related to 2D Hall bars only.

!In a 2D system tnsp evaluated at ¢ — 0 becomes the 2D carrier density nap.
2The small local magnetic field generated by the working current I can be measured by the Hall

bar itself and should therefore be minimized.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



87

4.2 Measuring magnetization with Hall bar mag-

netometers

2D Hall bars from two different sources were used in our studies. One type of Hall

bar is from Professor Andrew Kent at New York University. It is a high mobility

GaAs/GaAlAs 2D hole gas sample with carrier density n2p = 3 x 10 c¢cm™2 and

mobility x(5K7) = 10° cm?/Vs. The linewidths for the current and voltage probes
range from 1 to 10 um and the hetero-interface is 100 nm below the surface. The
other type of Hall bar is from Professor Eli Zeldov at the Weizmann Institute of
Science, Israel. It consists of an array of microscopic Hall sensors realized in a 2D
electron gas formed at a GaAs/AlGaAs interface as shown schematically in Fig. 4.2.
The typical 2D electron density in these samples is around n;p = 5 x 10! cm™?
and similar mobility pg(5K) = 10° cm?/Vs. Zeldov’s Hall bars enable high spatial
resolution measurements on small crystals. Aside from their difference in carrier type

and slight variation in carrier density, these two types of Hall bars share many basic

features in their application as small Hall effect magnetometers.

4.2.1 Instrument preparation

A home-made current source (I = 0.1—-10 pA, AC/DC) was used to generate a highly
stable working current I flowing through the Hall bar. A diagram of the measurement
setup is shown in Fig. 4.3. In its AC measurement mode, the current source receives
an AC voltage input from a Lock-in Amplifier (Stanford Research Systems, Model

SR850 DSP) and generates a highly stable current (at the same AC frequency) to the
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Figure 4.2: Schematic diagram of the Hall sensors from Dr. Zeldov. It is shown
as an array of GaAs/AlGaAs two-dimensional electron-gas Hall sensors with an

active area of 10 X 10 um? and an even separation of 10 um?2.
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Figure 4.3: Diagram of the Hall measurement set-up.

Hall bar. The AC voltage is then fed into the Lock-in Amplifier to get time averaged
integration to produce the final Hall voltage V. The fluctuation in current I from
the current source is as small as 0.05% (or 0.5 nA at 1 xA). Careful attention was

paid to reducing electrical noise by connecting rf filters to wires which go inside the

He3 cryostat.

All Hall bar measurements were carried out in a He3 crystat which can cool the
sample down to a much lower base temperature (typically 0.3 K) tﬁa.n a He4 cryostat.
Oxford-Heliox, the He3 system used at City College has a top-loading sample probe
equipped with a horizontal sample rotator with an acuracy to 0.1°. The Hall bar is

mounted onto a2 home-made socket rigidly anchored in the space within the sample
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rotator holder. In the experiment, the Hall bar on the probe is lowered into the
Heliox insert, and cooled to its target temperature. Oxford-Heliox achieves a base
temperature of about 240 mK, a substantial base temperature decrease compared to
other He3 systems (It is always desirable to study pure ground state tunneling at an
even lower temperature.) In addition, the cryostat is equipped with a 12 Tesla magnet

which can produce a DC fteld even larger than the anisotropy field of Mn;s-acetate

(10 T).

The Data Collection Software and GPIB User Interface (by LABVIEW) were ex-
pertly designed and tested by my colleague Kevin Mertes. The values of temperature

T, magnetic field H, Hall voltage Vg, longitudinal resistance R.z, and current I were

automatically recorded during the experiment.

4.2.2 Hall bar characterization

The empty Hall bar needs to be well characterized before the sample is placed onto
it. The characterization provides important information for the Hall bar such as
its carrier density, mobility and temperature dependence. These numbers not only
reflect the quality of a Hall bar, influencing our decision on whether to use it, but

also provide a conversion table in later magnetization measurements to allow accurate

conversion from measured Hall voltage to sample magnetization.

Hall bar plane perpendicular to magnetic field

Before a Hall bar is loaded into the insert of the Heliox cryostat, the Hall bar plane is
aligned approximately perpendicular to the magnetic field, or the probe axis, by using

the sample rotator. The experimenter should put down such important information as
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the readings of the sample rotator when the Hall bar plane is (roughly) perpendicular
and parallel to the field direction, and to which direction the Hall bar plane will rotate
if the rotator knob at the top of the probe is turned clockwise or counterclockwise
(top view). This seemingly trivial step should never be bypassed since a rotation of
the Hall bar in the wrong direction (or over-limit rotation) could easily break a thin
wire, wasting a lot of sample preparation time, and we have no way to obtain this

information after the sample probe is loaded into the insert.

Two typical Vg vs. H curves measured in this perpendicular configuration at two
different temperatures are shown in Fig. 4.4 for a Zeldov Hall bar. There is always
a good linear part near H = 0, up to about 0.8 T. Quantum plateaus start to set in
at about 1 Tesla. However, for reasons which will be discussed later, this non-linear
deviation will not complicate the magnetization measurement. From the curve, the
slope of the linear part near H = 0 can be obtained to get Rg. Several Vg vs. H
curves at difference temperatures between 2 K and 0.24 K should be obtained to allow
assessment of the temperature dependence of the Hall resistivity at low temperatures.

For Hall bars provided by Zeldov, the change of slope with temperature near H = 0

is negligible below 1.7 K (see Fig. 4.4).

Hall bar plane parallel to magnetic field

The next step is to rotate the Hall bar plane into a position parallel to the magnetic
field. The most convenient way to do this is to apply a large and ‘constant magnetic
field (typically 3-5 Tesla) and monitor the decrease of Hall voltage while rotating the
Hall bar plane. Since the Hall voltage is only related to the perpendicular component
of the (fixed) field H. = Hsin#4, a (near) parallel orientation can be achieved by

redﬁcing the Hall voltage (or more accurately, R;,) to a value as close to zero as

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



62

Quantum Regime

(mvV)

xy

1%
T

Figure 4.4: V., plotted as a function of perpendicular magnetic field H at two
widely different temperatures. The stable current used is 1.00 ztA. Two curves
merge in the linear regime close to H =0 and diverge in the quantum regime.

However, this divergence is of neither interest nor importance to our Hall mag-

netometry.
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possible.

In this configuration, R.. is measured as a function of magnetic field H. This
step needs to be carried out for the following reason. Usually the voltage leads on
a Hall bar are not perfectly symmetric (see Fig. 4.5), and the tiny misalignment of
voltage leads can admix some R,r component into the measured Hall voltage. This
can create a very unsatifactory situation if R, has a strong field dependence which
then introduces an unwanted large change in the measured Hall voltage which is
totally unrelated to the magnetization change of the sample. Of course, due to the
difference in symmetry for R, and R.y as a function of field, a correct R, vs. H
curve can always be obtained by separating these two components. However, this
method will generate large experimental error. Knowledge of the R;; vs. H curve
for a Hall bar in this orientation minimizes the need for this separation procedure.
Fortunately, for samples both from NYU and the Weizmann, R.. is a smooth function
of H (see Fig. 4.5). Therefore, even in a case when there is a slight misalignment of

voltage leads in the Hall bar, it only contributes a near-constant shift to the measured

voltage.

Further characterization could be applied such as measuring R,r vs. H curves
in the perpendicular orientation and R, vs. H curves in the parallel orientation.
This will provide more detailed information on a Hall bar even though the two tests

mentioned above should be sufficient for the purpose of using Hall bar as a low

temperature magnetometer.
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Figure 4.5: Misallignment of voltage leads in a Hall bar (exaggerated in this
diagram). This can introduce a large R., component into the measured voltage

bethen two voltage leads. A typical R.; vs. H curve is shown in the lower part

of the same figure.
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4.2.3 Single crystal selection and magnetization ”avalanches”
at low temperature

The same method for choosing a good single crystal described in Chapter 3 can be
applied here even though the crystal will be finally placed onto a Hall bar instead of
a rotator plate. However, a major difference between magnetization measurements at
temperatures above 1.7 K with a SQUID magnetometer and at lower temperatures
with a Hall bar is the size of the single crystal sample used. In a SQUID mea-
surement, bigger single crystals are highly desirable in order to yield bigger sample
magnetization signals. Thermalization of the big crystal (usually with He4 gas at a
specified temperature) is not a problem in this temperature range. However, at the
lower temperature where Hall bar measurement were performed, single crystals one
or two orders of magnitude smaller should be used. This size requirement is a direct

consequence of difficulties in thermalizing the sample at low temperatures.

At lower temperatures, sample heating due to the so-called “avalanche” effect has
made it hard to obtain clean results [17]: the magnetization of the sample abruptly
switches to its saturation value with a sharp increase in sample temperature. Mi-
croscopically, this corresponds to a process of spin-phonon interactions with positive
feed-back — without an effective way to transfer to the main bath the energy released
after the spin reversal of some magnetic molecules, part of the energy remains in the
sample and causes local heating which promotes more spins to reverse their magnetic
moment, which in turn causes more heating, and so on. Unfortunately, avalanches are

more likely to occur at lower temperatures due to the T3-dependence of the crystals’

heat capacity.

To overcome this problem, much smaller Mn,, single crystals (micrometer-sized to
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Figure 4.6: Experimental data showing “Avalanche” of magnetization due to

poor thermalization between sample and main bath.
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sub-millimeter) were used to maximize the surface-to-volume ratio to allow effective
heat transfer. Accordingly, micron-scale Hall probes were needed to study the mag-
netic properties of these small samples. Careful attention was also paid to get bet;ter
sample thermalization to the bath so that the heat generated during relaxation can be
effectively carried away. The working current of the Hall bar was reduced to ~ 1uA
to minimize power input from the measurement ciruit (and at the same time still
maintain a good signal-to-noise ratio). After these careful improvements, tempera-

ture stability of the sample was finally achieved to allow a controlled low temperature

study.

4.2.4 Making meausurements

A thin layer of non-magnetic low-temperature grease (of the same Lakeshore brand
as mentioned in the last chapter) is applied on the surface of the Hall bar and a
submillimeter Mn;, single crystal is placed on top of it. This configuration is pictured
in Fig. 4.7 and illustrated schematically in Fig. 4.8. The square edge of the single
crystal is positioned very close to one of the crossings between current line and voltage
line to yield maximum flux coupling to the active area of the Hall bar. The c-
axis of the single crystal can be easily recognized as the longest dimension of the
parallelepiped, and its in-plane orientation is adjusted such that the magnetic field
is parallel to the c-axis (with an error of several degrees) when the Hall bar plane is

rotated into a parallel position with the magnetic field.

Before a measurement, the Hall bar plane is fine-tuned by the sample rotator to be
parallel with the field. This orientation can be easily achieved by making sure that the

Hall voltage doesn’t change with magnetic field when the Mn;; single crystal is in its
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Top View

Hall Bar
Active Area
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View

Figure 4.8: Diagram of the experimental set-up of a typical magnetic moment

measurement using micron-sized Hall bar at temperatures below 1 K.

saturated state above the blocking temperature. In this configuration, the magnetic
field has no perpendicular component to the Hall bar plane. Therefore, no matter
how high the externally applied field, the Hall bar active area can only sense the flux
generated by the single crystal sample. On the other hand, the magnetization of the
sample can be influenced by the large magnetic field applied parallel to its c-axis.
This cleverly chosen geometry effectively separates the sample’s signal from that- of

the external field, yielding a highly sensitive magnetization measurement.
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Therefore, the measured Hall voltage is only proportional to the coupled flux from

the sample which is again proportional to the sample’s magnetic moment.
Vir < RegI®sampie x Ragl(47M). (4.3)

By introducing a “coupling constant” o« which measures the coupling between sample

and Hall sensor area, the above equation can be rewritten as
VH = aRHI(41rM) (4.4)

o depends on many factors such as sample shape, edge distance to the sensor active

area and the thickness of the grease. Typical values of a in our experiments are

between 0.2 and 0.5.

For Mn,,, 4r M in the saturated state Ms has been estimated at about 0.06
Tesla [19]. For a typical Hall measurement in this study, I = 1uA, Ry = 2kQA-T1,
and « = 0.3, this magnetic moment can be amplified into a sizable Hall voltage of
36uV. With the stablity of the home-made current source, a field sensitivity of
0.2 Oe can be achieved for the Hall bar as a low temperature magnetometer. The

above numbers demonstrate the capability of using Hall bars to study magnetization

tunneling in Mny,-acetate.

Since the maximum perpendicular component a Hall bar active area can sense is
a(4mMs) which is about several hundred Oe, only a very small portion near H = 0
in Fig. 4.4 is relevant in converting sample magnetization to Hall voltage. That is

why I claimed that the existence of high field quantum plateaus does not affect the

problem at all.
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4.3 Low temperature magnetic hysteresis in Mn;,-

acetate

Precise mganetization measurement of small single crystals of Mn;.-acetate were per-
formed down to 0.4 K using high sensitivity Hall magnetometry as discussed above.
Data analysis using the spin Hamiltonian with parameters determined by EPR and
Neutron Scattering experiments (Chapter 2) reveals an abrupt, or first-order, transi-

tion between thermally assisted and pure quantum tunneling, as suggested by recent

theory.

4.3.1 Extending hysteresis studies to low temperatures

-

The magnetization of small single crystals of Mn;; in the form of a parallelepipeds
(50 x 50 x 300;:im>) was measured using a micron-sized Hall magnetometer. Careful
attention was paid to reducing electrical noise and to thermalizing the sample. The
temperature was measured both at the cold stage of the cryostat and with a small
resistance thermometer mounted within a few mm of the sample. These measurements
were always within 50 mK of one another. Fig. 4.9(a) shows a typical portion of a
hysteresis curve measured at 0.4 K starting from a demagnetized state, M = 0, and
measured at a ramp rate of 0.1 T/min, with the field applied along the easy axis
(within a few degrees). (Please note that the c-axis of a Mn;;-acetate single crystal
is the same as the easy axis internal to the molecule). Prominent step-like changes
in magnetization are observed at fields between 3 and 5 Tesla. The high quality
of the data is evident from the large signal-to-noise ratio in the dM/dH versus H
curve which has well-defined peaks, as shown in F ig.~4.9(b). Each peak corresponds

to a step (faster relaxation) in the parent curve of M versus H, or a maximum in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



72

the magnetization relaxation rate at that applied field, sample magnetization and
measurement temperature. The peak positions provide accurate information about
the magnetic field at which a level in the metastable well coincides with a level in
the stable well. Indeed, a new type of "spectroscopy” measurement can be developed

to study the details of this level matching picture to obtain essential physics of the

system.

Fig. 4.10 shows the derivative of the magnetization curves dM/dH versus applied
field H at different temperatures from 2.4 K to 0.4 K. First, above 1.6 K the data
are in good agreement with previous experiments. Peaks appear at approximately
equally spaced field intervals (~ 0.45 T) and their amplitude is a ‘strong function of
the temperature. As the temperature is reduced, higher numbered maxima in dM/dH
appear, while lower field peaks decrease in amplitude, again, consistent with the model
of thermally assisted tunneling. Second, on lowering the temperature, the peaks shift
continuously to higher fields. For instance, peak n =5, at 2.2 K isat 2.2 T and by 1.4
K it has shifted to 2.33 T. Third, and most intriguing, at low temperature (7" < 1.2
K) peaks in dM/dH shift dramatically in position as a function of temperature. This
is well illustrated by the behavior of the n = 7 peak as the temperature is reduced.
This peak first appears at 1.6 K at H = 3.10 T, grows in amplitude and shifts to
significantly higher fields on lowering the temperature and, at 1.0 K, abruptly develops
a high field shoulder. On slightly lowering the temperature to 0.9 K, “spectral” weight
is transferred into this shoulder and at the lowest temperature the peak remains fixed
in position. This peak has shifted to 3.53 T, by nearly a full ﬁeid quantum Hj, in
this temperature interval. Shifts in peaks positions of this order are seen for all the
steps observed at low temperatﬁre (5 £ n £9). Finally, note that at 0.6 K and
lower temperature, the maxima remain fixed in field and approximately constant in
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Figure 4.9: Hysteresis curve of a Mn;; single crystal and its first derivative to

magnetic field. Data was btained at 0.4 K and at field sweeping rate of 16.7 Oe/s
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amplitude.

The dependence of the dM/dH peaks on temperature is summarized in Fig. 4.11.
Here the peak positons, in units of total field divided by the field quantum, Hy, are
plotted versus temperature. Note that peaks initially shift gradually to higher mag-
netic field as the temperature is lowered. Between 0.6 K and 1.2 K the peak positions
shift abruptly, with higher step indices changing position at lower temperature. The
solid vertical line demarcates the approximate temperature at which these sudden

shifts in step position occur. Below this line the step positions are independent of

temperature.

4.3.2 Discussion

These experiments are the first to show that the steps in magnetization of Mn,, are
not always at regular field interals and that steps shifts to higher magnetic fields
as the temperature is lowered. This shift in peak position can be understood if
we (again) take into consideration the fact that there are higher-order terms in the
spin Hamiltonian (Eq. 2.2). The condition for level crossings is thus H = NHy(1 +
A/D(m? + m'?)) and is no longer independent of m. Fields greater than NH, are
necessary to bring low-lying magnetic sublevels into resonance, so that a shift in

peak position to higher field signals a switch to tunneling from a state deeper in the

potential well.

The physcal behaviour can be clearly distinguished in two different temperature
regimes. At higher temperature (above the solid line in Fig. 4.11) the step positions
shift gradually with temperature. This is the regime of thermally assisted tunneling,
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Figure 4.10: First derivative to field of Mn;;’s hysteresis curves at ten tempera-
tures. The field is applied along the easy magnetic axis (within a few degrees)
and the field ramp rate is 0.1 T/min. The main figure shows the derivative
of the magnetization with respect to applied field versus field at temperatures
between 2.4 K and 0.4 K. Data are acquired from M =0 at constant field ramp
rate of 0.1 T/min. The small peaks at low temperature and fields (H /H, < 3) are
due to a small magnetic impurity phase in the crystal, discussed in reference [9].
Data near the n = 5 peak at 0.4 K is multiplied by 10 and offset so that it is

visible on the plot.
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Figure 4.11: Peak positions (from direvative of hysteresis curves) plotted as a
function of temperature. Relaxation peak positions, Hiotat = H + a(47M), nor-
malized to H,, the field quantum, versus temperature. The solid line shows

the approximate temperature below which peak positions are temperature in-

dependent.
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where the magnetic escape is from thermally excited magnetic levels. We associate
shifts in step positions with incremental changes in these levels, such as from m to
m — 1 (m negative), as the temperature is reduced and/or changes in the relative
importance of a few levels, which contribute “in paralle]” to the magnetization re-
laxation at a given temperature. Fig. 2.6 in Chapter 2 shows the enery levels versus
field for the Mn;, spin Hamiltonian (Eq. 2.2). The solid lines indicate the level co-
incidences important to the magnetic relaxation in this temperature and field range.

For example, for N = 6, the step positions we find are consistent with transitions

fromm=—-8tom’'=2and m=—-7Ttom'=1.

The second regime is at low temperature (below the solid line in Fig. 4.11) in which
the position of peaks in dM/dH are independent of temperature. This is consistent
with magnetization relaxation being of a pure quantum nature, i.e. tunneling escape
occuring from the lowest level in the metastable well, m = —10. At 0.6 K and be-
low, the amplitude of the peaks are also temperature independent. This is additional
evidence for a quantum regime in Mny,, as it indicates that the relaxation of the mag-

netization in the measurement time window has become temperature independent,

therefore thermal excitations are no longer relevant to the relaxation.

A crossover to temperature-independent ground state tunneling has been observed
in Feg by Sangregorio et al. [13]. However, these experiments did not yield any

information concerning the nature of this transition. It’s important to note that our

data provide a form of spectroscopy which allows a determination of which levels are

involved in the tunneling.

The most striking feature of these data is the abrupt shift in step position, observed
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at the boundary between these two regimes. This shift suggests that different levels
become important to the tunneling relaxation in a narrow temperature interval. The
shift in peak position in Fig. 4.11 is consistent with the change in levels responsible
for tunneling illustrated by the dashed arrow in Fig. 2.6. m changes by 2 in an
interval of 0.1 to 0.2 K. The abrupt nature of this transition is evident directly from
the magnetic hystereis data in Fig. 4.11. For example, the shoulder which develops
for the n = 7 peak at 2.0 K indicates that metastable levels m = —8 (m’ = 1) and

m = —10 (m’ = 3) both contribute to the magnetic relaxation at this temperature

but at different easy axis magnetic fields.

An interesting possibility is that the abrupt shift in peak position is evidence for
a first-order transition between thermally assisted and pure quantum tunneling, as
suggested recently by theory [14] (described in detail in Chapter 1). In this theory
it is shown that for a small uniaxial magnetic particle the energy of the quasilevels
in the metastable magnetic well which dominate the magnetic escape need not be a
smooth function of temperature. For small transverse field, Chudnovsky and Garanin
find that the transition can be first-order with certain energy levels in the metastable
well being skipped entirely as the temperature is varied. Further solid experimental

evidence has been obtained to support the abrupt nature of this transition [60].
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Chapter 5

The Effect of a Transverse
Magnetic Field on the Lineshape of

the N =0 Resonance

Previous chapters (2-4) all have one thing in common: they are centered around the
key experimental fact that there is a substantial higher-order uniaxial anisotropy. In
this chapter, I will deviate a little bit from this major theme of my thesis to present
data from relaxation measurements performed for a narrow range of longitudinal
magnetic fields around the H = 0 resonance (i.e. around the resonance of “step
number” N = 0) in fixed transverse magnetic fields between 0 and 800 Oe. Interesting

effects from such a transverse field on tunneling were observed. These results will be

discussed in light of our current understanding of tunneling in Mn,..

79
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5.1 Motivations for this study

The effect of a transverse magnetic field on the relaxation rate in Mn;, is one of the

central questions in understanding the tunneling process in this material. From the
spin Hamiltonian of Mn;,
H=-DS?—pupH-g-S—AS}+C(St +5%) (5.1)

it can be seen that a Zeeman term due te transverse field —g.upH.S: and a higher
order transverse anisotropy C (S} +S%) are the two possible symmetry-breaking terms
that drive tunneling. Of these two, only the transverse magnetic field can be tuned
experimentally to change the tunneling rate in Mn;;. Experimentally, the effect, of
a transverse magnetic field on resonant magnetization tunneling in Mn;, has been
studied by Friedman et al. [23], who found through hysteresis measurements that
the positions of the resonances is independent of the transverse component of the
field, and is determined solely by the longitudinal component. On the other hand,
it was shown that a transverse magnetic field significantly increases the relaxation
rate, both on and off resonance for the N = 1 resonance. Theoretically, Garanin and
Chudnovsky [32] developed a model for thermally-assisted tunneling in Mn;, based
on such a symmetry-breaking transverse field term and their theory predicts some
very interesting behavior as a function of transverse field, such as a change from a
first-order to a second-order transition between thermally-activated relaxation and
pure tunneling, as we discussed in detail in Chapters 1 and 4.

The experiment to be discussed was motivated by several issues. F irst, it was
suggested by several authors [31, 32], that the transverse component of a weak internal
magnetic field due to hyperfine and/or dipolar field, estimated at several hundred
Oe, provides the necessary tunnel splitting to drive tunneling even in the absence

of any external magnetic field (i.e. for resonance N = 0). If this situation holds

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



81

true, then by applying externally a pure transverse field to Mn;,, we should observe
that the relaxation rate remains roughly the same when the external field is only
a fraction of the internal field, and then goes through a crossover until finally the
external field completely dwarfs the internal one, and the rate should then rise sharply.
This reasoning needs to be tested for the zero field resonance, and the experiment
would also yield information concerning the size of the internal field. Second, the
N = 0 resonance is a special resonance that requires extra attention. All pairs
of levels come into resonance simultaneously only in the case of N = 0 when the
double well potential is symmetrict. .Furthermore, in contrast with transverse field
relaxation measurements on the odd-numbered N = 1 resonance, which were carried
out in the experiment mentioned above [23], this experiment deals with an even
numbered resonance. Differences associated with the tetragonal symmetry of Mn;,
can be expected for these two types of resonances due to the transverse anisotropy

term in the Hamiltonian written above.

5.2 Experimental Procedure

Millimeter sized single crystal samples were prepared according to the published pro-
cedure [7]. Measurements of the dc magnetization were performed using a Quantum
Design MPMS-5 magnetometer equipped with a 5.5 Tesla superconducting magnet.
The single crystal samples were mounted on a Quantum Design horizontal sample ro-
tator, which allowed rotation of the easy axis of the single crystal sample with respect

to the field in increments as small as 0.1 degrees. Two separate SQUIDs measured

IThis situation is not true for nonzero step numbers and it constitutes the basis for all work

presented in earlier chapters.
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the sample’s magnetization both parallel and perpendicular to the field direction,
and the magnetization along the easy axis was inferred from these two orthogonal
components.

The c-axis of the single crystal was first aligned parallel to a field of 1 kQOe at 5
K by minimizing the magnetization perpendicular to that field. This step serves as
a reliable starting point for later angular rotation. The sample was then cooled in
zero magnetic field to 2.60 K. It was then immediately rotated to make an angle
between the field direction and the c-axis. A magnetic field of appropriate magnitude
was then quickly applied. (The desired values of the longitudinal and transverse
field components were set by carefully choosing the angle between the field and the
sample’s c-axis.) The magnetic relaxation was measured (each curve taking up to four
hours) and a relaxation rate was obtained from the long-time part of relaxation?.

The same measurement procedure was repeated for other pairs of longitudinal
and transverse field values. Since this experiment is focussed on studying the N =0
resonance, relaxation rates in a narrow range of longitudinal magnetic fields around

H = 0 were measured for fixed transverse fields up to 800 Oe.

5.3 Results and Discussions

The relaxation rate as a function of the longitudinal magnetic field at zero transverse
field was remeasured in this experiment with a single crystal sample and the result
is shown in Figure 5.1. The overall lineshape can be fit very well by a Lorentzian

function, confirming an earlier experiment by Friedman et al. [35] using well-oriented

2There is a faster-than-exponential relaxation in the first 2000 seconds which is not included in

the exponential fit to obtain the rate [19, 35]
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Figure 5.1: Lorentzian fit of lineshape for the N=0 reseonance at H; = 0. The
near perfect fit to a Lorentzian function seriously contradicts the proposition

that random hyperfine fields in Mn,; are responsible for broadening of reso-

nances.

Mn,;, powder.

The lineshape in the presence of a transverse magnetic field is shown in Figure 5.2,
where relaxation rates at six progressively higher transverse fields from 0 to 800 Qe
are plotted as a function of the longitudinal field. The main features of the data can
be summarized as follows:

First, in the presence of small transverse magnetic fields up to about 300 Oe, the
relaxation rate remains roughly constant over the whole range ot: longitudinal field
shown in this plot. (Please note the data poihts nearest to the center of the resonance
are at H, = £25 Oe.) Second, the relaxation rate increases dramatically for fields
above 500 Oe. Interestingly, this increase is only reflected within a narrow range of

.
EX] 3

100 Oe very near the center of the resonance. Third, the relaxation rate increases
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Figure 5.2: H=0 resonance lineshapes at six different transverse fields.

very little in a wide range of longitudinal fields far from the center of the resonance.
Phenomenologically, the whole lineshape can be seen as consisting of two parts: The
first is a broad “background” which is insensitive to the increase of the transverse
field (at least when it is below 800 Oe, the highest transverse field applied in this
experiment), while the second part only changes the line within a narrow range of
about 100 Oe near the center of the resonance. The change near the center of the
resonance is quite large for transverse fields above about 500 Oe.

Let us now briefly review the lineshape experiment of Friedman et al. [35] and the
intriguing questions it raised, as discussed in Chapter 1. I will then attempt to gain
further insight into the problem through our data. As pointed out by Friedman et al.,
the high quality fit of the lineshape to a Lorentzian instead of a Gaussian function at
zero transverse field makes it very difficult (if not impossible) to attribute the overall

lineshape to broadening from a hyperfine field, which is known to fluctuate randomly
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both in space and time, since a field of this nature should yield homogeneous (or
Gaussian-shaped) broadening. Intuitively, the observed resonance lineshape I'(H,)
represents a distribution of the longitudinal component of the internal field within
the Mn,, molecules which should be Gaussian according to basic probability laws.
This quantitative difference between theory and experiment prompted these authors
to conclude that the tunneling mechanism in Mn,, is far from understood. '

In a way, the data presented in this chapter escalates the above quantitative
difference into a sharp contradiction. The application of a well-controlled external
transverse field to the N = 0 resonance adds a new dimension to this problem.
First, let’s look at the broad feature since it basically represents the Lorentzian-like
background. (Please note that in this part of lineshape, the difference between high
transverse fields and zero transverse field is very small. And we now know that
lineshape at zero transverse field is a Lorentzian.)

If the hyperfine field, estimated at 300-500 Oe[33], were responsible for broadening
of this order, then the application of a transverse magnetic field of 800 Oe (nearly
twice the value of the estimated hyperfine field) would be expected to have a mea-
surable effect on the tunneling rate. Our conclusion therefore is that the observed
lineshape is not due to the random fluctuating internal hyperfine field. Other possi-
ble sources, such as spin-phonon interaction, are possible candidates for the observed
broad structure.

Let us then focus our attention on the dramatic increase of the relaxation rate
near the center of the resonance when the transverse field is above a threshold value
of about 500 Oe. In the high temperature regime (2.60 K in our experiment) mag-
netization tunneling in Mn,;; is thermally assisted. It is very likely that two or more
tunneling channels contribute in parallel to the spin reversal. Let us assume that

tunneling occurs mostly through the m = +3 channel in the absence of an external
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transverse field at 2.60 K, and tunneling relaxation via the m = +4 channel is rela-
tively small by comparison. However, when a large enough transverse field is applied,
the tunnel splitting between the lower level pairs becomes large and this lower chan-
nel will essentially be “unfrozen” and become a prominent tunneling channel with a
sharp increase in resonant relaxation rate.

Several theoretical works have suggested a picture similar to the observations in

this experiment. Using a “basic” spin Hamiltonian of the form
H= '—DSZZ - HzSz - HzS:rs (5‘2)

Garanin and Chudnovsky {32] calculated the biased-field dependence of the resonant
tunneling escape rate of the uniaxial spin model at progressively higher transverse
magnetic field. Their results reveal that in the nearly unbiased case (or N = 0),
a new narrow peak corresponding to lower level tunneling emerges as H, increases.
Another calculation by Friedman [19] using a phenomenological microscopic model
to describe the dynamics of spin reversal in Mn,;, found that an increasing transverse
field can cause successive sharp peaks to appear at the center of the resonance as the
old peak broadens to join a uniform background. Each new peak in this calculation
corresponds to a subsequently lower level which comes into play in the tunneling
process. A detailed quantitative analysis of the data is required to determine whether
this model can account for our results.

To summarize, in agreement with earlier results by Friedman el al. [35], this
experiment further demonstrates that the broad lineshape cannot be explained as
the result of a fluctuating internal hyperfine field since the application of an external
transverse field (about twice the estimated internal field) has little influence on it. The
most intriguing result is that the central portion of of the lineshape rises sharply when
the transverse field is above about 500 Oe. This behavior may be due to the onset

of tunneling from the next lower level in the double well potential. A quantitative
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Chapter 6

Ideas for Future Research and

Summary

Intensive research a.ctivity has proceeded in the field of Quantum Tunneling of Mag-
netization during the past five years, and it will certainly continue before the unan-
swered central problems in this field are solved successfully. In this chapter, I will
make an attempt to look into the future of this field to present a few ideas for con-

tinuing research. I will then close the dissertation with a summary of what has been

accomplished.

6.1 Ideas for Future Research

As discussed in the last chapter, the application of micron-scale Hall-effect mag-
netometry to the study of magnetic relaxation opens up a wide range of field and
temperature in which magnetization tunneling can be studied in great detail. It is

particularly advantageous to use this technique if we want to make relaxation stud-
88
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ies in the presence of a large magnetic field (of several tesla). It is expected that a
more detailed relaxation study can be done in the low temperature regime (below 1
K) in which pure quantum tunneling gradually takes over with a decrease of tem-
perature. Specifically, the following experiments can be performed to gain further
understanding of tunneling relaxation in Mn,,.

It is desirable to study magnetic relaxation in Mn,;, relaxation in the high longi-
tudinal field, low temperature regime (with or without external transverse magnetic
field). In this regime, the double well potential is substantially tilted and the tun-
neling is purely out of the ground state in the metastable well. The time scale of
this pure tunneling relaxation nevertheless can still match the measurement time if
we carefully choose the combination of field and temperature. Performing relaxation
studies in this regime around one of the higher “step number” resonances (e.g. N =7
or 8) can provide valuable information on the magnetic relaxation law and the re-
laxation lineshape in this regime for Mn;,. It is known from early studies that the
magnetic relaxation in Mn;; between 2 and 3 K is exponential at long times. How-
ever, preliminary results from some authors found non-exponential decay at much
lower temperatures. Since non-exponential decay signals the breakdown of magneti-
cally independent spin reversal of identical Mn;2 clusters within a single crystal, these
results need to be checked. Another point is closely related to our discussion in the
chapter on the effect of a transverse field on the N = 0 resonance lineshape. We noted
that there is a broad feature which is insensitive to the transverse field. It will be
very interesting to see how the important features for the relaxa.tiog lineshape (width,
curve shape) will change for the N = 7 and 8 resonances at much lower temperatures.
This should help gain further insight into the Lorentzian lineshape puzzle.

Since the tunneling of the magnetization proceeds from the ground state in the

metastable well in this temperature regime, the measured relaxation rate only re-

-
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flects tunneling escape from one level instead of several levels contributing in parallel.
Therefore it would be much more straightforward to compare experimental data to
theoretical calculations for this system. In addition, it will also be more direct to
observe the effect of a transverse field applied to a Mn,; single crystal around one of
its high indexed resonances.

Furthermore, the small size of a Hall bar plate (typically 1 x 1 cm?) enables it
to be placed into a small space where microwave excitation is generated. It }3as
been suggested by many authors that the inter-well relaxation rate in Mn;, can i)e
substantially altered if microwave of appropriate frequencies is applied to the system.
The high sensitivity and fast response of a Hall probe makes it a good magnetization

recorder in the microwave environment. This is a very interesting experiment that

needs to be performed.

6.2 Summary

In this dissertation, I have presented three types of experimental data from several
experiments which show deeper and richer behavior of the Mn;; system. The first
type, inelastic neutron scattering study, provides an accurate energy level schenie
of the Mn,, spin-10 system and establishes the existence of higher order uniaxial
anisotropy in Mn;;. The second type of experiments consists of two magnetic.re-
laxation experiments — the relaxation rate as a function of only -extema,lly applied
longitudinal magnetic field and as a function of transverse field near the N =0 reso-
nance. The first experiment corroborated the existerice of the higher order term but
raises some unresolved puzzles related to the so-called “odd-even asymmetry” in the

relaxation rate. The latter experiment supports ealier observations of Friedman et al.
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that the lineshape of the resonance in Mn;; is not well understood, and adds sorne
very intriguing features in the form of a sharp increase only at the center the N =1
resonance when the transverse field is above 500 Oe. Finally, a large portion of this
thesis is devoted to measurements using micron-scale Hall-effect magnetometry at
very low tempertures. The dramatic shift of peak positions in the hysteresis curves
with decreasing temperature provides evidence in support of theoretical predictions of
a first-oder transition in the escape rate in spin systems. I expect future experimental
work will further benefit from the nice tool of Hall magnetometry and also hope mpre

flourishing theoretical works will come out to challenge us (as experimentalists).
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