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1 Introduction

1.1 Single M olecule M agnets

Single molecule magnets are an interesting form of magnetic material. At low temper­

atures macroscopic samples of these materials exhibit dramatic quantum mechanical 

phenomena such as tunneling of magnetization[l. 2, 3] and Berry phase oscillations[4. 

5]. This stems from the fact that single molecule magnets provide an ensemble of 

nominally identical molecules with negligible inter-molecular[6. 7. 8. 9] and sufficiently 

small environmental interactions[10, 11, 12, 13, 14, 15, 16, 17. 18. 19, 20. 21. 22]. The 

behavior can be measured easily because the large number of molecules in a macro­

scopic crystal will amplify the tiny signals of a single molecule. Moreover, measuring 

an ensemble of identical molecules simultaneously yields information that is very sim­

ilar to measuring an individual molecule many times. Thus, single molecule magnets 

have the interesting property of exhibiting the laws of quantum mechanics which 

describe the behavior at molecular, atomic and sub-atomic scales on a macroscopic 

scale.

Another interesting feature of some single molecule magnets is that the total spin 

of each molecule lies in the middle ground between classical and quantum physics[ll. 

13, 20]. In addition, they may have practical uses such as memory storage devices or 

quantum computers[23, 24, 25].

Molecular magnets have attracted a great deal of attention from chemists and 

experimental and theoretical physicists and have been extensively studied over the 

past decade. Much of the basic physics and chemistry of these materials is now 

understood[26, 18, 27, 28]. However, there are still several important questions left 

open. The main purpose of this research is to try to answer some of these open 

questions. In order to effectively convey the main ideas behind this research, I will first 

review what is known about single molecule magnets and what is still not understood 

before delving into the details.
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1.1.1 Basic Characteristics

Single molecule magnets are organic materials which contain a large (Avogadro’s) 

number of identical magnetic molecules. Single molecule magnets contain magnetic 

clusters composed of several or many magnetic atoms coupled together at low tem­

peratures to form a cluster of moderate to large total spin. The net spin of each 

molecule is determined by the exchange interaction between the magnetic moments 

of the atoms in the molecule. At sufficiently low temperatures, the individual mag­

netic moments couple together to form a composite spin particle or "single molecule 

magnet” .

The magnetic properties can be understood by examination of the Hamiltonian. 

In the first approximation, the spin Hamiltonian of a uniaxial single molecule magnet 

with anisotropy can be modeled by:

H  = - D S ;  -  gzn BH .S .  ■+■ VT. (1)

where DS* represents the anisotropy (taken to be along the z-axis) in the molecule.

represents the effective Zeeman interaction the molecule experiences when 

placed in an external magnetic field. Hz, applied along the anisotropy axis of the 

molecule and Vp represents terms that do not commute with S z and thus break the 

symmetry in the Hamiltonian. The magnetic anisotropy is an inherent property of 

the molecule itself[29, 30, 6, 31, 32].

For small VT, the energy eigenvalue for this Hamiltonian are given by:

Em = - D m 2 -  gzfiBHzm , (2)

where m  is the energy eigenvalue of the Sz spin operator. The zero field energy eigen­

values are plotted in part (a) of Fig. 1 for an 5  =  10 single molecule magnet. The verti­

cal axis denotes the energy of the eigenvalues and the horizontal axis denotes the angle 

the spin operator makes when projected along the z-axis: cos(0) =  m/yJS{S  4-1).
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The continuous smooth curve results from allowing 9 to vary smoothly and forms a 

double well structure. The energy barrier is due to the anisotropy. For an S  =  10 

spin system, m  is an integer that increments equally from —10 to +10 and there are 

2S  +  1 = 2 1  eigenvalues. These values are shown by the green dots in Fig. 1. The 

horizontal green lines connect two equivalent angles and serve as a reminder that the 

spin is precessing about the z-axis. Part (b) of Fig. 1. shows the double well struc­

ture when the molecule is placed in an external magnetic field. Clearly, the effect of 

the external magnetic field is to "unbalance” the wells producing a stable well and a 

metastable well.

m'=-8

m'=-9

m’=-L0 m=+8'

m=+9

m=+10

(a) (b)

Angle Angle

F ig u re  1: Double Well Potential for H = —DS1 with 5 = 10. Parts
(a) and (b) depict the double well potential for Hz = 0 and Hz ^  0, respectively.

For the Hamiltonian of Eq. 1 at zero magnetic field, all the energy levels are pair­

wise degenerate as can been seen in part (a) of Fig. 1. As the magnetic field increases, 

the potential wells will unbalance. Eventually, at a particular applied magnetic field, 

all the energy levels in the metastable well will once again become degenerate with 

energy levels in the stable well. For the simple Hamiltonian of Eq. 1, the fields at
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which eigenvalues in the stable well, Em, equal the eigenvalues in the metastable well, 

Em', are given by:

H, = -5 -JV , (3)
9zV-b

where N  =  —{m + m') is called the step number. For the Hamiltonian listed in Eq. 1. 

each N  corresponds to a family of energy "crossings” that occur at exactly the same 

magnetic field. The N  =  5 family is shown in part (b) of Fig. 1.

1.1.2 Population o f Energy Levels

These double well potential diagrams provide a convenient means of understanding 

the basic physical processes occurring in single molecule magnets. For temperatures 

below a certain value, Tc, the vast majority of the molecules will occupy the bottom 

(ground state) of one of the potential wells. This is because the population of the 

levels obey Boltzmann statistics. If most of the molecules in a sample are in the 

bottom of the same well, then the magnetization is said to be saturated. When the 

sample is heated above a certain temperature, then there is sufficient energy for each 

molecule to thermally activate to the top of the barrier and drop down the other 

side. Thus, heating a sample above this "blocking temperature” , 7 s . will cause the 

magnetization to reach equilibrium. For temperatures between Tc  and 7s. molecules 

will thermally activate to the excited states. For even higher temperatures, each 

molecule will hop back and forth between the potential wells.

1.2 M ni2-aceta te

A quintessential example of a single molecule magnet is M n^-acetate (the other is 

Feg). Its chemical formula is given by: [Mni20i2(CH3C00)i6(H20)4]-2CH3C00H-4H20. 

This complicated molecule was first synthesized by Lis in 1980.[33] The magnetic 

properties come from twelve Mn ions that are located near the center of the molecule.

As shown in Fig. 2 the magnetic core consists of eight Mn3+ (5 =  2) ions situ­

ated on an outer noncoplanar ring that surrounds four inner Mn4+ (S =  3/2) ions
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symmetrically arranged on the corners of a cubane. The four inner Mn ions cou­

ple anti-ferromagnetically via superexchange through oxygen bridges to the eight 

outer Mn ions. As determined by ac-susceptibility measurements[6, 30, 34] and EPR 

measurements[6, 30, 35], the molecule has an 5  =  (8 x 2) — (4 x 3/2) =  10 ground 

state. Large anisotropy originates from the single-ion anisotropy of the Mn3+ ions[6]. 

The net result is that the single molecule magnet, Mni2 -acetate, acts like a giant 

5  =  10 spin particle with large uniaxial anisotropy.

F igu re  2: The magnetic core of the S = 10 single molecule magnet Mnii-acetate. The 
four inner Mn ions couple anti-ferromagnetically via superexchange through oxygen bridges 
to the eight outer Mn ions.

The crystalline form of Mnl2-acetate has a tetragonal body centered lattice with 

lattice spacings of a =  6 =  17.3 A and c =  12.1 A[33]. Since the inter-molecule 

distance is so large for the crystalline form of Mni2 -acetate, the exchange interaction 

is negligible[8, 9] and the dipole field due to a neighboring molecule is rather small 

(s: 0.01 T — 0.05 T)[7, 9, 8], This means that each molecule acts nearly independently 

and the entire crystal can be considered an ensemble of weakly interacting, nearly 

identical S  =  10 spin particles. X-ray diffraction measurements have determined that 

Mnl2-acetate belongs to the I4(S4) space group[33].

0

0 Mn3+ (S = 2) 

^  Mn4* (S = 3/2) 

0  Oxygen
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Neutron scattering experiments[36, 37, 38] as well EPR measurements[39, 40] 

have determined Mni2 -acetate is modeled by the effective spin-Hamiltonian:

U  =  - D S 2: -  A S t  -  gzp BH zS z + VT, (4)

where D =  0.5477 K is the second order anisotropy constant. .4 =  1.173 x  10-3 K is 

the fourth order anisotropy constant and gz % 1.94 is the ^-factor. The last term.

Vr, is the symmetry breaking term. Vp may include terms such as transverse field.

gxp BHx, fourth order transverse anisotropy, C (S4 + S i) , or other terms. Second order 

transverse anisotropy. E (S 2 — S2) is forbidden by the tetragonal symmetry for perfect 

\ In i 2 -acetate crystals. The nature of the symmetry breaking term, Vp. is unknown 

and is the main subject of this research.

For small Vf, the energy eigenvalues are given to good approximation by:

Em = —D m 2 — .4m4 — gzp BHzm. (5)

The fields at which the energy level resonances occur are given by:

H. = .V- °
9 z !J-b

1 +  ^  (m 2 + mr2) ( 6 )D

where N  =  — (m +  m') is the step number defined earlier. Inclusion of the second 

order longitudinal anisotropy, -454, has the effect of shifting the energy levels so that 

the energy eigenvalues no longer come into resonance simultaneously. Rather, each 

step N  now represents a family of energy resonances that occur at slightly different 

magnetic fields. We will see later that the second order longitudinal anisotropy has 

important consequences for the temperature dependence measurements.

1.3 Tunnel S p littings

The eigenvalues can be calculated numerically by diagonalizing the Hamiltonian. For 

example, consider the following Hamiltonian,

n = - D S 2 -  A S t  -  gpBH zS z +  gxfi BHxS x, (7)
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where Vp = gxn BHxSx is the symmetry breaking term  with Hx =  0.03T and gx = gz. 

Hx could arise from an externally applied field or from an internal dipole field. Fig. 3 

shows the numerically determined eigenvalues of Eq. 7 as a function of field, from 

Hx =  0 to H.  =  5.5 T. Without the symmetry breaking term, the eigenvalues would 

cross at the fields given by Eq. 6 with energies given by Eq. 7 for each resonance.

F igu re  3: Energy eigenvalues for Eq. 7 (which includes the presence of the symmetry 
breaking term, gxfiBHxSx) determined by numerically diagonalizing the Hamiltonian. Be­
cause of the presence of the symmetry-breaking term, the eigenvalues do not cross. A 
close-up view of one of the crossings appearing in the rectangle is shown in Fig. 4.

However with the sym m e tr y  breaking term, we realize from quantum mechanics 

that the eigenvalues do not actually cross. They form "anti-crossings” . This behavior 

can be understood by examining the Hamiltonian in Eq. 7 in terms of the eigenstates 

of S.. These eigenstates are also the eigenstates of the "unperturbed” Hamiltonian 

of Eq. 7 (i.e. without the symmetry-breaking term, gx/J.BHxSx). For fields that do 

not place the system near a resonance, the eigenstates of the full Hamiltonian in 

Eq. 7 are accurately given by the eigenstates of the unperturbed Hamiltonian (i.e.

50

-150
0.0 1.0 2.0 3.0 4.0 5.0

Field (T)
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m  is a “good” quantum number). However, for fields that place the system close 

to a resonance, substantial mixing occurs between the two states that are near the 

resonance. For fields that place the system just beyond the resonance, m  is again 

a good quantum number and the eigenstates of the full Hamiltonian are accurately 

approximated by the eigenstates of the unperturbed Hamiltonian.

As the field is swept, the eigenstates “exchange character” after passing through 

the resonance. For example, consider the Em ' = - 2  — Em=+i energy resonance which 

is one of the resonances located in the black rectangle in Fig. 3. For fields below the 

resonance, the lower curve in Fig. 4 corresponds to the eigenstate, |—2) and the upper 

curve corresponds to the eigenstate, |+1). However, above the resonance, the lower 

curve corresponds to the eigenstate. |+1) and the upper curve corresponds to |— 2). 

In other words, the eigenstates have exchanged character.

l+i>

va
W

+  1)

Field (T)

F ig u re  4: Energy eigenvalues near the energy resonance, Em > - - 2  = Em=-t-i for the 
Hamiltonian shown in Eq. 7 which includes the presence of the symmetry breaking term. 
gx(iBHXSX. The eigenvectors exchange characters at the anti-crossing. The size of the gap is 
called the tunnel splitting and cam be calculated through high order degenerate perturbation 
theory.
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The minimum gap formed between the eigenvalues near a transition is called 

the tunnel splitting. Garanin showed that the tunnel splitting can be calculated 

through high order degenerate perturbation theory[41]. If the perturbing term, Vt , is 

small then the fields and energies at which the anti-crossing occur are given to good 

approximation by Eq. 6 and Eq. 5 respectively. Also, from Ref. [41] it is clear that 

the tunnel splitting increases as one proceeds up the ladder to levels higher in the 

potential wells.

1.4 T unneling o f  M agnetization

The above discussion describes what happens to the eigenvectors of the system as a 

function of field. For a swept field, the wavefunction obeys the Schrodinger Equation 

with a time-dependent Hamiltonian. In this case, there is a probability for a molecule 

originally in the metastable well to tunnel to the stable well due to the presence of the 

symmetry breaking terms, Vt , in the Hamiltonian. For a swept field, time-dependent 

perturbation theory can be appUed in two extreme cases: the adiabatic approximation 

and the sudden approximation[42]. In both cases, the eigenvectors, i o f  the system 

to depend explicitly on time. However, the wavefunction, 'I', behaves differently in 

these two cases.

For the case of a sudden perturbation, the eigenvectors change instantaneously. 

In this case, the wavefunction cannot adjust itself in a timely fashion and should 

be reexpressed as a linear combination of the new eigenstates. However, as was 

described earlier, the eigenstates exchange character as the system is swept through 

the resonance. In particular, if the system was originally in the |—2) just before the 

ml — —2, m =  +1 energy resonance state as shown in Fig. 4, then it will still be 

in that state after the energy resonance. This means the molecule remains in the 

metastable well and there is no tunneling

On the other hand in the adiabatic limit, the eigenvectors change so slowly with

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



10

time that the wavefunction “keeps up” with the eigenvectors. If 'If was originally 

in an eigenstate, then it will adjust itself to remain in the time-evolving eigenstate. 

Again considering the same Em>=- 2 =  Em=+i energy resonance shown in Fig. 4, if the 

wavefunction was originally in the |—2) eigenstate, then it will evolve into the |-Fl) 

state as the system passes through the resonance. In other words, the spin tunnels 

from the metastable well to the stable well.

The Landau-Zener-Stueckelberg solution describes the middle ground between 

these two extremes. It is the exact solution to the Schrodinger equation for a two-level 

system with diagonal terms that change linearly with time and off-diagonal symmetry- 

breaking terms that are constant. The Landau-Zener-Stueckelberg formula[43. 44. 45] 

is the asymptotic solution for the probability of a two state system to tunnel as the 

magnetic field brings the energy eigenvalues in and out of resonance. It is given by:

P l z s  =  1 -  exp(--nA2/vh).  (8)

where A  is the tunnel splitting and v is the energy sweep rate. A  is the size of 

the gap formed by the anti-crossing (see Fig. 4). u is the rate at which the energy' 

levels approach each other (in the absence of any symmetry breaking terms) and is 

proportional to the magnetic field sweep rate. dH,/dt.  From Eq. 8. it is clear that 

the slower the field is swept, the greater the probability of tunneling to occur. Also, 

the probability of tunneling increases with increasing tunnel splitting.

1.5 E nvironm ental Effects

The above analysis only considered the ideal case of an ensemble of identical molecules 

without any interaction with the environment. It leaves out nuclear spin coupling, 

spin-phonon coupling as well as dipolar and exchange coupling with neighboring 

molecules. This is not an unreasonable approach since these interactions are suf­

ficiently small and the solution to the complete Schrodinger equation is (with present 

day mathematics) hopelessly complex due to the very large dimensionality of the
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Hilbert space. For the “limited” case of spin-spin coupling of the electrons of the Mn 

ions, the dimension of the Hilbert space is (2(3/2 +  l))4 x (2(2 +  l))8 =  108.

The model also assumes that the molecules are strictly identical. In real crystals 

of \In i 2 -acetate there are imperfections. Imperfections can occur at the molecular 

level by isomeric molecules or from missing or misplaced atoms. Imperfections may 

also occur at the crystal level due to chemical impurities and dislocations. All of 

these effects may have measurable consequences.

1.6 T em perature Effects

Even though temperature is not formally included in the analysis, the double well 

potential diagram can be used to understand what will happen at different tem­

peratures. This leads to the classification of three magnetic relaxation processes. 

Consider the case of a sample placed in an external field with some of the molecules 

in the metastable well. As stated earlier, when the sample is heated above the block­

ing temperature, 7a, then there is sufficient energy for the molecules to thermally 

activate to the top of the barrier and drop down the other side. This is called over 

the barrier hopping. This process is shown by the curved solid arrow in Fig. 5. If the 

sample is a t a lower temperature then most of the molecules cannot reach the top of 

the barrier. However, if the molecules are excited to a state within the metastable well 

that is degenerate with another state in the stable well, then molecules can escape 

from the metastable well by tunneling from the excited state. This is called ther­

mally assisted tunneling and is depicted by the two dashed arrows in Fig. 5. Finally, 

if the temperature is sufficiently low, then the molecules spend most of the time in 

the lowest lying level in the metastable well. If this state is degenerate with another 

state of the stable well then the molecules can tunnel. This is termed ground state 

tunneling and is depicted by a single dotted arrow in Fig. 5. The three magnetic 

relaxation processes just described can also occur for an out-of-equilibrium sample in
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zero magnetic field. Paulsen and Novak were the first to suggest the possibility of 

experimentally determining the presence of thermally assisted tunneling[46. 7. 47] in 

Mn ̂ -acetate.

20 ,----------------------------------------------------

0

m'=-8

m=+6 m’=-10
-40

-60

m=+10-80

100
0  a  i nAngle

Figure 5: Double well potential illustrating the different classifications of tunneling pro­
cesses. Ground state tunneling is depicted by the single dotted horizontal arrow. Thermally 
assisted tunneling is depicted by the two dashed arrows. Over the barrier hopping is de­
picted by the long solid curved arrow.

1.7 Incoherent Q uantum  Tunneling

Many attempts have been made to generalize the Landau-Zener-Stueckelberg solution 

to include environmental factors. Garanin and Chudnovsky solved the time dependent 

density matrix equation[18] for the case of a large spin coupled to a thermal bath. 

Interestingly, the probability of t u n n e ling  for this incoherent system turns out be 

of exactly the same form as the coherent system, but with an additional factor of 

2. Miyashita, who first applied the Landau-Zener-Stueckelberg formula to the case
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of spin tunneling[48], working with Nishino et al. , added stochastic noise to the 

Schrodinger equation and solved the system numerically[49]. They also found that 

the probability of tunneling obeys the Landau-Zener formula. However, there is 

a noise dependent correction to the tunnel splitting. Leuenberger and Loss have 

also generalized the problem to include thermal relaxation by solving the master 

equation[50] for the system. They found that the probability has the same form 

as P l z s , but with an additional factor of 2. The fact that all these calculations 

have reproduced very similar formulae, suggests that the form of the equation is 

correct. However, inclusion of environmental decohering effects requires replacement 

of the coherently determined tunnel splitting with an effective tunnel splitting. All 

calculations later in this thesis will use the incoherent formula of Eq. 9.

Pine = 1 -  exp(—7rA2/2z//i), (9)

where P tnc is the probability of tunneling for an incoherent system.

1.8 M otivation

The aim of this research was two-fold: 1) to study the nature of the crossover from 

thermally assisted to ground state tunneling as the temperature is reduced, and 2) 

to identify and investigate the symmetry-breaking term that drives the tunneling.

The next section will describe in detail the experimental techniques employed 

during the research. Section 3 will describe three experiments. The first was designed 

to investigate the crossover from thermally assisted to ground state tunneling. The 

second will identify and investigate the dominant symmetry-breaking that drives the 

tunneling process. The third experiment is aimed at obtaining additional evidence 

of the finding of the second experiment, namely that the tunneling in \ i n 12-acetate 

is due to locally varying transverse anisotropy which gives rise to a distribution of 

tunnel splittings.
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2 Experim ental Techniques

Before describing the experimental results and their interpretations. I will present a 

detailed account of the techniques used to measure the magnetization of the samples. 

In addition, I will describe how the samples were handled and produced.

2.1 Sam ple Preparation  and M ounting

Samples of Mn^-acetate were grown by Evan Rumberger, a student of David Hen­

drickson of the Department of Chemistry and Biochemistry at the University of Cali­

fornia at San Diego in collaboration with George Christou at the University of Florida 

at Gainesville. The samples were grown in solution using the techniques specified 

inRef. [33]. To prevent degradation, the samples were stored in a commercial refrig­

erator at — 20 C except for the brief times during which crystals were selected for 

experiments.

Figure 6: A typical Mni2 -acetate crystal mounted on a Hall sensor. In the left image, 
the camera was focused on the Mni2 -acetate crystal. In the right image, the camera was 
focused on the surface of the Hall sensor. The oval shape surrounding the sample in the 
right image is the eicosen wax used to hold the sample on the Hall sensor.

Selection of a particular crystal was made by examining several hundred crys­

tals under a microscope and selecting individual crystals that had parallel surfaces 

(without bumps or extraneous growths), sharp edges and well defined comers. Since 

the crystals are rather fragile special techniques were developed to handle them. A
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small quantity of Dow Corning® high vacuum grease was applied to the end of a fine 

wooden fiber. Gently placing the greased wooden fiber in contact with the crystal 

sample was sufficient to pick up the sample. The sample was pried off the greased 

wooden fiber with the use of a second ungreased wooden fiber.

To hold the sample on the detector, a small quantity of eicosen wax which is 

solid at room temperature was placed on top of the sample. The eicosen was heated 

by an incandescent lightbulb. Heat was applied for approximately 2 minutes until 

the wax began to melt. The wax surrounds the sample and holds it in place. From 

trial and error it was found that the lamp could be placed no closer than 5 cm for at 

most 30 minutes before damage to the sample occurred. Significantly less heat was 

applied to the samples studied here. The magnetic signal from both the eicosen and 

vacuum grease were determined to be negligibly small.

2.2 H all Sensor

The magnetization of the \ I n 1 2 -acetate crystals were measured using an array of 

microscopic Hall sensors[51, 52. 53] that were provided by Yossi Paltiel. a student 

of Eli Zeldov working with Hadas Shtrikman at The Weizmann Institute of Science. 

The active layer in these sensors is a 2D EG formed at the interface of GaAs/AlGaAs 

heterostructures. The sensors are defined photolithographically. as shown in Fig. 7. 

The size of each sensor is 10 x 10 £tm2. The current is driven through all the sensors 

and the corresponding Hall voltage of each sensor is directly proportional to the 

perpendicular component of the local magnetic field within the active area of the 

sensor. Since the 2DEG resides only about 1000 A below the surface, this technique 

allows a very sensitive mapping of the local magnetic field across the sample.
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F ig u re  7: An image of the Hall sensor array used to measure magnetic induction. There 
are 11 10 x 10 fim2 sensors arranged in an array.

2.3 E lectronics

The electronic circuit used to measure the Hall voltage is particularly simple. The 

basic idea is to apply a current through the source and drain of the Hall sensor and 

then measure the Hall voltage. The measured Hall voltage will be proportional to 

the perpendicular component of the magnetic field passing through the Hall sensor 

area. There are many possible ways to implement such a circuit. The circuit used for 

the experiments studied in this thesis is shown in Fig. 8. The excitation voltage from 

a Stanford Research Systems model SR-850 Lock-In amplifier was converted into a 

current by placing two resistors in series with the Hall sensor as shown in Fig. 8. The 

frequency of the ac excitation voltage from the SR-850 was set to 17 Hz. The Hall 

voltage was measured by the SR-850 with a time constant of 300 ms. To compensate 

for the small changes in current due to the changes in the impedance of the Hall
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sensor, R s d , a Princeton Applied Research®model PAR™-116 Lock-In amplifier was 

used to measure the current directly. This was accomplished by measuring the voltage 

drop across a lkQ  resistor. It was not possible to measure the voltage drop across 

the 1 Mfi resistor because the input impedance of the PAR-116 is only lOMQ. The 

1MQ resistor sets the current to approximately 1 fiA. In summary:

I s d  ^ V p a r / R i  / i n \
R h<ui = VhoIi/ I sd t

where Vp.\R is voltage drop across Ro, I s d  is the current passing through both resistors 

and through the Hall sensor, Vfiaii is the voltage measured across one Hall contact, 

and RhoII is the measured Hall resistance. R h m  is proportional to the perpendicular 

component of the local magnetic field.

V PAR

J  PARI 16 
Lock-In

r—A /W —UW \A
R p lM W  R2- l K a

0 ) IV,PP

Source 

RSD* 100£2
Hall Sensor

Drain

v Hall

SR850
Lock-In

F igure  8: Schematic diagram of measuring apparatus. An ac voltage source is applied 
across two resistors in series with the Hall sensor. Typical resistances of the Hall sensor 
for temperatures around 2 K is about 100 Ct. For clarity only one of the eleven Hall sensors 
is shown. The PAR-116 Lock-In amplifier is used to measure the current through the Hall 
sensor. The SR-850 Lock-In amplifier measures the Hall voltage.
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2 .4  D ata  A cquisition  Softw are

The data acquisition software was written in G using National Instruments’ Lab VIEW 

software package. Because of the graphical nature of the programming language, it 

is not practical to list the the source code here. Instead the pseudo-code that models 

the main algorithm is listed below.

B egin {
I n i t i a l i z e  V ariables 
I n i t i a l i z e  Instrum ents 
C reate  Data F ile  
W rite Column Headers 
S ta r t  Ramping the F ie ld
While S t i l l  Running and He4 le v e l  high enough { 

Read Clock 
T rig g er Instrum ents 
Read PAR 
Read SR850 
Read Temperature 
Read Magnetic F ie ld  
Read He4 Level 
Compute R hoii 
W rite Data to  F i le  
Update Display

}
Reset Instrum ents

}
All instruments were accessed through the GPIB interface. And a group trigger event 

was sent to all the instruments simultaneously. This requests tha t all the instruments 

make a measurement a t the same time. This is important because in some measure­

ments the field was swept rapidly.

2.5 O xford H e3 H eliox S ystem

An Oxford Research Instruments He3 cryostat was used to bring the sample and de­

tector down to milliKelvin temperatures. Mounted within the liquid He4 is a 12 T 

superconducting solenoid manufactured by Cryogenic Consultants Limited. A stain­

less steel He3 insert is mounted within the bore of the superconducting solenoid. A

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



19

rotatable probe containing a Ruthenium Oxide thermometer and the homemade de­

tector assembly unit are inserted within the He3 insert. Unfortunately, the rotator 

does not provide smooth action nor does it provide reliable angular increments. Nev­

ertheless, it can rotate the sample so that the detector’s surface is parallel to the field. 

For temperatures below 1.9 K, the sample is immersed in liquid He3.

An important aspect of the research presented here is good temperature control 

in a high magnetic field. Some of the experiments presented later depend sensitively 

on temperature. Unfortunately, most thermometers have a magnetic field dependent 

response. A simple way to determine how large an effect the field has on the sample 

thermometer is to cool the system down to base temperature. The system will stay 

at base temperature for several hours before the temperature starts to slowly creep 

up. Since the temperature is known to be constant at base temperature, the field 

dependence of the thermometer can be determined. The field response of the sample 

thermometer is shown in Fig. 9.
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F ig u re  9: Response of the sample thermometer to a magnetic field. Since the system is 
at base temperature, the response of the thermometer should be independent of magnetic 
field. The temperature read from the thermometer decreases as field increases.
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As can be clearly seen from Fig. 9, the temperature read from the thermome­

ter decreases as field increases. This has serious consequences if one attempts to 

control the temperature of the system during a field swept measurement using this 

thermometer. As the field increases, the temperature read from the thermometer 

decreases. Consequently, the temperature monitoring system will add more heat to 

compensate for the perceived decrease in temperature. As a result, the temperature 

control system will actually steadily increase the temperature of the system.

Evidence of this is clearly seen by examining the response of the system as the 

field is swept up to 5 T. The upper curve in part (a) of Fig. 10 shows that the measured 

temperature of the sample thermometer is fairly constant. However, the upper curve 

in part (b) shows that the amount of heat added by the temperature monitoring 

system steadily increases with increasing field. The net result is that the temperature 

of the sample is not held truly constant during a swept field measurement.

-  1.00 6  34.0
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F igure  10: Response of the sample thermometer to a magnetic field while the system is 
held. Since the system is at base temperature, the response of the thermometer should be 
independent of magnetic field. The temperature read from the thermometer decreases as 
field increases.

To resolve this issue a different temperature control system was implemented 

instead of the m anufacturers recommended method of temperature control. Fortu­

nately, there is a second thermometer in the system far from the center of the solenoid.
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This thermometer is not affected by the magnetic field since it is outside the solenoid. 

Using this thermometer for the feedback loop in the temperature control system 

means that additional heat will not be added to the system as the field is swept. 

The lower curves in Fig. 10 are the responses using the new method of temperature 

control. The lower curve in part (a) of Fig. 10 shows that the measured temperature 

decreases as it should since the magnetic field increases. The lower curve in part (b) 

shows that the heater output fluctuates around a constant value, so no additional 

heat is added to the system. VVe can safely conclude that the actual temperature of 

the system does not change since the amount of heat added is constant.

As an additional check of the new method of temperature control, the field was 

swept slowly up to high field and then swept quickly back to zero. The temperature 

of the sample thermometer had the same value before sweeping the field as it did 

after sweeping up and back down. This indicates that the new temperature control 

method is not hysteretic and provides good temperature control in a magnetic field.

2.6 H all Sensor R esp on se C urves

The linearity of the detector can be checked by measuring the response of the detector 

a t various angles as show in part (a) of Fig. 11. The detector was first aligned by 

eye to a parallel position and the rotator "zeroed” to this position. The rotator was 

then moved counter-clockwise past the 3° mark and then clockwise to the 3° mark to 

take up any backlash. The response of the detector was measured for 3°. 2°. 1°. 0C 

and —1° as shown in Fig. 11. The angle was adjusted until the detector had a flat 

response. This is indicated by thick black curve labeled "True 0” .
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F ig u re  11: Hall sensor response curves for various small angles are shown in part (a). 
Part (b) shows the response at 0.24 K and 1.90 K. The response is linear and independent 
of temperature.

An important fact that can be determined from part (a) of Fig. 11 is that the 

detector has a linear response to an applied field. It should also be noted that these 

curves simulate what happens when a sample is mounted on the detector. When the 

detector (without a sample) is rotated to a small angle. 0. relative to the direction 

of the field, it will experience a small magnetic field perpendicular to the surface. 

Bj_ =  Bsin(0). In addition, the detector will also experience a strong field parallel 

to the surface. B\\ =  Bcos{6). This is similar to the situation when the sample 

is mounted on the detector and the detector is mounted parallel to the field. In 

this case, B± will be due primarily to the magnetization of the sample. B\\ will be 

due primarily to the applied magnetic field. How the magnetization is measured is 

discussed in more detail below.

Since the sample will be measured at various temperatures it is important to 

verify that the Hall sensor is temperature independent. Part (b) of Fig. 11 shows 

the response of the detector to the field when orientated at a  small angle relative to 

the magnetic field at two different temperatures, 0.24 K and 1.90 K. There is no dis­

cernible difference between the response curves of the Hall sensor. These temperatures 

represent the two extremes at which the Mni2 -acetate samples were measured. Thus.
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the detector has a  linear response over the entire range of temperatures considered.

2.7 M agn etization  M easurem ents

To measure the magnetization of the sample, the sample is mounted with the easy 

c-axis of the crystal aligned parallel to the surface of the detector and the applied 

magnetic field, as shown schematically in Fig. 12. As the sample becomes magnetized, 

the field lines of the sample penetrate the active area of the Hall sensor. If the Hall 

sensor is mounted exactly parallel, there will be no signal from the external field. 

Any signal will then be entirely due to the sample. However, there is always some 

m isa lig n m e n t .  W ith a misaligned detector, the measured response will contain a Unear 

component in addition to the response from the sample. This Unear component can 

be easily subtracted off from the data as will be shown presently.

Sample

Figure 12: The experimental setup used to measure the magnetization of the sample. 
The easy c-axis of sample was aligned along the direction of the external field. The Hall 
detector's surface was perpendicular to the appUed field.

The raw data  for a zero field cooled magnetization measurement is shown in 

Fig. 13. In this measurement, it is clear that there is a large misalignment of the 

HaU detector. When the HaU detector is misaUgned, in addition to the magnetic field 

generated from the sample penetrating the 2DEG of the Hall sensor, the magnetic
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field of the solenoid itself penetrates the Hall sensor. Since the Hall sensor is a linear 

device, the Hall resistance is proportional to the sum of the flux lines from the applied 

field and the flux lines from the sample. If the Hall detector is at angle 6 relative 

to the applied field, then R h m  =  ct { ^ qH  sin(0) +  X I ) ,  where a  is the sensitivity of 

the Hall sensor and hqH is the applied external magnetic field and XI represents the 

perpendicular field produced by the sample at the detector.
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Figure 13: The measured Hall resistance, Rhm  = Vhm/Isd  for a measurement that has 
the Hall detector poorly aligned with the magnetic field. The sample was cooled in zero 
magnetic field, so the initial Hall resistance was near zero. At approximately 6 T the sample 
is fully magnetized and the field was swept back toward zero. Slope of RhoU while the field 
is swept back toward zero determines the misalignment of the Hall detector.

Once the magnetization of the sample reaches saturation, -V/ao£, the magnetiza­

tion no longer changes and any changes in R h m  must come from the applied external 

field, /io H .  Thus removal of the applied external field from R h m  is easily accom­

plished by examining the R h m  after the sample has reached saturation and the field 

is swept back toward zero. This part of R h m  is a  straight line with slope a  sin(0) 

and intercept a M ^t.  The slope is used to remove the linear component of the ex-
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ternal applied field by subtracting from each measured value of Rftaii the amount 

asin(0)^o-£T so that a M  =  R h m  — asin(0)^of/. The results of this procedure are 

shown in Fig. 14.

20.0

15.0

a.
i 10.0

5.0

0.0
2.00.0 1.0 3.0 4.0 5.0 6.0

Field (T)

Figure 14: Once the misalignment of the Hall detector is determined, the linear com­
ponent due to the external field can be "subtracted off’ by using the formula aM  = 
Rhm — asm{9)fioH, where a sin(0) is the slope of Rhm  after the sample has been fully 
magnetized and is no longer dependent on field.

Most of the data analysis performed later concentrates on determining the prob­

ability of tunneling from the magnetization measurements. To facilitate these calcu­

lations, the magnetization measurements need to be normalized. Thus, the last step 

to perform is to divide each a M  by its value at saturation, a M sat. The normalized 

magnetization is shown in Fig. 15.

Please note that all the measurements that will be presented later in this thesis 

were taken with a near zero misalignment of the Hall detector. The misalignment 

is estimated to be less than 0.5°. The misaligned measurement presented here was 

chosen for illustration purposes only.
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Figure 15: Since the coupling of the sample to the detector is not precisely known, it is 
not possible to accurately determine the field produced by the sample. Instead the data is 
normalized by dividing each point by its average value after the sample reaches saturation.

2.8 Sum m ary o f E xperim ental Techniques

To summarize, the experimental techniques outlined in this section provide accurate 

and reliable temperature control of the sample under investigation. The detector 

that will be used to measure the magnetization of the sample is closely linear and 

has no temperature dependence for the temperature range under consideration. Even 

though the magnetic moment of the sample cannot be determined directly, the Hall 

sensor does provide a means of obtaining the normalized magnetization curves of the 

sample.
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3 Experim ental Studies

Three experiments were performed on \In 1 2 -acetate. The first experiment studied 

the temperature dependence of quantum tunneling of magnetization. The second 

experiment studied the dependence of tunneling on the rate at which the field is 

swept. The third experiment investigated the tunneling process as the field is swept 

back and forth through a resonance. The results of each of these studies will be 

presented in the following subsections.

3.1 T em perature D ependence
3.1.1 E x p erim en ta l M eth o d

The magnetization of \ In 1 2 -acetate was measured at various temperatures. Before 

each measurement the state of the sample was prepared in the following way. First the 

sample was heated in zero magnetic field to 10 K, well above the blocking temperature.

1.0
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F igure  16: Normalized magnetization curves of a Mni2 -acetate sample taken at various 
temperatures. The steps in the magnetization curves are indications of quantum tunneling of 
magnetization. The magnetization curves are independent of temperature below % 0.50 K.
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Tb ~  3 K. The magnetization of the sample was monitored to make certain that the 

sample was completely demagnetized, so that the spin populations were distributed 

equally between the two potential wells. The sample was then cooled to 0.24 K (the 

lowest temperature obtainable in the He3 cryostat). Then the sample was heated 

to the desired temperature until stable temperature control was achieved. While 

maintaining temperature control, the externally applied magnetic field was swept 

from 0 T  to 5.5 T  at a  constant sweep rate of 1.85 m T/s.

Fig. 16 shows the magnetization measurements between 1.90 K and 0.30 K in 

0.10 K increments. For clarity only a partial data set is presented here. The steps in 

the magnetization curves are indications that the magnetization is relaxing faster at 

certain fields than at others. Friedman et al. were the first to observe and interpret 

these steps[l. 2] as evidence of quantum tunneling of magnetization. This was later 

confirmed by others[54. 55, 56, 3, 57, 58]. From Fig. 16, it is clear that at higher 

temperatures the magnetization relaxes at lower fields.

3.1.2 G round State Tunneling

An important observation to make is that the magnetization curves become indepen­

dent of temperature below Tq =  0.50 K[59, 60, 61]. This can be seen in Fig. 17 which 

is plot of the magnetization curves for temperatures between 0.54 K and 0.24 K. All 

the curves overlap, indicating that the tunneling process has become independent of 

temperature.
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Figure 17: Magnetization curves of Mni2 -acetate for temperatures between 0.50 K and 
0.24 K. The curves overlap indicating that the tunneling process has become independent 
of temperature.
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Figure 18: The derivative of the normalized magnetization curves with respect to applied 
field. The position of the peaks indicate the transition fields. The fact that these peaks 
are temperature independent and that the transition fields correspond to tunneling from 
lowest lying state m' =  —10 of the metastable well are strong indications that this is ground 
state tunneling. The vertical lines are the transition fields corresponding to ground state 
tunneling (solid line) and to tunneling from the first excited state (dashed line).
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Fig. 18 is a plot of d M /d H  as a function of field. Plotting dM /dH  is a convenient 

means of determining the fields at which tunneling occurs. Also plotted in Fig. 18 are 

the fields at which energy resonances occur for ground state tunneling (m' =  —10) 

shown by the vertical solid lines as well as the energy resonances corresponding to 

tunneling from the first excited state (m' =  —9) shown by the vertical dashed lines. 

The fact that the magnetization curves are independent of temperature as well as the 

fact that the peaks occur at fields corresponding to energy resonances of the ground 

state are strong evidence that this is ground state tunneling.

Also visible in Fig. 18 are several peaks that appear at fields below % 1.2 T. 

These peaks are due to a second species or complex of Mnio-acetate. Although sev­

eral isomeric forms[62, 8, 6, 28. 63, 55] of Mnio-acetate have been chemically identified, 

only one minority species is present in the samples studied here with sufficient con­

centration to produce measurable effects. Since the magnetization from this species 

saturates below 1.5 T. its presence does not affect the results presented in this section. 

This second species was not studied extensively in this thesis.
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F igure  19: Avalanches in the magnetization may occur if the field is swept quickly and 
the magnetization starts from the fully saturated state. Notice that the avalanche occurred 
at an energy resonance.
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In addition, a dramatic effect known as the avalanche effect may occur, as shown 

in Fig. 19. Paulsen et al. were the first to observe this phenomenon[46, 64]. Paulsen, 

showed that there is a tremendous amount of heat released during an avalanche. For 

the samples studied here, this effect was only seen under specific reproducible con­

ditions. Namely, if the field is swept very quickly and magnetization starts from the 

fully saturated state. To avoid the avalanche effect, the magnetization measurements 

always began with the sample in the demagnetized state.

3.1.3 Transition to Therm ally A ssisted Tunneling

For \ In 12-acetate the distinction between thermally assisted tunneling and ground 

state tunneling can be seen in magnetization measurements as the temperature is 

increased above the ground state tunneling temperature. Tc ~  0.5 K. Because of the 

fourth order anisotropy term. ASj. only one pair of energy levels comes into resonance 

at a time as the field is swept. As can be seen by the double well potential diagrams 

for the N  =  7 step in Fig. 20, the first excited state come into resonance at a lower 

magnetic field. Hz =  3.48 T, than the field at which the ground state comes into 

resonance, H z =  3.63 T.

This means that if the molecules are thermally activated to excited states in 

the metastable well, then tunneling will occur at lower fields compared with ground 

state tunneling. This can be more clearly seen by plotting all the energies at which 

resonances occur as a function of magnetic field, as is shown in Fig. 21. Each dot 

represents an energy resonance, Em =  Em'- The energies were determined from Eq. 5. 

The corresponding fields were determined from Eq. 6. The lower mark encircles the 

first 10 ground state resonances. The other mark encircles the N  =  7 family of 

resonances.
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F igu re  20: Double well potential for \In i2 -acetate. Only one pair of eigenvalues come 
into resonance at a time.
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F ig u re  21: Energies at which resonances occur as a function of magnetic field. Each 
dot represents an energy resonance. The lower mark encircles the first 10 ground state 
resonances. The other mark encircles the resonances for the N  =  7 family of resonances.
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Thus, as the temperature is increased above Tc, shoulders in each peak should 

and do occur as is shown in Fig. 22. The solid curve corresponds to ground state 

tunneling. The dashed curve corresponds to a combination of ground state tunneling 

and thermally assisted tunneling at T  =  0.88 K. The thin gray curves correspond 

to measurement made between these two temperatures. The two vertical thin lines 

depict the resonance field for ground state tunneling (solid lines) and tunneling from 

the first excited state (dotted fines). Only the peaks associated with N  =  5...9 are 

shown since the other peaks at lower fields correspond to a second complex of \ I n 1 2 - 

acetate[62. 8, 65. 28, 63, 55].

n N=5 N=6 N=7 N=8 N=9

'E
3

X)UrnS3
X

-o

-----T=0.24K !
— T=0.88K !

1v;j
• fl

k * !lNJ
2.5 3.0 3.5 4.0 4.5 5.0

Magnetic Field (T)

F ig u re  22: Transition from ground state tunneling to thermally assisted tunneling. The 
thick solid curve corresponds to ground state t unneling. The dashed curve corresponds to 
a combination of ground state tunneling and thermally assisted tunneling at T — 0.88 K. 
The two vertical thin lines depict the resonance field for ground state tunneling (solid lines) 
and tunneling from the first excited state (dotted lines).

It should be noted that the shoulders appear at lower temperatures for .V =  9 

them they do for iV =  6. This phenomenon can be understood qualitatively by con­

sidering both the probability of tunneling together with the probability of occupying
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the excited states. The probability of tunneling can be related to the penetration of 

the wavefunctions of each state into the potential barrier. As N  increases, the height 

of the potential barrier decreases so that the decay of the wave function into the 

potential barrier is smaller for larger N. Also, the amplitude of the wavefunction as 

it penetrates the stable well increases as N  increases, since the width of the potential 

barrier decreases with increasing N. Thus, the probability of tunneling increases with 

increasing N. On the other hand, the spacing between the energy levels is roughly 

the same for N  =  5 through N  =  9, so that the probability of occupying the excited 

states for each N  is roughly the same at any given temperature. Since the probability 

of occupying the excited states is about the same for each N  at any given tempera­

ture. but the probability of tunneling is greatly enhanced for higher .V. the transition 

to thermally assisted tunneling will occur at lower temperature for higher N.
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F igu re  23: The transition from Thermally Assisted Tunneling to Ground State tunneling 
for the iV =  7 family of transitions.

As the temperature is increased even further, the higher excited states become 

more populated. Thus the expectation is that the peaks associated with thermally 

assisted tunneling for the second (m1 =  —8) and third (m' =  —7) excited states
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should also appear as is shown in Fig. 23, which is a detailed view of dM /d H  for the 

N  = 7 family for temperatures between 0.24 K and 1.32 K.

It is clear from Fig. 23 that the position of the peaks moves to lower fields as 

the temperature increases. On the other hand, the amplitudes of the peaks have a 

complicated behavior. For example, the amplitude of dM /d H  is maximum for the 

peaks associated with tunneling for the N  = 7 family at 1.10 K and the amplitude 

of the peaks decreases for higher temperatures. This artifact occurs because this 

is a plot of d M /d H  which is a measure of the absolute change in the normalized 

magnetization, it is not a direct measure of the tunneling probability. The reason 

why the amplitude begins to decrease for temperatures above 1.10 K for N  =  7 is that 

most of the magnetization has already tunneled from the excited states associated 

with N  = 5 and N  =  6. In other words, since there is less magnetization remaining 

in the metastable well the total change in M  is smaller. In particular, at 1.32 K only 

33% of the magnetization is remaining just before the iV =  7 transition. Whereas, 

at 0.95 K, 77% of the magnetization remains. So, even though the probability of 

tunneling is higher for transitions that are occupied at 1.32 K than it is for transitions 

that are occupied at 0.95 K, the peak will be smaller at 1.32 K because the amount 

of magnetization remaining is significantly smaller.

3.1.4 A brupt Transitions

An interesting feature is that there is am apparent minimum in dM /dH  around the 

m' =  —9 transition at 0.95/f. To better see how the transition depends on tempera­

ture, the same data is plotted in the H  — T  plane in Fig. 24, with d M /dH  shown in 

the third dimension by different shading, with lighter shade corresponding to larger 

amplitude. The data is also shown in a topological view in Fig. 26. From these 

figures it is clear that the tunneling appears to be skipped for the first excited state 

(m' =  —9) in favor of either the higher excited states or the ground state. Kent 

et al. interpreted this skipping effect [59, 60] in terms of a  theory by Chudnovsky
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and Garanin[66, 18]. Chudnovsky and Garanin showed that the crossover from ther­

mally assisted t u n n e ling  to pure ground state tunneling can occur either continuously 

(“second order” transition) or abruptly ( “first order” transition) as the temperature 

is reduced.

Pield(T)

F ig u re  24: dM/dH  for the N  = 7 family of transitions. The amplitude has a complicated 
temperature dependence.

Each family of transitions N  =  6...9 show similar behavior, as can be seen in 

Fig. 25 through Fig. 28, where the topological views of the other family of transitions 

is shown in separate graphs. For N  = 6, the peak jumps over two excited state 

transitions to tunneling from the ground state. The ground state tunnelling is difficult 

to see in this graph because the amplitude is much smaller than the peak associated 

with thermally assisted tunneling. Ground state tunneling for iV =  6 is more evident 

in Fig. 22. For N  =  7, as was stated earlier, the tunneling skips over the first excited 

state. For N  =  8 and N  =  9, the transition is more gradual.

To understand Chudnovsky and Garanin's idea of an abrupt transition, recall 

that thermal activation becomes exponentially more difficult as one proceeds up the
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ladder to higher energy levels. On the other hand, the barrier is lower and more 

penetrable, so that the tunneling process becomes exponentially easier. Which level 

dominates the tunneling is determined by competition between the two effects. As 

the temperature is reduced and thermal activation becomes more difficult, tunneling 

proceeds from progressively lower energy levels deeper in the potential well. The 

levels which dominate the tunneling at any particular temperature depend upon the 

shape of the potential barrier and the spacing of energy levels.

For example, if the barrier is steep with little change in thickness for the ground 

state and the first few excited states, then the probability of tunneling will be ap­

proximately the same for each of these levels. On the other hand, the population 

decreases exponentially for higher levels, so it is expected that most of the tunneling 

will occur for ground state tunneling at low and moderately low temperatures. How­

ever. near the top of the barrier the width of the barrier may become thin quickly 

with increasing energy. For these high excited states, the probability of tunneling may 

be significantly greater than it is for the ground state and first few excited states. 

Thus if the temperature is increased above a certain threshold the tunneling will be 

suddenly dominated by tunneling from these high excited states. This is an abrupt 

transition. A smooth transition will occur if the probability of tunneling increases 

more gradually with increasing energy.

It should be noted that the history dependence of the peaks cannot explain 

the effect of the skipped m' =  —9 transition. For example, just before the N  =  7 

transition at 0.95 K, 85% of the magnetization is remaining, whereas at 0.24 K. 87% 

is remaining. So in both cases the amount of magnetization available for tunneling 

is roughly the same. However, the amplitude of the peak in dM /dH  at 0.95 K is 

significantly smaller than it is at 0.24 K. Thus, the history dependence cannot account 

for the fact that the effective probability of tunneling from the first excited state is 

smaller than the ground state.
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Cl 0.8

Magnetic Field (T)

Figure 25: dM/dH  for the N = 6 family of transitions. The amplitude seems to skip over 
two excited states. The yellow shading that appears near 3.3 T and 1.2 K is the beginning 
of the thermally assisted tunneling peaks for N  = 7.

Magnetic Field (T)

F igure 26: dM/dH  for the N  =  7 family of transitions. The vertical black lines indicate 
the transition fields. The right most corresponds to ground state tunneling (mr= -10). The 
amplitude seems to “skip” over the first excited state {m! =  —9).
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Figure 27: dM/dH  for the N  = 8 family of transitions. The transition to ground state 
tunneling is more gradual.
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Figure 28: dM/dH  for the N  =  9 family of transitions. The transition to ground state 
tunneling is more gradual.
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3.1.5 Suppression o f  Ground State Tunneling Probability

There is an additional subtle feature seen in these plots that cannot be explained 

by the history dependence. Prom these graphs it is clear that transitions associated 

with ground state tunneling for N  =  7 axe nearly absent for 1.10 K (see Fig. 23). At 

the onset of ground state tunneling at 0.24 K the magnetization remaining is 87%. 

whereas for 1.10 K, the magnetization remaining is 60%. One would thus expect a 

small change in the height of the peak for ground state tunneling as the temperature 

is increased. The amplitude at 1.10 K should be reduced to 60/87 of the height at 

0.24 K. However, there is a dramatic decrease in the height of the peak. So the 

history dependence effect cannot explain why ground state tunneling is nearly absent 

at 1.10 K. Also, the theory of Chudnovsky and Garanin claims that the level that 

dominates tunneling can shift abruptly with temperature. It does not state that the 

probability of tunneling should decrease with increasing temperature.

The above discussions suggest the observed temperature dependence cannot be 

fully explained within the Chudnovsky-Garanin theory and that other factors play a 

role. The peaks in d M /d H  provide accurate means of determining the field of each 

transition. However, the amplitudes are complicated by the history dependence of 

the magnetization. This history dependence can be folded out of the problem by 

dividing by the amount of magnetization remaining in the metastable well. Defined 

this way,

Msat — M

represents the instantaneous t unneling rate because it is the total amount of mag­

netization that did tunnel divided by the total amount of magnetization that could 

have tunneled as the field changed from H  to H  + dH.  T is not well defined for 

tunneling from the excited states since d M /d H  is divided by the total magnetization 

in the metastable well. In other words, it does not take into account the population
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distribution of the excited states:

(12)

where tiq is the number of molecules in the metastable well, £ E m< = Em> — E -  io is 

the energy difference between the excited state m' and the ground state m' =  —10 

and H  =  ^ e- ^ £m/fcBr  is the normalization factor. However, it is well defined for

ground state tunneling for temperatures between Tg and Tg because the population 

of the ground state is given by, no = uo/jV. As can be seen by the energy level 

diagram shown in Fig. 20, AEm> »  kgT,  so that A/" ~  1 for the temperatures under 

consideration (T < 2K). Therefore, the population of the ground state is simply 

given by,

T for T  = 0.24 K is plotted as a function of H  in part (c) of Fig. 29. As expected 

the instantaneous tunneling probability, T, increases as N  increases, since it becomes 

easier to tunnel as the potential wells become more unbalanced. The skewing of the 

peaks is due to the fact that the amount of magnetization remaining, Maat—M  changes 

during the transition. This means that d M /d H  is divided by a smaller amount above 

the transition them it is for fields below the transition. The reason the peaks shift 

off resonance will be discussed later in Section 3.1.6. For comparison M  and dM /dH  

are plotted as a function H  in parts (a) and (b) respectively. The solid vertical lines 

indicate the ground state transition fields for each step, .V.

For temperatures above Tg , T begins to show anomalous behavior. As stated 

earlier, the measured tunneling rate depends on both the probability of occupying 

the ground state as well as the quantum mechanical probability of tunneling from the 

ground state:

m

(13)

PM casured ^  PcOccupying * T u nneling , (14)
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r-i _  d M / d H : 
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Figure 29: Ground state tunneling data for Mni2 -acetate taken at T  = 0.24K. Part (a), 
(b) and (c) are the normalized magnetization data, dM/dH  and I \  respectively.

where the ground state population, Poccupying % 1 is essentially independent of tem­

perature and Prtmneiing is the tunneling probability which is also independent of tem­

perature. Therefore, the expectation is that T at the ground state transition field 

should be independent of temperature. Fig. 30 is a  plot of T near the N  = 7 family of 

transitions. The solid vertical line indicates the ground state (m' =  —10) transition 

field. As can be clearly seen, the measured probability of tunneling from the ground 

state has decreased significantly as the temperature is increased. In fact, the decrease
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may be even more significant since the tail for the N  =  8 peak for 1.10 K seems to 

increase the value of T.

6.0
N=7

5.0

£  4.0

■e 3.o

2.0

1.0 T=0.24 K

0.0
3.4 3.5 3.6 3.7 3.83.2 3.3

Field (T)

F igu re  30: Comparison of ground state tunneling rate. I \  for iV = 7 at high temperature 
(T  = 1.05 K) and low temperature (X = 0.24 K). The measured probability of tunneling 
has decreased as the temperature increased.

Since by its definition T removes the history dependence from d M /d H  peaks, 

the probability should not change as the population is changed due to the differing 

amounts of magnetization remaining in the metastable well. However, Fig. 30 clearly 

shows that the probability as determined from magnetization has indeed changed.

3.1.6 D is tr ib u tio n s  o f T unnel S p littings

This anomalous behavior[61], is completely unexpected for an ensemble of identical 

molecules. The fact that the instantaneous tunneling rate, T, still depends on past 

history implies that not only is the total population important, but also the demo­

graphics of this population. It was suggested by Garanin that the suppressed ground 

state enigma can be understood if there is a  distribution of tunneling probabilities[67|.
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In real crystals of Mni2 -acetate there are many environmental effects that have 

been ignored. Some of these effects include interactions such as nuclear hyperfine 

interactions, dipole-dipole interactions, or transverse fields due to misalignment of 

the crystal as well as transverse fields and anisotropies due to imperfections in the 

crystal. Imperfections can occur at the molecular level by isomeric molecules or 

molecules with “missing parts” [62]. Imperfections may also occur at the crystal level 

due to chemical impurities and crystal dislocations[68].

All of these effects may have measurable consequences. The most important con­

sequence is that the molecules may not be identical. Each molecule will experience 

these effects to varying degrees. The Hamiltonian will have the same form for each 

molecule. However, the prefactors (D, .4. Hx, E, C,...) which determine the strength 

of each effect, will vary from molecule to molecule. Since the tunnel splitting is deter­

mined by the size of the prefactors, there may be a  distribution of tunnel splittings 

in the sample.

To understand the consequences of a distribution of tunnel splittings on magne­

tization measurements, consider the case of a very broad distribution. In reality the 

distribution may not be so broad, but the physics is much easier to understand and the 

behavior remains essentially the same. With a  very broad distribution some molecules 

will have very large tunnel splittings and some will have very small tunnel splittings. 

As can be seen from Eq. 9, the probability of tunneling depends sensitively on the 

tunnel splitting. Consequently, for each energy resonance. N.  those molecules with 

very small tunnel splittings will have near zero probability of tunneling. Whereas, 

those molecules with very large tunnel splittings will tunnel very easily. In other 

words, each transition acts like a filter that separates very fast molecules from very 

slow molecules.

To understand how a broad distribution explains why the tunneling ground state 

disappears at higher temperatures, consider Fig. 31, which is a plot of a hypothet­
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ical lognormal distribution of the “tunneling parameter” . The tunneling parameter 

is simply the prefactor of the symmetry-breaking term responsible for the tunneling. 

The tunnel splitting depends on the tunneling parameter and the probability of tun­

neling depends on the tunnel splitting. The distribution shown in Fig. 31 gives the 

fraction of molecules that have a tunneling parameter between 6 and 5 + dS.

Distribution

Tunneling Parameter, ln(5)

F igu re  31: Hypothetical lognormal distribution of the tunneling parameter (the prefactor 
of the symmetry-breaking term). With a broad distribution, only certain molecules will 
tunnel at each transition as shown by the different regions.

Fig. 31 breaks the distribution into different regions. Each vertical line depicts 

the threshold that separates fast tunneling molecules from slowly tunneling molecules 

for each ground state resonance, N.  As the field is swept up to an energy resonance, 

different parts of the distribution will tunnel. For example, for N  =  6 all the molecules 

with a tunnelling parameter in region marked 6 in Fig. 31 will tunnel. None of 

the other molecules will tunnel because they tunnel too slowly since the potential

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



46

barrier is too high. At the next transition, N  =  7, the potential barrier is lower, so 

another group of molecules will be able to tunnel. A similar effect occurs at the other 

transitions, N  =  8... 10.

Now consider the same situation at higher temperature. As the temperature is 

increased the distribution of tunneling parameters does not change. However, there 

are now additional tunneling channels available to the molecules since each molecule 

now will spend a fraction of its time in the excited states. Since these additional 

tunneling channels occur at lower fields, the molecules that would have tunneled at 

the ground state transition will definitely tunnel from the excited states since it is 

so much easier to tunnel from these states. By the time the field reaches the ground 

state transition field, there are no molecules remaining in the distribution to tunnel. 

Thus, the magnetization will not change much at the field corresponding to ground 

state tunneling and the ground state will seem to have '‘disappeared” . Thus, the idea 

of a distribution provides a natural explanation of the suppression of ground state 

tunneling.

3.1.7 Sum m ary o f Tem perature D ependence S tudy

The detailed temperature dependence of Mni2 -acetate was measured and analyzed. 

Fig. 32 shows a topological view in the H —T  plane of dM /dH .  The shading indicates 

the value of d M /d H  for various isothermic field sweeps. Since dM /dH  varies over a 

wide range of values, the intensity of dM /dH  is shown on a logarithmic scale.

Fig. 32 summarizes the findings of the temperature dependence study. There is 

a transition from thermally assisted tunneling to ground state tunneling. The curved 

line denotes the fields and temperatures where this transition occurs. Below this 

curve are the ground state peaks that are clearly temperature independent. Above 

this transition curve are the peaks associated with thermally assisted tunneling. It 

is clear that the amplitude of the thermally assisted peaks for any given family of 

transitions, N ,  increase and decrease. This behavior has been attributed to the history
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Field (T)

F ig u re  32: A "phase diagram” for the tunneling of magnetization of Mnio-acetate sum­
marizes all the phenomenon discovered by measuring the temperature dependence in detail.

dependence of dM/dH.  The straight line joining the thermally assisted peaks illus­

trate how the peaks march toward lower field (i.e. to lower N) as the temperature 

increases. If this line is extrapolated to H  =  0 {N =  0) it intercepts at «  3 K. This 

corresponds to the blocking temperature as expected, since near the blocking tem­

perature most of the tunneling will occur for N  =  0 and N  =  1. At this temperature 

it is difficult to distinguish between over the barrier hopping and thermally assisted 

tunneling. Also evident in the diagram are the peaks associated with tunneling of the 

second complex of Mni2 -acetate. Fortunately, these occur in a separate region of the 

H  — T  plane and it is thus easy to separately identify their presence in the data.

It was found that as the temperature increases, tunneling from the ground state 

decreases, even though there is plenty of magnetization re m a in in g  The dots in Fig. 32
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locate the regions where the ground state tunneling is suppressed. This phenomenon 

could not be explained in terms of the history dependence of dM /dH  of identical 

molecules. However, it was argued that a distribution provides a very simple and 

elegant explanation. The next study confirms more directly that there is indeed a 

distribution of tunnel splittings in \ In 1 2 -acetate crystals.
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3.2 Sweep R ate D ep en d en ce
3.2.1 Experim ental M ethod

The magnetization of Mni2 -acetate was measured at different rates of the swept exter­

nal magnetic field. Before each measurement the state of the sample was prepared in 

a fashion similar to the temperature dependence study. First the sample was heated 

in zero magnetic field to 10 K, well above the blocking temperature, Tb ~  3K. The 

magnetization of the sample was monitored to make certain that the magnetization 

of the sample was completely removed. The sample was then cooled to 0.24 K. While 

keeping the sample at base temperature, the externally applied magnetic field was 

swept up to 5.5 T  at some fixed sweep rate. The procedure was then repeated for a 

different field sweep rate.

3.2.2 Sweep R ate D ata

Fig. 33 through Fig. 35 show the magnetization measurements for various sweep 

rates. Each graph depicts the measurements performed on a different Mnio-acetate 

sample. Each curve represents one sweep of the external field and each sweep was 

conducted at a different sweep rate. Fig. 33 shows the measurements for the same 

sample measured in the temperature dependence experiment. This sample was not 

taken out of the He3 cryostat between the temperature dependence measurements 

and the sweep rate dependence measurements. The other two samples were taken 

from a freshly prepared batch. The major difference between the samples is their size 

and surface quality. Sample #1  and # 3  both had smooth surfaces with sharp edges 

and comers. Sample # 2  had a rough surface and broken comers. Table 1 lists the 

approximate dimensions of each sample.
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a-axis b-axis c-axis Quality
Sample #1 40/xm 40 /xm 100/xm Good
Sample # 2 20 /xm 20/xm 50 /xm Poor
Sample # 3 40 /xm 40 /xm 150 /xm Good

Table 1: Approximate dimensions of the three parallelepiped shaped samples measured in 
the sweep rate dependence study. The c-axis is the easy axis of magnetization. The field 
was aligned along this axis. All three axes are mutually perpendicular. The “Poor” quality 
sample #2 had broken corners and rough surfaces.
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F igure  33: Tunneling Sweep Rate Dependence for sample #1. Each curve depicts the 
normalized magnetization for a different sweep rate.
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F ig u re  34: Tunneling Sweep Rate Dependence for sample #2. Each curve depicts the 
normalized magnetization for a different sweep rate.
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F ig u re  35: Tunneling Sweep Rate Dependence for sample #3. Each curve depicts the 
normalized magnetization for a different sweep rate.
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All these field sweeps were taken at 0.24 K so that only ground state tunneling 

occurs. This makes analyzing the data sign ific a n tly  easier since only one tunneling 

channel is available. For thermally assisted tunneling, the energy resonances are 

su ffic ien tly  close to one another and the widths of the peaks sufficiently broad that it 

is difficult to resolve the energy resonances.

The magnetization due to the second species has been removed from the data 

by first determining the saturation level for the second species, then subtracting this 

amount from the magnetization curves and then normalizing. This is important since, 

as will be seen shortly, the normalized magnetization curves will be used to determine 

the tunneling probabilities.

From these curves it is clear that the sweep rate plays an important role in 

determining how many molecules tunnel at each energy resonance. For all three 

samples the magnetization relaxes at lower fields when the field is swept more slowly. 

This is in agreement with the predictions of the incoherent (and coherent) Landau- 

Zener-Stueckelberg formalism, since the tunneling probability increases with decrease 

energy sweep rate. The next two sections will analyze this data in terms of the 

probability of remaining in the metastable well.

3.2.3 Tunnel Splittings for Identical M olecules

The incoherent Landau-Zener-Stueckelberg formula can be used to determine the 

tunnel splittings from the normalized magnetization curves. When determined under 

the assumption that all the molecules are identical, the tunnel splittings have an 

unexpected dependence on sweep rate[69, 70, 71, 72, 73]. For an ensemble of identical 

molecules, at a particular energy resonance, every molecule has the same probability 

of remaining in the metastable well given by Eq. 15.

P s  =  exp(-7rA^/2uAr/i), (15)
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where A n  is the tunnel splitting formed at the N th anti-crossing (see Fig. 4) and 

Vpj = (gzfj.B)(2S — N)dHz/dt  is the rate at which the energy levels approach each 

other (in the absence of any symmetry breaking terms). Notice that it is proportional 

to the magnetic field sweep rate, dHzjdt.

Since each molecule has the same probability of remaining in the metastable well, 

the number of molecules remaining after sweeping the field through a resonance is 

given by:

n N  =  n j V - l ^ V i  ( 1 6 )

where n y is the number of molecules in the metastable well after the N th energy 

resonance, njy-i is the number of molecules remaining in the metastable well after 

the (N  — l) t/l energy resonance (which is the same as the number of molecules in the 

metastable well before the N th resonance) and Pv is the probability that a molecule 

remains in the metastable well for the N th resonance. In other words, the number 

of molecules remaining after a transition is just the number of molecules remaining 

before the transition times the probability of remaining.

For temperatures below, Tc, the magnetization of the sample is related to the 

number of molecules in the metastable well and the stable well by:

M  =  gxn BS { n r -  n~), (17)

where gz is the ^-factor, fj.B is the Bohr magneton and n + and n~ are the number of 

molecules in the stable well and metastable well respectively. Since the total number

of molecules is constant, the saturation value of the magnetization is given by:

A/aat =  9zHb s  (n+ +  n~). (18)

Eq. 17 can be combined with Eq. 18 to express the number of molecules in the 

metastable well as:

n~ =  (A/** -  M)  /2gzfi BS. (19)
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Finally, using Eq. 19 and rearranging Eq. 15, the probability of remaining in the 

metastable well can be related to the measured magnetization:

Pn  =
nN hlaat h i (V

n ,
(20)

ijV-l hi3at ~  M s - I  ’

where M s  is the magnetization of the sample just after a resonance and M s - i  is the 

magnetization just before the resonance. Fig. 36 shows how the magnetization can be 

used to measure the probability of remaining in the metastable well for each resonance. 

In this diagram, R s ,  R.v-i and T s  are chosen at the plateaux. R s  =  M,at — M s  is 

the fraction of molecules remaining in the metastable well after the Nth  resonance. 

R s - 1  =  hlsat — M s - 1  and is the fraction of molecules remaining in the metastable 

well after the {N — 1 )th resonance. T s  = R s - 1  ~  R n is the fraction of molecules that 

tunneled during the Nth  resonance. Under the assumption that all the molecules 

tunnel with the same probability, the probability of remaining is given by,

Ps  =  R s / R n - i- (21)
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F ig u re  36: Determining the probability of remaining in the metastable wellfor an ensemble 
of identical molecules. The magnetization remaining after each plateaux is labeled by Rs-  
T s  = R s - 1  — R s  is the fraction that tunneled after the Nth  resonance.
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Using the probabilities determined from Eq. 21, the tunnel splitting can be de­

termined from the incoherent Landau-Zener-Stueckelberg formula, Eq. 15,

A * =  y j - T v s  ln(PiV)/7r =  yJ—2(gzfiBh)(2S -  N)dHz/d t  ln(RN/ (22)

Fig. 37 shows the values of A,v as a function of the field sweep rate for sample 

#1. From this diagram it is clear that the tunnel splittings determined from Eq. 15 

have a strong dependence of on the sweep rate. However, in the incoherent Landau- 

Zener-Stueckelberg formalism, the tunnel splitting is independent of the sweep rate. 

The other samples show similar behavior.

2.0 10-6

2  1.5 10-6
an _c
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| [  1.0 10*6 
C/3
"u c
|  5.0 10-7 

0.0 10°
0.0 5.0 10.0 15.0 20.0 25.0

dH/dT (mT/s)

Figure 37: Tunnel splittings determined from incoherent Landau-Zener-Stueckelberg for­
mula. Under the assumption of identical molecules, the tunnel splittings have an unexpected 
dependence on sweep rate.

3.2.4 Failure o f  A ssum ption that M olecules are Identical

Many authors[70, 71, 20, 74, 26] attribute the unexpected dependence of tunnel split­

tings on sweep rate as an effect due to the fact that the internal dipole field is changing 

so that the values used to determine the energy sweep rate axe incorrect. So, for very

N=9!
\ = x  I 
N=7! 
N = l »  j  
N=5 I
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slow external sweep rates, application of this formula may be invalid. This expla­

nation does not seem plausible, for the following reasons. Consider the following 

worst case scenario. The slowest external sweep rate is dHz/dt  =  0.53 m T/s. For the 

largest step in the magnetization at this sweep rate, the magnetization changes in 

about 600 s. If it is assumed that the internal field is about 0.06 T  (which is a large 

estimate), then during this time the internal field changes by 0.02 T. This means that 

the fastest change in internal field is 0.03 m T/s. So even in this worst case scenario, 

the change in the mean dipole field is trivially small compared with the external sweep 

rate.

If, instead, one considers the change in the field due to a neighboring molecule 

having tunneled, then one must consider the time of tunneling. Mullen[75] has es­

timated this time (in the adiabatic limit) to be r ;v =  A ^ / v ^ .  This is an extremely 

short time interval, for N  = 6, r6 5 ns. In this time, a molecule neighboring a 

molecule that tunnels will experience a field that changes by ABdip ~  20fj-g/r3 % 

0.01 T. So the rate of change of the field due to a neighboring dipole flipping is. 

ABdip/re «  2 x 106T /s. Since the probability of tunneling decreases exponentially 

with increasing sweep rate, the neighboring molecule will not tunnel with such a 

rapidly changing field. Compared with the time scale associated with sweeping the 

field through a resonance, the change in energy due to a neighboring molecule that 

tunnels is instantaneous. In other words, the change in field due to a  dipole flip is 

just the sudden approximation considered earlier.

The above analysis suggests that the unexpected sweep rate dependence of the 

tunnel splittings determined from the incoherent Landau-Zener-Stueckelberg formula 

cannot be due to the internal dipole field. The next section analyzes the data quan­

titatively in terms of a  distribution of tunnel splittings.
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3.2.5 R einterpreting Steps in the M agnetization Curves

As suggested by Chudnovsky and Garanin, the magnetization curves can also be

because the physical interpretation of the curves changes. For an ensemble of identical 

molecules, the plateaux in the ground state magnetization curves are related to the 

probability of remaining in the metastable well, Pv =  R n / R n - i- W ith a distribution 

this notion is no longer valid, as will now be shown.

For a single molecule, the probability of remaining in the metastable well is 

given by the incoherent Landau-Zener-Stueckelberg formula P/v =  exp(—nA%/2vs h) 

[43, 44, 18, 50j. For a distribution of tunnel splittings, A,v,„ (where i denotes the 

ith molecule) the probability that a spin remain in the metastable well must be 

averaged over all the molecules: (P,v.») =  H exP(_ i/ 2 v w), where iVT is the
I

total number of molecules. If the distribution is sufficiently broad, then (Pv.,) is best 

examined on a logarithmic scale where an exponential can be approximated by a step 

function, so that exp(—w&l{i/2v lW) =s 0(1 — tvA%1/2 v^). This means that for a fixed 

field sweep rate, dH:/dt, those molecules that have tunnel splittings obeying:

and each curve in Fig. 38 denotes the fraction of molecules that remain in the 

metastable well after each energy resonance because they tunnel too slowly[67, 76, 

72, 73]. Thus, each tunneling transition acts like a filter separating fast tunneling 

molecules from slow tunneling molecules with the threshold condition, t tA ^  =  2v*fh.

analyzed in terms of a distribution of tunnel splittings. Care must be taken, however.

t t A < 2vs (23)

will remain in the metastable well for each N.  In essence,

R n  =  ( /V i)  =  ^  5 > ( 1  -  " A ^ /S u v ) . (24)

This is summarized by the following equation for the tunneling probability:

7rA^ j  :»  2v^h 
7 t A <§: 2Vfih ' (25)
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With a sufficiently broad distribution only a few molecules have 7tA^ t ~  2v ^h  and 

most of the molecules fall into one of the two categories listed in Eq. 25.

In this new interpretation, the height of each plateaux, labeled by T s  in the 

ground state magnetization curve shown in Fig. 38, represents the fraction of molecules 

that tunnel fast enough for that transition. Likewise, R s  represents the fraction of 

molecules that tunnel too slowly for N th transition. Also notice that since As,i is 

greater than A s - i , i > each step probes a set of molecules in the crystal belonging to 

a different range of the (initial) distribution of tunnel splittings as was shown earlier 

in Fig. 31.
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F ig u re  38: With a distribution of tunnel splittings, the height of each plateaux in the 
normalized magnetization data, labeled by T s, represents the fraction of molecules that 
tunnel fast enough for that transition.

The physical meaning of the plateaux in the magnetization data for the two 

interpretations is sum m arized by the following equations:

R Identical = ^ d c n t i c a l ^ ^ v s  (26)

B P * * * * . = . ± . £ 9 ( 1 — (27)

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



59

where R l̂ entxcal is the fraction of remaining in the metastable well for an ensemble 

of identical molecules and R ^x3tnbutum is the fraction of molecules that tunnel too 

slowly when there is a broad distribution of tunnel splittings. Fig. 39 summarizes the 

dependence of the measured values of R ,\ as a function of —ln (dH./dt) for sample 

#1 . The other samples exhibit similar behavior.
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in[(dHz /dt )-l [(T/s)-i]]

Figure 39: Fraction of molecules remaining in the metastable well for each resonance N  
plotted as a function of —ln(dHz/dt) for sample #1

3.2.6 D eterm ining D istributions

Eq. 24 shows that varying the sweep rate changes the fraction of molecules that remain 

in the metastable well after the field sweeps through a particular energy resonance. 

In fact, R n  is the fraction of molecules which satisfy Eq. 23 up to the threshold 

condition 7rA^ t =  2uiV.
 ̂̂ threshold

R n = /tf  (A) dA,  (28)
Jo

where /\ thr*shoid =  2vN/ n  and / a t ( A )  is the normalized distribution of tunnel split­

tings for the N th transition (i.e. /jv(A)dA is the fraction of molecules with a tunnel
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splitting between A and A +  dA). Application of Leibnitz’s rule for differentiation of 

integrals,

d_
dz a~ t  <29>

gives the distribution of tunnel splittings,

(30)

In order to obtain /,v(A) for all molecules, dHs/dt  must range over several orders 

of magnitude, which is experimentally unobtainable. Also, this method will only

the tunneling process is dominated by a single distributed term in the Hamiltonian, 

then all the curves for each R s  will scale onto a universal curve and each R \  will 

determine a different portion of f s ( A).

their methodology, the dominate term in the Hamiltonian must be chosen first. The 

idea is to try various terms to see which term will scale the Rtf data and once a term 

is found, the distribution of that term can be determined from Rs-  The next section

the requirement of attributing the tunneling process to a single (or nearly single) term 

in the Hamiltonian that is distributed.

3.2.7 D istributions o f Transverse Anisotropy

In Ref. [67, 68], Chudnovsky and Garanin considered a distribution of tunnel split­

tings due to transverse anisotropies caused by crystal dislocations. In their model, 

dislocations have the strong effect of producing deformations that require inclusion 

of a magnetoelastic term in the Hamiltonian. The dislocation will create transverse 

anisotropy, E(S^ — S^) that varies with the distance from the dislocation. Thus, the 

second order transverse anisotropy prefactor, E,  will be distributed.

produce the tunnel splittings. Garanin and Chudnovsky have shown[67, 68] that if

The scaling depends on the dominant tunneling process. Thus, in order to apply

will attempt to scale the R s  data in terms of different models. All the models satisfy
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Comia et al. have also pointed out that there are six different isomers of Mni2 - 

acetate[62], four of which are only two-fold symmetric. This lowers the symmetry 

group for the Hamiltonian and permits inclusion of transverse anisotropy terms. They 

too found a second order transverse anisotropy that is distributed.

The following analysis is valid regardless of which micro-theory is correct. The 

only assumption made is that the second order transverse anisotropy prefactor, E, is 

distributed.

The tunnel splittings can be computed from high order degenerate perturbation 

theory[41]. To make the calculations simpler, the following Hamiltonian was used 

when calculating the tunnel splittings:

H  =  - D S ]  -  gnBHsS s +  Et(Sl  -  Sj), (31)

where the value of D = 0.65 K has been adjusted to compensate for the neglected 

quartic longitudinal anisotropy term, AS*. Fig. 40 compares the energy levels for the 

new Hamiltonian given in Eq. 31 with the energy levels of the full Hamiltonian, Eq. 4. 

It is clear that the energy levels are in good agreement, thus the expectation is that 

the simplified Hamiltonian of Eq. 31 will yield reasonably accurate tunnel splittings.

0 ttt
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D  =  0.5477 K \ 
A  =  1.173 x 10-3 K

F ig u re  40: Comparison of energy levels between the simplified Hamiltonian of Eq. 1 
with D =  0.65 K and .4 =  0 and the full Hamiltonian of Eq. 4 with D = 0.5477 K and 
A =  1.127-3 K
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The tunnel splitting of molecule i due primarily to second-order transverse anisotropy, 

E(S* — Sy), is then given by:

Ak., =  VsSs  ( ^ )  “ . (32)

where gN =  t(2S_^_2),,|2 \ j {2S~(Ny2S^ • The ^  £n  have different forms

depending whether N  is even or odd. This is because transverse anisotropy generates 

selection rules that only allow even-numbered resonances. The leading contribution 

to even-numbered resonances involves =  S  — N /2  virtual transitions with Am =  

± 2 and for even N,  =  1. However, odd numbered resonances could also occur

due to the presence of internal transverse magnetic fields of hyperfine or dipolar

origin, or transverse fields due to the defects suggested by Chudnovsky and Garanin 

which locally tilt the easy axis so that the applied longitudinal field has a transverse 

component[67, 68]. The largest contribution to odd-numbered resonances entails 

S  — (iV +  l) /2  virtual transitions with Am =  ±2 due to the transverse anisotropy 

and a single virtual transition with Am =  ±1 due to the transverse field. Since 

transverse anisotropy and transverse field created by dislocations are of the same 

order of magnitude [67, 68], the transverse field is proportional to the transverse 

anisotropy. This leads to the exponent =  S  — (N  —1)/2. Under these assumptions, 

the tunnel splitting for even and odd N  should be roughly comparable, as is observed. 

For odd JV. the tunnel splitting has the same form as Eq. 32. However, in this case. 

rjx =  C N /2  and =  S  — (N  — l)/2 , where C  is an adjustable parameter of order 1.

By rearranging Eq. 32 it is found that

-  In (| £ . | /2 D) =  -  In (A « ,/i;N9iY) /?,„ =  X  (33)

is independent of N.  Substituting the threshold condition, t tA ^  =  2vN, into Eq. 33 

means that,

- I n
Vn 9 n  * 7T

1 2
~ VN /^ N = X e (34)
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F ig u re  41: Scaling for distribution in second order transverse anisotropy. The fraction 
of molecules, R \ ,  that remain in the metastable well following the N th level crossing is 
plotted as a function of the scaling parameter X.  The solid continuous curve is a best fit 
to the data using the error function.

is also independent of N. This implies that all the curves for R x  shown in Fig. 39 

should collapse onto a single curve when plotted as a function of X e (if second-order 

anisotropy is responsible for the tunneling). This is shown in Fig. 41. For the odd 

resonance scaling, a good fit was obtained for C  =  1.

Although the scaling obtained is of good quality, deviations should and do occur. 

This is due to the fact that the scaling parameter. X e ,  was calculated exactly for even- 

numbered steps involving transverse anisotropy, while the expression for X e  is only 

approximate in the case of odd-numbered steps requiring an admixture of effects due 

to transverse magnetic fields. It should also be noted that whenever more than one 

process contributes to tunneling, perfect scaling cannot occur. Moreover, although 

second order anisotropy is the dominant mechanism causing t unneling, other processes 

not included in the Hamiltonian used may cause deviations.
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F igure  42: Distribution determined by differentiating the fraction of molecules./? ,v. that 
remain in the metastable well following the N th level crossing with respect to the scaling 
parameter X e - The solid continuous curves are Gaussian.

One of the benefits of analyzing the data in this manner is that the distribution 

can be obtained. Eq. 28 can be rewritten in terms of a distribution in X e -

R
r+ o c

=  - /  f { X ) d X .JXe
(35)

where the subscript on R  has been dropped since X e is independent of .V. Differen­

tiating R  with respect to X e gives,

dR
d X E

=  f ( X )  =  / ( — In (| Ei | /2D)). (36)

In other words, the derivative of R  in Fig. 41 gives the distribution of X e =  — In (| E  | 12D). 

On a log scale, the integral of any Gaussian-like function will provide a good fit to 

the scaled curves. The fitting function chosen in Fig. 41 is the error function. The 

derivative of this curve is shown in Fig. 42. Also shown are the distributions obtained 

by following the same procedures for the other two samples.

Other fitting functions such as the integral of a Lorentzian were also tried but 

they did not fit the scaled R  curves. The error function was chosen for its symmetry.
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The values of R  very close to 1 and very close to 0 have larger error compared 

with the other values of R. Deviations from the error function are hard to see on 

the logarithmic scale and other Gaussian-like functions could have been chosen such 

as integrals of weighted exponentials of Gaussians. If the integral of a weighted 

exponential of a Gaussian were chosen, then the distribution in E  would become 

Gaussian. Using the error function as a fitting function gives a Gaussian distribution 

in X E =  — ln(| E  | /2 D).

The collapse of R n  onto one curve supports the assumption that the tunnel 

splittings vary locally within the Mn t 2  crystal with a very broad distribution. The fact 

that they collapse with scaling parameter, X E, indicates that transverse anisotropy 

is the dominant term in the Hamiltonian that drives the tunneling process.

The distribution in E  can be obtained by use of the fundamental transformation 

law of distributions,

| f ( x )  dx  |= | f {y)  dy | (37)

and then normalizing the new distribution. The result is,

e - \ a 2(E /E o )/A a 2 /  g

=  _  2<x [1 — erf (In (Eq/2D))\ (38)

From the distribution in E, the distribution in tunnel splittings can be deter­

mined with the aid of Eq. 32. This is shown for sample # 3  in Fig. 43. Notice that

the peaks come in pairs. This is because tunneling for even steps was determined by

considering S  — N ( 2 virtual transitions with A m  = ±2. Whereas, the next higher 

odd step was determined by simply incorporating one additional virtual transition 

with A m  =  ±1.
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F ig u re  43: Distribution in tunnel splittings for each observed ground state resonance N  
for Sample #3.

3.2.8 D is tr ib u tio n s  o f  T ransverse  F ie ld

The same formalism can be applied to the case of a distribution of tunnel splittings 

due to a distribution of transverse magnetic fields. A distribution of transverse fields 

could be due to the internal dipole field or the due to the nuclear hyperfine interaction. 

In this case, the system would be modeled by,

H  =  -D S *  -  g-tiBH zS z + gx/J.BHx.tSx, (39)

where HX I is the transverse field felt by the ith molecule.

With Vt  =  gxn BHx,iSx as the symmetry-breaking term, the tunnel splitting has 

the form[41, 67, 73]:

(40)

where gfN =  ~ Repeating the same steps as before, the follow­

ing expression,

-  In (gx f i B H s , i / 2 D )  -  -  In (A 'NJ g ' N )  / (2 S  -  N ) = X ' (41)
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is independent of N . Substituting the threshold condition, 7rA^_t =  2uiV, into Eq. 33 

means that,

-  In =  -  In Q -  /(2  S  -IW ) = X'„ (42)

is also independent of N.

If the tunnel splitting were due to transverse field alone the data should scale 

when plotted as a function of the scaling parameter, X'H. As can be seen in Fig. 44, 

the data does not scale by this procedure. Thus the tunneling is not dominated a 

distribution of transverse fields.
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Figure 44: Scaling for distribution in transverse field. The fraction of molecules, R \.  
that remain in the metastable well following the N th level crossing is plotted as a function 
of the scaling parameter X '. The solid continuous curve is a best fit to the data using the 
error function. The curves do not scale, indicating that transverse field is not the dominant 
process driving the tunneling.

A slight variation of the above analysis is to consider the case of am angular 

distribution. If each molecule is tilted by varying amounts, dir then the Hamiltonian 

will have the same form as Eq. 39. However, HXtl =  Hz tan(#i) =  N D tan(9i)/gzfiB
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is dependent on N . Thus rearranging Eq. 40 leads to,

-  In (s , ta n ff t) /* )  =  -  In (A 'nJ ^ n ) / ( 2 S  -  N) + In (jV/2) s  X" (43)

and substituting the threshold condition, i r A =  2uv , into Eq. 43 leads to.

-  In (Sl tan m / 9 . )  = -  In { ^ 1 " * )  / (2S ~  A'> +  to <-V/2) =  'V« (44)

as the N  independent scaling parameter. Scaling in terms of X# is shown in 

Fig. 45. Clearly, Fig. 45 shows the data  does not scale in this case.
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F ig u re  45: Scaling for distribution in tilt angle. The fraction of molecules, that 
remain in the metastable well following the Ntk level crossing is plotted as a function of 
the scaling parameter X ". The solid continuous curve is a best fit to the data using the 
error function. The curves do not scale, indicating that the transverse field caused by a 
distribution in tilt angles is not the dominant process driving the tunneling.

Thus, it has been shown that if there is a broad distribution of tunnel splittings 

that is due primarily to one dominant term in the Hamiltonian, then this term cannot 

be related to transverse field as has been assumed in the past by others[20, 4]. How­

ever, the data is consistent with the notion of a distribution of transverse anisotropy.
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The micro-theories considered by Chudnovsky and Garanin as well as the one by Cor- 

nia and Sessoli both predict that in addition to a distribution of transverse anisotropy, 

there is also a  distribution of longitudinal anisotropy. The consequences of this fact 

will be discussed in the next section.

3.2.9 W idth  and Shape o f  G round State Peaks

It should be noted that the magnitude of the transverse anisotropy, E, has little effect 

on the position of energy resonance since E  «  D. So the distribution of tunnel 

splittings does not directly affect the width of the peaks in dM /dH . Experimentally, 

the shape of the peaks for ground state tunneling have been found to be Gaussian. 

The fitting for JV =  7 is shown in Fig. 46. The dotted curve is the data  and the thin 

solid curve is the curve fit determined by minimizing the standard deviation between 

the data and the function, .4exp {—{H  — Hq)2/<t2). For this fitting function, the full 

width at half maximum, FWHM is related to a by,

FWHM =  2\J\n{2)a =  \<r. (45)
o

Interestingly, the width of the peaks in dM /dH  have a FWHM % 0.2 T, which is 

significantly larger than what is expected for a combination of a distribution of nu­

clear magnetic fields and dipole fields. The nuclear magnetic field is estimated to be 

about 0.03 T[77, 22, 17]. Thus if the nuclear moment is distributed uniformly over 

all directions, the distribution would be too small to account for such broad peaks. 

Also, studies on the effect of sample shape preclude the possibility that the width 

of the peaks is due to a distribution of dipole fields - nano-sized samples studied by 

Wemsdorfer et al. , micro-sized samples studied here and milli-sized oriented pow­

ders studied by Friedman et al. all show similar widths in the peaks of dM /dH . The 

distribution in dipole fields have also been estimated to  be around 0.03 T[7, 77, 78]. 

Thus it is clear that the width is not solely due to a distribution of dipole fields.
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F ig u re  46: The peaks in dM /dH  for ground state tunneling have a Gaussian shape. 
Shown here is the peak for N  = 7.

The cause for such broad peaks is not known for certain, but Chudnovsky[67. 6 8 ] 

and Garanin. Cornia et al. . Parks et a l.. Hill et al. and Park et al. have suggested that 

there is a distribution in D. Cornia has attributed this distribution to the presence of 

isomeric forms of Mnio-acetate due to different coordination geometry of the ligands 

and has estimated the distribution to be about 2% [62]. Chudnovsky has also shown 

that dislocations will produce a distribution of D of about 3% [6 8 ]. Parks et al. has 

also found a distribution in D  of about 1%[78]. Hill et al. and Park et al. found a 29c 

distribution in D  from detailed EPR line shape measurements[79, 35].

These value are consistent with the widths of the peaks found in dM /dH . If the 

widths are due to a distribution in D  then the distribution can be determined by.

Hz =  N - ^ -  [l +  4  (m 2 +  m72)] => SH, =  S D -^ — , (46)
g z f i B I D v g-nB

which indicates that the widths of the peaks. 8HZ, in dM /dH  must vary with N . Plots

of the dependence in the widths of the peaks on N  for two different samples are shown
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in Fig. 47 and Fig. 48. The different data sets in each plot are for different sweep rates. 

Notice that there is a dependence on N . Also notice that they do not extrapolate to 

zero as N  —► 0. The finite intercept is a measure of other N-independent sources of 

broadening.

If there are two sources of broadening and if these two sources are uncorrelated, 

then the peaks should be considered a convolution of the two distributions. This 

implies that to separate these two effects, a2 should be plotted as a function of N 2. 

The square-root of the intercept will give the N -independent part, crintercept, and the 

square-root of the slope will give the iV-dependent part. Fig. 49 and Fig. 50 show a2 

as a function of N 2 for Samples # 1  and #2, respectively.

Table 2 summarizes the data obtained by examining the dependence of the widths 

of the peaks on N . The values of the distribution in D are in agreement with other 

experiments and with theory. The values determined for the distribution of atrUercept 

is in good agreement with the values determined for a distribution of internal dipole 

and nuclear fields.

G intercept G  D FWHMo SD /D
Sample # 1 0.071 T 5.6 mT 9.3 mT 2 .2 %

Sample #2 0.065 T 8 . 6  mT 14. mT 3.3%

Table 2: Distribution in D determined from slope in Fig. 49 and Fig. 50 for Sample 
# 1  and Sample # 2 , respectively. FWHMo =  2> J\x i (2)<j d , 8D /D  =  FWHMd<7;Mb/D
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F ig u re  47: Peak Width Dependence for Sample # 1 . The finite interecept suggests that 
there is an internal distribution. The non-zero slope is consistent with a distribution in D.
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F ig u re  48: Peak Width Dependence for Sample #2. The finite interecept suggests that 
there is an internal distribution. The N  dependent slope is consistent with a distribution 
in D.
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F igure  49: Convolution of Distributions for Sample #1. The square-root of the intercept 
will give the iV-independent part, & ,n tercep t, and the square-root of the slope will give the 
iV-dependent part.
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F ig u re  50: Convolution of Distributions for Sample #2 . The square-root of the intercept 
will give the iV-independent part, aintercept, and the square-root of the slope will give the 
iV-dependent part.
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3.2.10 Sum m ary o f Sweep R ate D ependence

In summary, the dependence of the steps in the magnetization curves on the rate at 

which the external field is swept was studied. It was shown that the unexpected de­

pendence of the experimentally determined tunnel splittings on the sweep rate could 

be easily explained by the notion of a distribution of tunnel splittings. Under the 

assumption of a distribution of tunnel splittings, the plateaux in the magnetization 

curves now yield the fraction of molecules remaining in the metastable well, rather 

than yielding the probability of tunneling. It was shown that if the tunneling process 

is driven by one dominant term in the Hamiltonian, then the fraction of molecules. 

Rt\ ,  remaining in the metastable well after each resonance, N  will scale onto a uni­

versal curve. The derivative of this curve directly gives the distribution in terms of 

the scaling parameter. It was found that the data does not scale if one assumes a 

distribution of transverse fields. The data scales best on the assumption there is a 

distribution of second order transverse anisotropy, E(S% — S*).

Two micro-physical models have been proposed to explain why there is a dis­

tribution of transverse anisotropy: isomeric forms of \ I n 1 2 -acetate molecules and 

dislocations. The data presented here cannot distinguish between these models.

These micro-theories also predict distributions of longitudinal anisotropy. This 

may explain the dependence of the widths of the peaks in dM /dH  on N. The fact 

that the widths extrapolate to a finite value as iV —* 0, indicates there is an internal 

distribution of fields.
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3.3 O scillating F ield  E xperim ents
3.3.1 Experim ental M ethod

The relaxation of the magnetization was studied for each observable ground state 

transition by sweeping the field back and forth repeatedly across each transition, 

N . The sample was prepared in the same way as in the sweep rate dependence 

experiment described in Section 3.2. Starting from zero magnetization, the external 

field was swept up to and beyond the first observed transition, N  = 5. When the 

field reached the middle of the plateau, it was reversed and swept back across the 

transition. When the field reached the middle of the previous plateau, the field was 

swept back up and the process was repeated many times. The same process was 

repeated for the next transition, N  =  6  and so forth. The turning points of the field 

were chosen so that the amplitude of the oscillations of the field were the same for 

each N  and the turning points of the field occurred near the center of a plateau.

3.3.2 M otivation o f O scillation Experim ent

The purpose of this experiment is to obtain additional evidence for a distribution of 

transverse anisotropy. In this experiment, as the field is swept back and forth across 

the transition, the magnetization relaxes in steps. As will be shown, the manner in 

which it relaxes is expected to be different for a set of identical molecules than for the 

case of a distribution of tunnel splittings. The data presented here will be examined 

under both assumptions. It will be shown that an ensemble of identical molecules 

cannot describe the oscillation data presented here. A method of fitting different 

distributions to the magnetization data will be developed that gives an approximate 

fit to the data.

3.3.3 Oscillation D ata

Fig. 51 shows the normalized magnetization data as the field was swept back and 

forth across each transition as a  function of field. Notice that for each transition,
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as the field sweeps back and forth, the magnetization relaxes in decreasing amounts. 

Also notice that only for steps N  =  8  and N  =  9 does the magnetization effectively 

reach saturation. This is because the experiment was terminated before the system 

relaxed completely.

N=8 N=9

co
w
C3
N

1.0

dHz/dt=7.04mT/s

o 0.2

3 3.5
Field (T)

F igure  51: Normalized magnetization data for Sample #3 as the field was swept back 
and forth across each resonance.

As can be seen in Fig. 52, which shows the same data of Fig. 51 as a function of 

time. Since the amplitude of the oscillation in field was the same for each measurement 

and the sweep rate was also the same, the time dependence for different N  can be 

safely compared. From the time dependence data  of Fig. 52, it is clear that the 

magnetization relaxation rate is significantly faster for higher N  than it is for lower 

N , which is consistent with the expectation that the tunnel splitting increases with
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increasing N . The issue is whether or not the relaxation rate is consistent with the 

model of an ensemble of identical molecules or with a distribution of tunnel splittings.
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F ig u re  52: Normalized magnetization data for Sample #3  as the field was swept back 
and forth across each resonance plotted as a function of time. The magnetization relaxes 
faster for higher N.

Proceeding in a manner similar to Section 3.2.5, the fraction of molecules re­

maining after each step can be measured from the oscillation data. Fig. 53 shows the 

first few oscillations in detail for the N  =  7 ground state transition. At the turning 

points of the field, labeled by / i ,  / 2 ,.~, the fraction of molecules remaining in the 

metastable well can be determined with the help of Eq. 18 and Eq. 19:

Tli hfaat A/j
fi = ~= (47)

Hi +  n t  2Msat 

where Mi is the normalized magnetization a t the turning points of the field.

For each N , Fig. 54 shows the fraction of molecules remaining in the metastable 

well after each pass of the field plotted as a function of how many times the field 

was swept past the transition. This later quantity shall be called the ‘‘oscillation 

number” , j .
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F ig u re  53: First few oscillations in field of the normalized magnetization data for N  = 7. 
The turning points in the field are labeled by f u f c , ... in terms of the oscillation number.
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F ig u re  54: Fraction of molecules remaining in the metastable well plotted as a function 
of the oscillation number, j .
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The question is, “How much magnetization tunnels from the metastable well after 

each pass of the magnetic field?” The data  can be analyzed under the two models 

described earlier: 1 ) as an ensemble of identical molecules, 2 ) as a set of molecules 

with a distribution of tunnel splittings. The data will be analyzed in terms of both 

of these models in the next two sections.

3.3.4 Ensem ble o f Identical M olecules

The easiest way to analyze the data is under the assumption that all the molecules 

are identical and will tunnel with the same probability, Px, for each resonance. N . If 

the fraction of molecules in the metastable well before sweeping past the transition is 

/o, then since each molecule has the probability, Px, of remaining in the metastable 

well, the number of molecules remaining will be

f i  = foPs- (48)

As the field is swept back down across the transition a second time, another 

set of molecules will tunnel. The fraction remaining after the second pass can be 

determined from the fraction remaining after the first pass:

h  =  h P s  =  Io(Pn )2. (49)

In general, after j  passes of the field, the fraction of molecules remaining in the 

metastable well will be:

f i  =  fo(P s)J (50)

Taking the logl 0  of both sides yields,

l°gio(/*) =  logio(/o) +  j  log 10(fV ). (51)

Thus a semi-log plot of the fraction remaining as a function of oscillation number, j ,  

should yield straight lines for each N . As can be seen in Fig. 55 this is clearly not the
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case. So the simple assumption that all the molecules are identical cannot explain 

the non-exponential relaxation of the oscillation data.

1 . 0 0 0
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Figure 55: Fraction of molecules remaining in the metastable well under the assumption of 
an ensemble of identical molecules should have an exponential dependence on the oscillation 
number, j . Since, the data is not linear on a semilog plot, the data is inconsistent with the 
notion that all the molecules are identical.

3.3.5 Probing th e  D istribution of Tunnel Splittings

The notion of a distribution can be used to fit the data in the following way. Under 

the assumption of a distribution of second order transverse anisotropy, when the 

system starts out at zero magnetic field there is an initial distribution of the tunneling 

parameter, E. Consider the case of the distribution found from the scaling technique 

discussed in Section 3.2.7,

fo (X E) =  (52)

where X g  =  — In (| E  | /2 D), X Q determines the maximum of the distribution and cr is 

the width. This distribution has been normalized to 1/2 since only half the molecules 

start out in the metastable well. After sweeping through the first resonance, the
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fraction of molecules remaining in the metastable well between X g  and X g  +  dXg,  

will be,

f i ( X g )  d X g  =  P i ( X g ) M X g )  dXg,  (53)

where Pi ( Xg)  is the probability of remaining in the metastable well for molecules with 

a tunneling parameter. Xg.  Integrating Eq. 53 over all possible tunneling parameters, 

will give the fraction of molecules remaining in the metastable well after having swept 

the field entirely through the transition,

r + oo
f i =  P x ( X g ) M X g ) d X g .  (54)

J—OO

If the field is swept back down, then the fraction of molecules between X g  and 

X g  +  d X g  changes again, this time it is,

f 2( X E) d X g  = P ( X g ) M X g )  d X g  =  ( P d X g ) ) 2 f o(Xg)  d X g , (55)

and the fraction remaining after having swept through the transition a second time 

is,
/ •+OC

(Pi (Xg) )2 f o ( X g ) d X g .  (56)
•OO

In general, the total fraction of molecules remaining in the metastable well, after 

having swept the field back and forth across the first transition j  times is,

r+oo
/ ,  =  /  ( Pi (Xg)Y fo(Xg)  dXg.  (57)

J  —oo

Care must be exercised when determining the fraction of molecules remaining 

for the other transitions. For higher N , the field is swept once through each of the 

X  — 1  transitions. So the fraction of molecules remaining in the metastable well, after 

sweeping the field back and forth across transition X , j  times is given by,

r+ oo  I

f s j  =  /  n W f e )  (p i(X b )Y  M X g )  d Xg ,  (58)
fc= 0

where n ^ o 1 Pk(Xg) determines how much of the distribution is remaining after hav­

ing swept through the previous N  — 1  transitions. Eq. 58 can be used to model the
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oscillation data. Different distributions, f 0{X e ), can be chosen and all the curves in 

Fig. 54 should be fit simultaneously by adjusting the parameters defining the shape 

o tfo (X E).

Fig. 56 shows the results of applying a distribution of the form, f ( X E) = 

e-(XE- x a)2 /4 <r2 The fitting function Eq. 58 captures the shape of the curves re­

markably well for all observed resonances. However, a  single value for the Xo could 

not be found. This could be due to the fact that the distribution may not be of the 

form chosen due perhaps to the existence of other symmetry-breaking terms in the 

Hamiltonian. The values of X 0  chosen for each N  in the fit are shown in Fig. 57. 

The value of a was not adjusted. If a were also adjusted then the fits would be 

even better. The values for X q and a agree with those obtained in the sweep rate 

dependence experiment.
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F igu re  56: Fraction of molecules remaining compared with the notion of a distribution 
of second order transverse anisotropy. The fit function of Eq. 58 is indistinguishable from 
the measured data for sill observed resonances.

Other fitting functions were chosen, for example a distribution that was Gaussian 

in | E  | /2 D. In this case it was possible to approximate all the curves with just one
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set of parameters. However, the fit for each curve was not as good as it is for Gaussian 

in X  = — In (| E  | /2 D). This indicates that there probably is a distribution but it is 

neither Gaussian in Xg, nor is it Gaussian in | E  | /2 D. This issue requires additional 

research.
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F igu re  57: Fitting parameters used to fit oscillation data. The values for Xo and a  agree 
with those obtained in the sweep rate dependence experiment.

3.3.6 S u m m ary  o f O scilla ting  F ie ld  E x p e rim e n t

In summary, the dependence of the measured tunneling probability on the amount 

of magnetization remaining in the metastable well was studied by sweeping the field 

back and forth across each transition. The fraction of molecules remaining in the 

metastable well after each sweep through the resonance was shown to be inconsistent 

with the model of an ensemble of identical molecules. It was also shown that the 

data could be analyzed in terms an arbitrary distribution. A Gaussian distribution 

in X  =  — In (| E  \ /2D ) as predicted in Section 3.2 gave an approximate fit to all the 

data simultaneously. When used to fit the data  of a single curve, the fit is remarkably 

good. Thus the oscillating field experiment provides additional verification of the
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finding that tunneling of magnetization in Mni2 -acetate is dominated by second order 

transverse anisotropy and that there is a distribution of tunnel splittings.
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4 C onclusion

4.1 Sum m ary o f  R esearch

The research presented describes three experiments performed on crystals of Mni2 - 

acetate. The first was a  detailed measurement of the temperature dependence of 

the magnetization. The transition from thermally assisted tunneling to ground state 

tunneling was studied. An abrupt transition to ground state tunneling was observed. 

Also, the puzzling phenomenon of the suppressed ground state was discussed. The 

latter suggests there is a distribution of tunnel splittings.

The second experiment measured the dependence of ground state tunneling on 

sweep rate. It was found that the notion of an ensemble of identical molecules was 

inconsistent with experiment. The theory of Chudnovsky and Garanin showed that 

a distribution of tunnel splittings leads to a scaling law for systems dominated by a 

single tunneling process. It was found that the data  could in fact be described by a 

distribution of second order transverse anisotropy which gives rise to a distribution of 

tunnel splittings. It was also shown that with a broad distribution of tunnel splittings, 

the heights of the plateaux in the magnetization curves should be interpreted as a 

measure of the fraction of molecules in the distribution that tunnel fast enough for 

each transition, rather than as a measure of the probability of tunneling. The second 

order transverse anisotropy could derive from the presence of dislocations or the fact 

that there are several isomeric forms of molecules of Mni2 -acetate. Implicit in both the 

theory of dislocations and the chemistry of isomeric forms, is the expectation that 

there is also a distribution in longitudinal anisotropy. The widths of the peaks in 

dM /dH  were shown to depend in a way consistent with a distribution in longitudinal 

anisotropy. This analysis led to an estimation of the combined effects of a distribution 

of dipolar and hyperfine fields.

The third experiment measured magnetic relaxation as the field was swept back 

and forth across each resonance. It was found that the data was inconsistent with

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



86

the notion of an ensemble of identical molecules. It was also shown that the data 

could be analyzed in terms of an arbitrary distribution. A Gaussian distribution in 

X  = — In (| E  | /2 D) as predicted in Section 3.2 gave an approximate fit to all the data 

simultaneously and gave a distribution similar in size as the one found in the sweep 

rate experiment. Thus the oscillating field experiment provides additional verification 

of the finding that tunneling of magnetization in M n^-acetate is dominated by second 

order transverse anisotropy and that there is a distribution of tunnel splittings.

4.2 Future Research

The discovery of a distribution of transverse anisotropy has had a measurable impact 

in the field of single molecule magnets. Since its publication, several authors[80, 

81, 82, 62] have published results supporting this claim. The idea of a distribution 

provides a simple explanation of many puzzling aspects of the behavior of Mnio- 

acetate. For example, in relaxation measurements the magnetic field is swept to a 

fixed value and then the magnetization is monitored as it relaxes toward equilibrium. 

The magnetic relaxation is non-exponential[36, 20]. YVernsdorfer et al. reported that 

the magnetization for Feg has a >/t-dependence[83] as it relaxes toward equilibrium 

for short times and then displays an exponential relaxation at longer times. However 

for Mni2 -acetate, a \/t-dependence was not found[55, 84] and the long time tail is not 

strictly exponential[36, 85]. These data should be reanalyzed in terms of a distribution 

of tunnel splittings. Perhaps a distribution of second order transverse anisotropy can 

explain these unexpected deviations.

A second area that needs to be investigated further is the puzzling behavior 

found by YiCheng Zhong, a former student of Myriam Sarachik at City College of 

New York. In relaxation measurements he found that the lineshape determined from 

the relaxation rate measured at different small longitudinal fields centered around 

the N  =  0 step develops a peculiar shape as a function of transverse field. His
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observations are consistent with the presence of two different processes and may be 

due to a transition from tunneling arising from a broad distribution of second order 

transverse anisotropy to tunneling induced by the transverse field.

A third area that needs further investigation are the oscillating field experiments. 

The fractions of molecules remaining after each oscillation of the field are essentially 

integral transforms of the distribution of the tunnel splittings. Even though inverting 

the integral transform is an ill-posed problem, perhaps the added constraint that each 

resonance probes the same distribution will facilitate inversion of the integral trans­

form. If this is possible, then the oscillating field experiments will directly measure 

the distribution of tunnel splittings.

The above ideas are applications of the notion of a distribution of tunnel split­

tings to recent measurements in Mni2 -acetate. The techniques developed during the 

experimental stages of this research can be easily applied to rapidly characterize new 

single molecule magnets. Interesting candidates are variants of \ I 1i4 . With the tools 

in place, many different single molecule magnets can be analyzed quickly.

All these ideas can be applied now to existing materials. However, in the long 

term it will be necessary to move away from bulk crystals and study individual 

molecules. To this end it will be profitable to arrange the single molecule magnets 

in an array so that each molecule can be individually addressed. This will permit 

development of the application of single molecule magnets as the building blocks for 

molecular based memory storage devices or even quantum computers. Standard pho­

tolithographic techniques may not provide the best means to this end. An alternative 

approach is to develop the chemistry of self-assembled nano-structures. This is long 

term goal, but hopefully will be achieved one day.
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