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Abstract

Nanomagnetic systems and transitions between magnetic states are currently an active
topic of research. Spintronics is, in particular, a new branch of science and technology
where spin degrees of freedom and spin currents are used in an analogous way as
electron current in electronic devices. The development of techniques for constructing
magnetic systems with near atomic-scale precision opens the possibility of using quan-
tum coherence in magnetic states for quantum computing devices. Quantum mechanical
tunneling from one magnetic state to another is an important topic in that context. In
this thesis, the tunneling between magnetic states is studied from the point of view
of instanton theory. An instanton is an optimal tunneling path, corresponding to a
solution to the equation of motion in imaginary time. A method for finding instantons
in magnetic systems at finite temperature is presented. It is used to find the crossover
temperature from over-the-barrier transition mechanism to tunneling. In some cases
the crossover is abrupt, a first order transition, while in other cases it is more gradual,
a second order transition. The latter is referred to as thermally assisted tunneling. A
test problem including a single spin with a easy axis and applied transverse magnetic
field is studied where the crossover changes from first to second order as the strength of
the applied magnetic field is increased. The instanton is used to estimate the crossover
temperature as well as the activation energy for thermally activated tunneling as a func-
tion of temperature. A general expression is presented for the crossover temperature
in second order transitions where the only input is the second derivative of the energy
of the system with respect to the orientation of the magnetic moments at the first order
saddle point in the energy surface. The over-the-barrier transition rate and crossover
temperature for tunneling is estimated for a monomer and dimer of a molecular magnet
containing a Mng group and the results found to agree well with experimental data.
An application to the annihilation of a magnetic skyrmion shows that a crossover tem-
perature for tunneling can be obtained at over 1 K for a certain range of values for the
parameters in the Hamiltonian.






Utdrattur

Nandsegulkerfi og breytingar 4 milli seguldstanda eru 6flugt rannséknasvid um pessar
mundir. Spunatekni er t.a.m. ny grein visinda og taekni par sem spunafrelsisgradur
og spunastraumur eru notud 4 svipadan hatt og rafstraumur 1 rafeindataekni. Taeknin
sem hefur verid préud til ad bua til segulkerfi med nastum atom ndkvemni gerir pad
mogulegt ad nota skammtasamspil segulkerfa { skammtatolvum. Skammtafraedilegt
smug frd einu seguldstandi til annars er einnig mikilvaegt atridi i pessu samhengi. |
pessari ritgerd er smug milli seguldstanda rannsakad med snareindaadferdinni. Snareind
er besti smugferillinn og samsvarar lausn 4 hreyfijofnunni { tvinnt6lu tima. Adferd
til ad finna snareindir { segulkerfum vid endanlegt hitastig er préud og notud til ad
finna umbreytingarhitastigid par sem hvarfgangurinn breytist tir hoppi yfir orkuhdlinn
i smug gegnum hélinn. [ sumum tilfellum er umbreytingin skorp, p.e. fyrsta stigs, en
i 6drum tilfellum er hiin meira aflidandi, p.e. annars stigs. I sidara tilfellinu er um ad
reda varamadrifid smug. Préfdemi par sem stakur spuni er med audveldan stefnuds og
segulsvid er lagt pvert 4 dsinn er rannsakad en par feerist umbreytingin ur pvi ad vera
fyrsta stigs 1 ad vera annars stigs vid pad ad styrkur svidsins er aukinn. Snareindin er
notud til ad meta umbreytingarhitastigid sem og virkjunarorkuna fyrir varamadrifid smug
sem fall af hitastigi. Almenn liking fyrir hitastigid vid annars stigs umbreytingar er leidd
ut par sem koma fyrir adrar afleidur orkunnar med tilliti til stefnuhorna segulvigursins
i fyrsta stigs sodulpunktinum 4 orkuyfirbordinu. Hradi hopp-yfir-h6l hvarfgangsins
og umbreytingarhitastigid er metid fyrir stakan Mn4 sameindarsegul sem og tvennu
og nidurstédurnar eru 1 g6du samraemi vid tilraunanidurstodur. Reikningar 4 eydingu
segulskyrmeindar syna ad umbreytingarhitastigid fyrir smug getur verid yfir 1 K fyrir
tiltekin gildi 4 stikunum { Hamiltonvirkjanum.






Table of Contents

Abstract iiii

Utdrattur v

Table of Contents vii

List of publications ix

Acknowledgments Xi
1 Introduction 1
2 Classical Transitions 5
2.1 Molecular Magnets . . . ... ... .. 6
211 Macrospin approximation . . . . ... ... .. 6
2.2 Transition State Theory for Magnetic Systems . .. ................ 7
2.2.1 Calculation of the pre-exponential factor in the transitionrate . . .. ... ... 10
222 Quantum corrections to HTST . . . . . . . .. ... ... . . ... 11
3 Tunneling in magnetic nanosystems 13
3.1 CoherentStates . .. ......... . . e 15
3.1.1 Spincoherentstates . . . . . .. ... 16
3.2 Spin Coherent State Path Integral (SCSPI) .. ....... .. ... ... ... 17
3.3 Semiclassical approximation, instantons . . . . ..... ... .. .. L. 20
3.4 Applications . . . . . ... 26
3.4.1 Uniaxial single spinsystem . . . . ... ... .. .. ... .. .. .. .. .. .. 26

4 Calculation of the onset temperature for tunneling in magnetic systems 29

4.1 Derivation of the onset temperature formula . . . ... .............. 30
4.2 Applications . . . . . .. 32
421 Mng molecular magnet . . . . ... 32
422 Magnetic skyrmion . . . . . ... 33
5 Conclusions 37
Article | 39
Article Il 59
Article lll 69

References 89






List of publications

Publications included in the thesis

1. S. Vlasov, P. F. Bessarab, V. M. Uzdin and H. Jénsson, Classical to quantum me-
chanical tunneling mechanism crossover in thermal transitions between magnetic
states, Faraday discussions 195, 93 (2016).

2. S. M. Vlasov, P. F. Bessarab, V. M. Uzdin and H. J6nsson, Calculations of the
onset temperature for tunneling in multispin systems, Nanosystems: Physics,
Chemistry, Mathematics 8, 454 (2017).

3. S. M. Vlasov, P. F. Bessarab, V. M. Uzdin and H. Jénsson, Instantons describing
tunneling between magnetic states at finite temperature, (submitted for publica-
tion).

Publications not included in the thesis

1. S. M. Vlasov, P. F. Bessarab, V. M. Uzdin and H. Jénsson, Crossover temperature
for quantum tunnelling in spin systems, Journal of Physics: Conference Series
741, 012183 (2016).






Acknowledgments

Above all else, I would like to thank my scientific advisors, professor H. Jénsson and
professor V. M. Uzdin. They provided me with this fascinating project some years ago
and have been navigating me through the deep sea of science for all this time.

I want to acknowledge I. Lobanov and P. Bessarab for the helpful discussions and
significant extending my understanding of the subject. In addition, I am grateful to my
colleagues and mates, S. Liashko, G. Miiller, E. J6nsson and many others who helped
me to keep the motivation strong and without whom this road would not have been so
exciting. Their contribution hardly can be overestimated.

Finally, I want to express my sincerest appreciation to my dear family and all my
friends who have supported me through the years.

X1


Sergei Vlasov






1 Introduction

From its foundation in the 1920s, quantum mechanics has changed our understanding of
the world at the atomic scale. When the distance between atoms is of the order of the de
Broglie wavelength, quantum laws take over and the classical description of the world
does not valid anymore. It is not possible to measure both position and momentum
of a particle simultaneously with infinite precision as described by the Heisenberg
uncertainty principle. Moreover, two or more identical particles with a half-integer spin
cannot occupy the same state according to the Pauli exclusion principle. This leads to
the exchange interaction, a purely quantum phenomenon.

Although quantum effects in macroscopic systems need to be considered in order
to provide an adequate description of the system, it is usually enough to use a quasi-
classical description. For instance, electrons in metals have a wavelength of A =
h/v/mkT in the free particle approximation. This is of the same order as the distance
between atoms even up to a temperature of 10* K. Thus, electrons in metals form
a degenerate Fermi gas within the most relevant temperature range and the Fermi-
Dirac distribution of the occupation of energy levels has the form of a step function.
Nevertheless, the quasi-classical theory of Drude-Lorentz based on a phenomenological
description of quantum effects describes the conductivity in metal systems quite well in
most cases. There are, however, important cases where quantum behaviour manifests
itself at the macroscopic level. One of such example is quantum mechanical tunnelling
through a potential barrier.

The scanning tunneling microscope is made possible by the tunneling of electrons
between a metal surface and a tip. As a result, crystal surfaces can be imaged with
atomic resolution. Also, tunneling through a thin dielectric layer in three-layer systems
and the effect of tunnel magnetoresistance, is the basis of recording and magnetic sensor
devices. The functionality of these systems is based on the tunneling of electrons —
microscopic particles. Their quantum mechanical behaviour can be observed only when
they interact with macroscopic measuring devices.

Quantum tunneling can also be responsible for the change in the orientation of
magnetic moments from one stable magnetic state to another. This has, for example
been observed for molecular magnets — compounds of several 3d metal atoms that form
a single macrospin, also known as a giant spin. The quantum mechanical behaviour can,
in particular, been seen in “’steps” in the hysteresis loops.

Spin systems and transitions between magnetic states are receiving growing attention
not only from a theoretical but also practical point of view. They are used in computer
memory devices and vairous other applications. A new branch of science and technology
has appeared recently — spintronics spin degrees of freedom are used in an analogous way
as electrons in electronics. Spin dynamics are governed by Landau-Lifshitz equations
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1 Introduction

of motion within a quasi-classical approximation. These are first order equations and
as a result, spin systems have no inertia. Therefore, devices based on spintronics can
operate faster than their analogs based on electron current. The storage of information
in non-volatile memory devices, where information is kept even when the device is
switched off, is one important application area. Another area is the technology of
atomic-scale magnetic systems [1, 2] that can keep and use quantum coherence of
magnetic states for use in devices for quantum computing. At the present time, there are
several of candidates for such devices ranging from metals to organic semiconductors
[3, 4, 5].

As magnetic devices are becoming smaller and smaller, the question arises about
stability of the magnetic states. The stability of a magnetic state against thermal
fluctuations at a finite temperature is an important issue in the theory of magnetism
[6, 7]. If a system escapes from a prepared stable or metastable state due to thermal
fluctuations, the information recorded will be lost. For reasonably stable states, thermally
activated transitions over an energy barrier are rare events on the time scale of the
vibrations of the spins. This makes direct simulations of such transitions to evaluate
the transition rate difficult or even impossible. However, the separation of time scales
makes it possible to use transition rate theory (TST). Furthermore, by harmonic TST
(HTST) can in many cases be applied in a harmonic to estimte magnetic transition
rates and the lifetime of a magnetic state [7, 8, 9, 10]. This approach is based on
an analysis of the multidimensional energy surface, i.e. the energy as a function of
the direction of the magnetic moments (or spins), represented by spherical angles or
cartesian coordinates. Stable and metastable states correspond to minima on the energy
surface. The minimum energy path (MEP) between two local minima represents the
mechanism for the transition between the corresponding states. Within an adiabatic
approximation, the length of the magnetic vector is assumed to be constant or is
calculated using self-consistent calculations for fixed values of the angles specifying
the orientation which are treated as slow variables [10, 11, 12].

The maximum along an MEP corresponds to a first-order saddle point on the energy
surface. The MEP does not correspond to a dynamical trajectory but it is the path with
highest statistical weight. The lifetime of a magnetic state typically has an Arrhenius
dependence on the temperature. By using HTST, it is possible to obtain the parameters
in the Arrhenius law, both the activation energy and the pre-exponential factor, from
an analysis of the energy surface of the system. The activation energy, i.e. the height
of the energy barrier, is the difference between the energy at the saddle point and at
the initial state minimum. The pre-exponential factor depends on the eigenvalues of
the Hessian evaluated at the saddle point and at the minimum. In many cases, HTST
has been shown to give accurate estimates for rates of magnetic transitions. However,
it is approximate and the most severe approximation is typically the no-recrossing
assumption of TST. Corrections to the HTST rate estimate can be evaluated from short
time trajectories started at the transition state. Efficient methods for evaluating such
dynamical corrections even for flat energy barriers have been presented [13].

At low enough temperature, quantum tunneling through the energy barrier becomes
the dominant mechanism of a transition between stable states (or escape from the
metastable state). In this low temperature tunneling regime, the rate depends only
weakly on temperature or is independent of temperature. Thus, it is important to the



temperature at which tunneling becomes the dominant transition mechanism. This is
referred to as the crossover temperature between over-the-barrer mechanism to quantum
mechanical tunneling. At below the crossover temperature, T., quantum tunneling
is the dominant transition mechanism, while above T, the over-the-barrier transition
mechanism dominates. This crossover can in some cases be abrupt to a temperature
independent rate and is then referred to as first order. In other cases, it is smooth and
activation energy drops more gradually to zero, in which case it is referred to as second
order. There, the tunneling is thermally assisted. The shape of the energy surface
determines which type of crossover occurs [14].

In some cases, a mapping can be made between a magnetic system and a corre-
sponding particle system [15]. Then, methods developed for particle systems can be
applied to estimate rates of magnetic transitions. This approach is known as the effective
potential (EP) method and it has been used in several theoretical studies of systems
with uniaxial and biaxial anisotropy [16, 17, 18, 19, 20]. However, there are no known
methods for EP for systems with higher-order anisotropy, such as fourth-order [21],
while it can affect the tunneling rate significantly [22, 23].

As part of this thesis work, a method was developed for evaluating the second order
onset temperature for tunneling in a system with an arbitrary number of spins, see articles
I and II. The required input for the calculation are the second derivatives of the energy
with respect to the orientation of the magnetic vectors at the first order saddle point
on the energy surface characterizing the classical remagnetization mechanism [24, 25].
The method is general and is applicable to Hamiltonians with higher-order terms. The
application of the method to a monomer and a dimer of molecular magnets containing a
Mny group gave excellent agreement with reported experimental measurements.

Instanton theory is frequently used to estimate quantum tunneling rates in particle
systems. The theory is based on the quasi-classical approximation of Feynman’s path
integrals (FPI). In this approach, diagonal elements of the density matrix p(B) = e P,
included in the partition function expression, are split into multipliers by dividing the
interval B = 1/T on N segments € = /N

p(B)=¢ M .e7¥H  omtH, (1)

One can think of 8 as an imaginary ”time” interval in this case, and the particles
move in closed trajectory with the period 8. This trajectory is a classical path, i.e.
a solution of the equation of motion in “imaginary” time, T = it. It is referred to as
instanton. When in the classical case there is no classical trajectory for which a particle
appears on the other side of the barrier, the quantum mechanical theory provides such a
solutions via tunneling.

The instanton approach is widely used in quantum field theory and is increasingly
used in chemistry and condensed matter physics. It has, however, not been used
significantly for the analysis of magnetic transitions. There, it is necessary to use
coherent state path integrals (CSPI) CSPIs for magnetic systems contain a topological
term, a Wess-Zumino term corresponding to a Berry phase. It can cause interference
between different instantons. In practice, this effect can be observed as oscillation of
the tunneling rate. Such behavior was seen in an Feg molecular magnet [23].

The task of finding instantons is non-trivial but important for an analysis of the
crossover temperature and the tunneling rate. In particle systems, instantons are first-
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order saddle points on the Euclidean action surface. They can, therefore, be located
using NEB method as the point of maximum action along the minimum action path
(MAP) [26] or by using saddle point search methods such as the minimum mode
following method. However, methods developed for finding instantons in particle
systems do not work for magnetic systems because the action corresponding to CSPIs
is a complex-valued function. The taks is there to find stationary points of the complex-
valued action. A method for doing that was developed in the thesis project and it was
applied to the uniaxial spin system (see article III). The method can readily be extended
to multi-spin systems.



2 Classical Transitions

This chapter deals with classical thermally activated transitions in magnetic systems,
i.e. the over-the-barrier transition mechanism. First, the methodology for analysis of
transitions in atomic systems is reviewed briefly. The transition from one stable state of
the system to another is typicalle a rare event, in the sense that transitions occur rarely on
the time-scale of the vibrations. Thus, the problem of time scales arises: The calculations
of classical dynamical trajectories cannot be carried out long enough to be used for
analysis of the transitions. Instead, a statistical approach is needed. One such approach
is transition state theory (TST). It was initially formulated for chemical reactions by
Wigner [27]. A key concept is the dividing surface, a (D — 1)-dimensional subspace,
where D is the dimensionality of the system, dividing the initial state configurations
from all other configurations. The dividing surface should be located in such a way that
every classical trajectory going from the initial state to some other state needs to go
through it. TST assumes that if the system is at the dividing surface and is moving away
from the initial state, then it is a reactive trajectory abd a transition will occur. Thereby,
TST ignores recrossing transitions where a trajectory crosses the dividing surface two
or more times. Other assumptions of TST are: Adiabatic separation of electronic and
nucleiar degrees of freedom, classical equations of motion and thermal equilibrium
with a heat bath, i.e. the energy is Boltzmann distributed in the initial state. If one
approximates the energy function in the vicinity of the initial state minimum and in the
vicinity of the saddle point on the energy surface then an analytical expression for the
transition rate can be obtained. The expression contains eigenvalues of the Hessian of
the energy function at the minima and the saddle point.

The theory developed by Kramers is similar although it starts from a different
formulation [28]. The main difference is that the expression by Kramers includes an
estimate of the effect of recrossing trajectories within an approximation based on a
Brownian motion approach. Using Langevin dynamics, he showed the rate in a presence
of a buffer gas or a solvent is a function of solvent viscosity. This theory was generalized
to multidimensional systems by Langer [29]. Subsequently, the theory of activation
transitions was reformulated for the description of different processes, like first-order
phase transitions, a relaxation of liquid crystals, etc. It should be pointed out that the
approach by Kramers only takes into account part of the recrossing trajectories. The
shape of the energy surface, in particular curvature of the MEP, can lead to recrossings
which are not taken into account in Kramers theory. The full effect of recrossing
trajectories is, however, included when dynamical corrections to TST are calculated
from short time trajectories started at the transition state.

These rate theories that were developed originally for estimating rates of chemical
reactions have been adapted to magnetic transitions. By using Langer’s method, Braun
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2 Classical Transitions

investigated domain wall propagation in magnetic systems [7]. Recently, an expression
for the rate of magnetic transitions within HTST where the flux through the transition
state is obtained from Landau-Lifshitz equations of motion has been presented [10]. It
has, for example, bee applied to transitions involving non-collinear magnetic systems
such as skyrmions.

2.1 Molecular Magnets

Molecular magnets or single-molecule magnets (SMM) are compounds with a magnetic
core that contains one or several metal ions with unpaired electrons surrounded by
organic ligands. The strong spin-spin interaction leads to conservation of the relative
spin direction of the electrons in the metal atmoms. The the SMM can therefore be
represented by a single magnetic momentum vector. Various differenent SMMs have
been synthesized. However, most studies have been carried out for three types. Perhaps
the most popular type are compounds continaining twelve manganese atoms and acetate
ligands — [Mnj;-ac] [30]. The other two types are [Feg] [31] and [Mny4] [32].

From a physical point of view, SMMs exhibit both classical and quantum properties.
They demonstrate the whole series of quantum effects from quantum tunneling of
magnetization [33, 34] and Berry phase interference [23] to quantum coherence[35]
that can be useful in spintronics. SMMs can be used as two-level qubits in quantum
computers and also as magnetic refrigerators (magnetocaloric effect) in electronic
devices at cryogenic temperature.

2.1.1 Macrospin approximation

SMMs are usually described within the macrospin approximation, also known as the
giant spin approximation. For example, the Mn, compounds have one Mn** ion with
spin of j = 3/2 and three Mn3* ions with spin of j = 2. The cluster has a total spin of
j=9/2, due to ferromagnetic interaction between the Mn’/’ ions and antiferromagnetic
coupling with the Mn’V. The effective Hamiltonian for the description of the energy
levels is

A=-DS?—BS}+C($1+8*) —gusH S, )

where D, B, and C are parameters for anisotropy energy terms up to fourth order. The z
axis coincides with the axis of quantization and is responsible for the appearance of an
energy barrier between the two degenerate ground states. This approximation works at
temperature below 30 K [36].

In the present work, the macrospin approximation and an effective Heisenberg
Hamiltonian is used, using parameters obtained mainly from experimental measure-
ments. A more fundamental description of the states of a magnetic system can be based
on the non-collinear Alexander-Anderson model (NCAA) [37, 38] or density functional
theory (DFT) [39, 40]. Atomic units are used with e = m, = i = 1, Bohr magneton
of up = 1/2. The magnetic moment of the SMM is = gjug/h = gj/2j, where g is
Lange’s factor.



2.2 Transition State Theory for Magnetic Systems

2.2 Transition State Theory for Magnetic Systems

Let us consider a magnetic system with multiple spins interacting with each other. It is
convenient to switch to phase variables when describing the energy of the system. We
will use a unit vector fi defining the direction of the spin in space. The operators S,
Sy and S, correspond to spin projections onto x-, y-, and z-axis. We will use spherical
polar coordinates @ = {61,0,,...,6y,01,02,...,¢y}. The length of fi is always equal
to one and spin operators have the following form

J
, = jsin@sing, 3)
J

The energy of the system is a smooth function of .
The classical over-the-barrier transition rate can be evaluated by using HTST adapted
to magnetic systems. The equation is

THTST — v o=AE/ksT )
where Vv is the pre-exponential factor depending on the curvature of the energy surface
in the initial state and in the transition state. AE is the activation energy of the transition
from the initial state to the final state.

In order for the intial state to have long enough lifetime for Boltzmann distribution
to be established and maintained, the height of the barrier has to be significantly higher
than thermal energy, AE >> kT . Nevertheless, owing to thermal fluctuations, the system
can receive enough energy to jump over the barrier. In order to estimate the rate of such
rare events, we need to evaluate the activation energy and the pre-exponential factor.

The initial and final states correspond to minima on the energy surface. The
transition between these states can be characterized by the path in the configuration
space where the energy along is minimal with respect to transverse directions. Such a
path is called minimum energy path (MEP). According to HTST, the point on the MEP
with the highest energy, E", a first-order saddle point @ = ®" on the energy surface,
gives an estimated of the activation energy AE = E' — E,,, where E,, is the energy at the
initial state minimum. The transition rate has an Arrhenius dependence on temperature
as in (4).

There are several ways to find MEPs and saddle points. One of the most popular
is the nudged elastic band (NEB) method [41, 42]. It can be used for finding an
MEP when both the initial and final states are known. The method is based on a
discrete representation of the path as a sequence of replicas of the system located in the
configurational space. As an initial guess, an arbitrary path connecting the two fixed
endpoints is used. It usually corresponds to coherent remagnetization. Then, an iterative
algorithm is applied to move the replicas to the MEP. The displacements follow the
effective force B

Fl = —VE(ay)|| + (F- %), 5)

where E(;)|, is the component of the gradient transverse to the path and 7; is the unit
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vector directed along the path at the i-th replica

ti=d;/|d,
A W — @ O — O
o~ fa—e ©
F; is a spring force used to distribute the replicase evenly along the path
Fi = k(|@is1 — o] — |@; — ;—1]), (7

where £ is the spring constant. The value of k is chosen to make the two components of
the efficient force of the same order of magnitude. The optimization leads to E(@;)|, =
0 which means the path becomes an MEP. The relevant saddle point corresponds to the
maximum energy along the MEP.

Despite the fact, that spherical coordinates automatically conserve the length of the
magnetic moment vector, they have one disadvantage, namely the degeneracy in the
¢ coordinate at the poles, 8 = 0, w. Therefore, if one of the images lies in the vicinity
of a pole, it is better to use Cartesian coordinates. MEPs for magnetic transitions can
be found by using the geodesic nudged elastic band method (GNEB) [43]. This is a
modification of the original NEB method where the distance between the replicas is the
geodesic distance on a sphere and where an additional projection of the tangent and the
forces is applied in order to preserve the length of the magnetic momentum.

Saddle points can also be found by starting only from the initial state without
including information about a final state. This can, for example, be done with the
minimum mode following method where the minimum mode is found using the dimer
approach [44], Lanczos [45], or Raileigh-Ritz [46]. These three methods share a
common feature, they do not require an explicit form of the objective function and they
are based on a modification of the gradient and the Hessian of the energy function in
such a way that the modified force around the saddle point corresponds to that of a
minimum. Another method for finding a saddle point is the one by Dewar, Healy and
Stewart [47] where two images of the system move toward each other from regions of
the reactant and product until they met in the saddle point.

An MEP shows how the remagnetization change during a transition. It shows, for
instance, whether all spins rotate simultaneously or whether a domain wall or soliton is
formed [7, 12]. A remagnetization transition involving the formation of a domain wall
in an iron monolayer on W(110) surface is shown in figure 2.1. Two cases are shown,
one where the long axis of the island is directed along the anisotropy axis (upper) and in
the other where it is orthogonal to the anisotropy axis (lower). In both cases, the energy
barrier is nearly flat at the top. The MEP was found using the GNEB method [43].

Sometimes an MEP goes through several intermediate metastable states. This
behavior can be seen in a chain of iron atoms on a CuN substrate [49]. The energy of
the chain of 8 iron atoms with spin j = 2 is described by the function

E(w)= D% cos® 0) + Bjgcos 6+

[Dj2 cos? 6; + B j i cos 0;+

o

||
)

1

K 'z(cos 0;cos 0;_1 + sin 6; sin 6;_; cos(¢; — ¢,»_1))} , (8

~
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Figure 2.1. Calculated MEP for remagnetization in an iron islands on W(110) surface.
Both the direction and length of magnetic moments were obtained using self-consistent
calculations within the NCAA model [11, 48]. Color indicates the length of a magnetic
moment of a single iron atom. The orientation of the anisotropy axis, K, is also shown.
The long axis of the island is along (bottom) or perpendicular (top) to the anisotropy
axis. In both cases, the MEP has a plateau at the top of the energy barrier, i.e. the
energy is almost constant in this region as the domain wall propagates along the island.
The picture is taken from [24].
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where D = 1.55 meV is the anisotropy constant, B =1 T is the applied magnetic field,
and K = 1.3 meV is the Heisenberg exchange interaction. The plot of the energy along
the calculated MEP has a zigzag form, see figure 2.2. The strong anisotropy leads to a
mechanism for the remagnetization where individual spins are flipped one by one.

10
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Figure 2.2. Calculated MEP for the remagnetization in a chain of 8 iron atoms on a
CuN surface. The parameters of the system are taken from [49]. The graph shows how
the system goes through several metastable states (local minima along the MEP). Such
behavior is common for systems where the anisotropy energy is significantly larger than
the exchange energy.

2.2.1 Calculation of the pre-exponential factor in the transition rate

The HTST expression for the pre-exponential factor contains eigenvalues of the Hessian
of the energy at the saddle point &; ; and at the initial state minimum &, ; [10, 11, 12]

&)

Here, J' = J(@") and J” = J(®™) are Jacobians evaluated at the saddle point an at the
minimum, respectively, and = 1 /kgT. The lowest eigenvalue of the Hessian at the
saddle point &; ; is negative and is excluded from the sum in (9). Coefficients a; in (9)
are normal components of the velocity within the dividing surface. They can be found
from the Landau-Lifshitz equation of motion

diy; y OET
. S il
dt J aﬁj7

A

(10)
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or, in spherical coordinates with a quadratic expansion

, 1 X/ 9% J’ET ,
| = —— r + O i=1...N
%= Fsine 2\ 2600, % * 2600, %) ! "
|- ( J’ET J’ET
= —— O+ O ), i=1...N.
Jsim 9,' =1 8¢,8¢k 8(1),8 91<
Let V be the matrix corresponding to the system of equations (11)
i i i f
Eeyay .. Eogoy Eaga .. Eoyoy
jsin 6y jsin 6y jsin 6y Jjsin 6y
i ¥ i ¥
E9N¢o . E9N¢N E9N90 . E9N9N
e ey <o D
V = JS;_ N JS; N JS}I; N JSI;I}r N (12)
_ %% . %o0N _ %% .. %O
Jjsin6y Jjsin 6 Jjsin 6y Jjsin 6y
¥ T ¥ T
_ E¢N¢o o E¢N¢N _ E¢N00 L E¢N9N
jsin Oy jsin By jsin Oy jsin Oy

Then, it is necessary to transform V to a new basis consisting of eigenvectors U of the
Hessian at the saddle point

V,=U"'vU, (13)

where coefficients a; are placed in the row in V,, that corresponds to the negative mode.

Calculations of the rate of remagnetization in iron islands on a W(110) surface
[11] using this expression gave good agreement with experimental results [50]. The
calculations were performed both with the Heisenberg Hamiltonian and the NCAA
model[12]. With the NCAA model, it was shown that the length of the magnetic moment
of the various iron atoms in the island differ by about 10%, the larger value applying to
the rim atoms. Also, this HTST expression for the rate has been used for the analysis of
hysteresis loops in spring magnets [51], annihilation of magnetic skyrmions [52] and
interaction of a magnetic tip with an antiferromagnetic metal surface [53].

2.2.2 Quantum corrections to HTST

At low temperature and in nano-systems in particular, quantum mechanical effects need
to be taken into account even above the crossover temperature for tunneling. The reason
for this is the zero point energy due to confinement of the vibrations of the magentic
moments. This can, for example, reduce the height of the barrier significantly, analogous
to the kinetic isotope effect in chemical reactions. Within HTST this correction can
be accounted for by including zero point energy of the vibrational modes (magnon
frequencies) both in the initial state and in the transition state. In the transition state
the system has one less real magnon frequency than in the initial state. Therefore,
the effective activation energy is usually reduced by the zero point energy correction.
However, it is also possible that the frequencies at the saddle point are sufficiently higher

11



2 Classical Transitions

than at the initial state minimum that the energy barrier is actually increased. This is
referred to as inverse isotope effect. The effective barrier is given by

AE?PE — E(w1')+lNi"lv~ - E(wm)+1£v ; (14)
21-=1 T, 2i:1 8 )

where v; ; and v, ; are magnon frequencies [54, 55], calculated at the saddle point and
at the minimum, respectively. In the single spin case, they have the following form

25 92 2 2
1 0%E 0’E <8E> (15)

Ve — (= — | ——
jsin@ \| 062 9¢? d09¢
At the saddle point the frequency v will be purely imaginary and does not appear in
(14).
In the case of multi-spin systems, magnon frequencies can be found from the
following system of equations

det(iVI+V) =0, (16)

where I is the identity matrix and V is the matrix from (11).

12



3 Tunneling in magnetic nhanosystems

From a theoretical point of view, quantum tunneling arises due to non-commuting
observables in the system. In the case of a systems of particles, those variables are coor-
dinates and momenta, [x p| = i. For magnetic (spin) systems, they are the components
of the spin operator [S,,S = zs,l,kSk

The SF formalisn is one way of formulating a quantum mechanical version of
transition state theory. There, the transition rate is expressed as

I = —23F, (17)

where 3F is an imaginary part of the free energy F = —InZ/f.
The energy of the system in a metastable state can be described as

1
E, :E,(,)—iil"n. (18)
Then, the partition function takes the form

zZ= Ze EI=i0/2), (19)

Metastability requires the condition I';, < E,? and by virtue of this, the partition function
can be rewritten as

Z2=7+iZ" =Y e PE 1 i(B/2)Y The P, (20)

The real part of the partition function is defined by properties of the potential well, but
the top of the barrier (a transition state in a multidimensional case) defines the imaginary
part of the partition function. Letting Z' = Zy and Z" = 3Z,,, we write the resulting
expression for the transition rate as

I'= 2 % 21)

B Z

Equation (21) can be rewritten using the path integral formalism to find the tunneling
rate. This approach has important advantages. First of all, it is based on the intuitive
notion of a path along which the system travels from one state to another. Secondly,
the amplitude of the transition probability is given by the sum of contributions from all
plausible paths as exp(—Sg), where Sg = [ d7.%% is the Euclidean action that describes
the path

z= [ax) | oy PRI (=S Lx(2)). 22)
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3 Tunneling in magnetic nanosystems

Here, D[x(7)] is a measure over all closed paths. The variable 7 can be split into intervals
0=1 <7...7wy =, N — oo, in this case, D[x(7)] can be considered as the product
Qdx(1y)...dxy_1, where Q plays the role of a normalization constant. Thereby, the
path integral approach ties together classical and quantum theories. Another intriguing
property of a path integral is that it demonstrates clearly the connection between
statistical physics and quantum mechanics.

The partition function in (22) can be expressed through a trace of the density matrix

Z=Tr(p) = /dxp(xgc,ﬁ) = /dx(x\eiﬁﬁ\x% (23)

Where Tr stands for the trace. Thereby, if one makes the formal substitution T = it, one
can move from the partition function to an expression for the quantum propagator

A x(T)=x,
K= Cole ) = [ Dlx(o)]exp islx(e). N
x(0)=x4
that corresponds to the probability amplitude of a transition from the state with coordi-
nate x, to a state with x;, in time T.

This substitution is known as Wick’s rotation and it turns a Minkowski metric
(ds* = —(dt)* +dx?) into a Euclidean metric (ds® = dt? +dx?*). The Euclidean action,
Sk, may be considered as an action in imaginary time 7 = it. This technique plays a
central role in instanton theory because it makes trajectories that are forbidden in the
classical case be possible, i.e. tunneling paths.

In hindsight, it is impossible to formulate the path integral for a spin system in a
similar way as for a particle systems. The reason is that the Hilbert space of a spin does
not have continuously parameterized eigenstates corresponding to classical variables,
such as coordinates and momenta. For a system with spin j, there are 2 4 1 states that
are eigenstates of the S, operator: S.|u, j) = u|u, j), where u runs from —j to j.

At first sight, we only need to formulate the classical Lagrangian .Z for the spin
system in order to get the path integral. . requires canonical conjugate variables and in
the spin problem, they are p = cos 0 and x = ¢. The Lagrangian then can be written as

L =pi—H =dcosO—H(0,9). (25)

Unfortunately, this expression is ill-defined. To get the right formulation of the path
integral for magnetic systems one needs to use the basis of coherent states.

Many spin systems, such as the model of a uniaxial single ferromagnetic spin in a
transverse magnetic field [16], have been studied using the method of effective potential
[56, 15]. In the this method, one introduces a spin wave function using the S. eigenstates
and then transforms an eigenvalue equation H|y) = E|y) to a differential equation,
which is then reduced to a Schroedinger equation with an effective potential and a
possibly coordinate dependent mass. The energy spectrum of the spin system coincides
with the first 2j 4 1 levels of the resulting particle system, where j is the spin number.
Thereby, one can use the whole range of techniques developed for particle systems to
investigate spin systems. This technique is also referred as the spin-particle mapping
method.

However, the effective potential method has several disadvantages. First of all, this
method is not universal, there is no general way to construct the corresponding potential

14



3.1 Coherent States

and one needs to find it from scratch for each spin system. Furthermore, for a spin
systems described by a Hamiltonian with higher-order terms (cubic and higher), there
are no known strategies for the spin-particle mapping. However, many spin systems,
e.g. molecular magnets, are described by such Hamiltonians. Also, multi-spin systems
are difficult to treat. Apparently, only one study of spin-particle mapping for a two-spin
system has been reported [20]. Finally, the action of the corresponding particle system
does not contain a topological term (49) that is responsible for known interference
effects in magnetic systems [57, 58, 59]. This phenomenon cannot be investigated using
the effective potential method. Therebyj, it is essential to have an efficient method for
studying tunneling in spin systems without spin-particle mapping.

3.1 Coherent States

Coherent states were discovered by Schroedinger as harmonic oscillator states that
describe the dynamics as closely to the classical dynamics as possible. Today they are
actively used in various fields of physics, such as quantum optics, physics of superfluids
and superconductors, quantum field theory, and string theory. Coherent states, in most
cases, are a useful addition to or substitute for other physical representations of a system,
but in the case of spins, they are the only known way to develop path integrals.

The term — coherent states — was introduced by Glauber in his work on laser
beams [60]. Then, Perelomov elaborated and expanded on coherent states for different
physical and mathematical objects. He showed that it is possible to consider the task of
formulating coherent states as the part of group theory [61]. Thus, the mathematical
machinery was developed for the various tasks in mathematical physics. That is why
nowadays the coherent states of a harmonic oscillator are referred to as canonical
coherent states, in order to distinguish them from other systems.

These states form a basis of the annihilation operator d

dlz) = zlz), (26)

and because d is not a Hermitian operator (4 # @'), the eigenvalues, z, are in general
complex.
States (26) have the important feature that they minimize the Heisenberg uncertanty

((A%)%):((Ap)*). = —, VzeC. 27

If one rewrites z = ate'®, then the position of a coherent state in phase space can be
tracked by the coordinate and momentum of the classical oscillator with phase 6 and
amplitude |a|. As is shown in figure 3.3, the uncertainty is equal to the diameter 1/2 of
the disk in phase space. With a variation of a phase or an amplitude, the disk moves in
phase space without any deformartion. Thereby these quantum states are the nearest
thing to classical points in phase space.

A coherent state can be obtained by acting the displacement operator D(z) =
exp (za' —z*a) on the vacuum state

l2) = D(2)[0) = &4 ~<"40). 28)
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3 Tunneling in magnetic nanosystems

&

Figure 3.3. The coherent state in phase space. The area of the disk remains constant as
it movemes and the Heisenberg uncertainty remains minimal.

Another property of coherent states is that they form an overcomplete basis. That
means the set remains complete even after removing at least one eigenvector. Also, the
states |z) are not orthogonal. The scalar product (overlap) of coherent states can be
written as

(@) =exp{—(lz]* +||*)/2+27}, (29)

and therefore s
(2l2)PP = e 2T, (30)

3.1.1 Spin coherent states

As it was mentioned before, the basis of coherent states can be constructed for the group
other than Heisenberg group corresponding to the canonical coherent states. One such
group is the special unitary group SU (2) which describes a spin. The unitary irreducible
representation of this group is set by the integer or half-integer number j and has the
canonical basis |u, j). Generators of the group S, Sy, and S. define the algebra and
satisfy to commutation relations

S.,84] = +£84, [$-,84] = —28,, (31)

where §+ =S, + i§y are raising/lowering operators. Spin coherent states can be estab-
lished from the state |, j) with arbitrary u, however, we choose the state |J, j) because
it minimizes the dispersion of the Kasimir operator §> = §2 + Sf + S?:

AS? = j(j+1) = j = J. (32)
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3.2 Spin Coherent State Path Integral (SCSPI)

After that, consider the state labeled by the vector fi with unit length [62, 61],

) = 00X S| ) (33)

where 7 is a unit vector parallel to the quantization axis. It is convenient to choose
Ag=2=1(0,0,1) and 6 = /iy - A. Operator D(i) = exp(i6 (g x ) -S) is the displacement
operator similar to (28). Indeed, if we assume & = —(8/2)e™, then we get

D(§) =exp(6S1 —&*5-). (34)

The state |fi) can be expanded in the basis of |, j). By using spherical angular coordi-
nates 6 and ¢ for the parametrization of i we obtain

f CL (n OV (n O " peition
o.00= X\ Gty () (95) - 09

Or, with the substitution z = — tan geiq’,

1 . (2))!

I= N GG oo

Also we will need the closure relation (resolution of unity) that is given as
2 1
z a / di|h) (37)

Hence, we have enough instruments in our toolbox to derive the expression for the path
integral for magnetic systems.

3.2 Spin Coherent State Path Integral (SCSPI)

In this section we will briefly derive the expression for SCSPI. Mostly, we will follow
the presentation by Fradkin [62]. For an alternative derivation, see [63]. We will start
our analysis with the expression for the partition function

Z—=Sp(e /dn file B |q). (38)
As in the case of Feynman path integrals, we split the interval 8 in N parts
(Ale P1A) = lim (A| (1—eA)" @), (39)
N—yoo
where € = B /N. Then, we insert the resolution of identity (37) into every segment of

the interval and thus, the expression for the partition function will get the following
form

= hm/Hdu Ilk nk|(1—8H) \nk |> 40)
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3 Tunneling in magnetic nanosystems

where du(fiy) = (%) d*>nd(n® — 1) is the invariant integration measure and fip =
iy =, i.e. periodic boundary conditions are fulfilled.
Consider matrix elements from (40), up to the quadratic terms,

R AN a A (A | H A1)
| (1 —€eH)|hg_1) = (Dg|hy,_ (1—8”
< | ( ) | > < ‘ 1> <nk‘nk71>
<ﬁk|ﬁ|ﬁk1>)

41
(fi [y 1) @0

~ (fi|fie_1) exp (-8
The first term in (41) is not equal to zero since coherent states are not orthogonal. It
looks like a disadvantage of this approach, but as we will see later on, this property
leads to the important feature of the spin path integral — topological phase equivalent to
Berry phase[64]. Let us rewrite this term in a bit more convenient way as

iy =1 B ) <_€<nk|<nk>8— |nk1>>) W
Finally, in the limit € — 0 we get
z~ [ Dli(e)e . @)
where
B 0 . A
Se = | d G132 1)+ @A) @)
0 T

Now that we have the expression for the spin action, we can examine closely the
matrix elements. For the Hamiltonian, we need to obtain expectation values on the basis
of coherent states. Let us consider a simple example, H = S.. Using the expansion from
(35) we reformulate it as

. 0\% ¢ (2))! 6\ /" .
AG A 2 b 2 v : ;
0\% { 2))! 6\’
_ (cosz) y @i (tan2>
2) = GAm)(j—m)! 2
6\ 6 0\ 0\ ¥
_ 2 U 29 2 b . 2 v
= (cos 2) <2jtan 5 (cos 2> Jj (cos 2)
0
:—j+2jsin2§:—jcose. (45)
The same procedure can be performed for S, and Sy:
$.) =—jsinOcosg,
(Sx)=—J ¢ 46)

(Sy) = —jsinBsing.

Thus, there is a direct correspondence between expectation values of the quantum
Hamiltonian and a classical values.
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3.2 Spin Coherent State Path Integral (SCSPI)

As for the first term in (44), we will show later on that it plays the role of a Berry
phase [64, 7] related to the parallel transport of the Hamiltonian along the closed path.
With the parametrization from (35), we can write

2j Y 2j I
= oo (o) (anf) e iepd @

0\ . .
(pcsce—jtan2>9—ip¢] |—j+pJ), (48
and
A L P - P ; . :
<n|a—r|n> = —]tan§9+]tan§9 —ij(1—cos0)p =—ij(l—cosB)¢ (49)
hence, the partition function (43) gets the phase
B a . B .
exp (/ dT<n||n>> =exp <—ij/ dt(1 —cos@)q))
0 T 0
— exp <—ij/(1 _ cos e)dq)) , (50)
Jr

where T is a closed path described by the vector i = {6(7),¢(7)}. It is easy to see
that this term does not depend on the velocity and has a pure geometric origin. It is
proportional to the area of the section bounded by I" (see figure 3.4).

Figure 3.4. For the closed trajectory I, Berry phase (49) is proportional to the area of
the cap ¥ bounded by this trajectory.
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3 Tunneling in magnetic nanosystems

There is a mechanical analogy. We can think of fi(7) as the coordinate of a massless
charged particle moving on the unit sphere as time 7 evolves, and there is a magnetic
monopole with charge j is located at the center of the sphere. The contribution of the
electromagnetic exchange to the action usually has the following form

Son :/A.dﬁ, (51)

where A is the vector potential with the singularity at the pole that corresponds to a
Dirac string. Using Stokes theorem, we can rewrite (51) as a surface integral. Then,
Sem 18 given by the flux of the magnetic monopole through the area ¥ multiplied by the
charge j.

In examples from real life, the path can go through the pole, hence it is worthwhile
to have an expression of the potential A in cartesian coordinates

- A ﬁ() X 0l
Alf] = ————— 52

= s (52
where fi is an arbitrary unit vector that does not belong to the path fi(7). Thus, the
vector potential A is a gauge field.

3.3 Semiclassical approximation, instantons

In the semiclassical approximation, the path with the highest statistical weight in (43) is
a stationary point of the action. One needs to expand the action in Taylor series up to
the quadratic term. The obtained quadratic form in the exponent leads us to Gaussian
integrals that can be evaluated and give a pre-exponential factor. In general, there might
be several stationary points, in which case their contributions add up. However, for
the sake of simplicity, but without loss of generality, we will assume we have only one
stationary point.

The closed trajectory corresponding to the stationary point of the action is called an
instatnton. Thus, the integral (43) can be written as

Z- / DI(7)]eSF ~ Ke~Sim, (53)

where K is the pre-factor defined by the curvature of the action surface both in the stable
and transition states and S;,,; is the Euclidean action evaluated at the stationary point —
the instanton.

As it was shown in the previous chapter that the Euclidean action describing a spin
system with a spin j has the form

S|Q) = /l;/;dr [—ij(1—cos0)p+E(Q)], (54)

where Q = o(t) = (6(7),¢(7)) is the closed path on the energy surface E(Q). In
order to find the instanton, we need to search for stationary paths for (54), i.e. 65 = 0.
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3.3 Semiclassical approximation, instantons

Therefyre, a solution to the equation of motion is needed
i JE
~ jsin® 3¢’
b OE
~ jsinf 90’
where 0 and ¢ satisfy the boundary condition (0) = Q(f3). These are the Landau-
Lifshitz equations in imaginary time.
These equations have two types of solutions. The first one is trivial, @ = Q(0) = ay,

and corresponds to a stationary point on the energy surface, Eg = E(@y). If we take the
saddle point as the stationary o' = (87,¢7), we get

Sjump = BE(0") = BE™. (56)

(55)

This solution corresponds to the classical transitions over the barrier at higher tempera-
ture.

The second type is an instanton, it is a closed path connecting two wells of the
potential. In the limit of zero temperature T — 0, i.e. 8 — oo, it corresponds to quantum
tunneling from the ground state. With rising temperature, the amplitude of the instanton
is reduced until it collapses to a point. It is easy to show how the potential energy
E[Q(7)] is conserved along the instanton. It suffices to take the time derivative of E and
insert it into (55). As a result, we will get

d£:8£9+8£¢: ! 87E87E7¥87E87E 0. (57)
dt 0J6 29
In contrast to atomic systems, where the full energy is conserved, i.e. T 4+ U = const,
there is no kinetic energy in magnetic systems. Therefore, if we want to find the path
that satisfies the boundary conditions and is a solution of (55), we must consider the
analytic continuation of the function E(Q). There is no nontrivial solution of (55) for
real Q.

We will represent the path by a set of discrete points Q(7) = { @y, @i, ..., @y} and
the integral in (54) will be approximated with the help of the trapezoidal rule

N
S=Bs=1Y, [k(T) (1 - COSQk_FCOSGH]) (D1 — )+

k=1 2
E(ox) + E(@1)
_— 58
N ; (58)
where k(T) = —ijTkp As aresult, our task boils down to finding a stationary point of
the function )
§:cV -, (59)
that is, to solve the system of differential equations
a5 1 oE
—— = —k(T)sin8 — O —=0
50, 2 (T) sin Ok (Per1 — Pr—1) + 96,
a5 1 JE
= = =k(T Or+1 —cos O — =0,ke[L,N]. 60
a¢k 2 ( )(COS k+1 COS U l)+a¢k ) E[ ’ ] ( )
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3 Tunneling in magnetic nanosystems

In particle systems, the instanton corresponds to a first order saddle point on the
action surface[26], so methods for finding first-order saddle points can be applied for
this task, e.g. the minimum mode following method. The main difference between
the quantum case from the classical case is that we deal with a chain of replicas of the
system rather than a point in configuration space. In fact, this approach is sometimes is
referred to as the ring-polymer method since every closed path is a set of replicas of the
the system and can be considered as a polymer molecule.

Spin systems have a complex action function defined on a complex field, so methods
developed for particle systems are not applicable. There is no natural linear ordering
on the set of complex numbers. Moreover, since S is the holomorphic function, i.e.
S is analytical with respect to each variable, we cannot just consider the real part.
Indeed, consider the function f(x,y) that is the real part of a holomorphic function and
x={x;...xx},y={y1...yn}, and zx = x; +iy;. Thatis f : R*?¥ — R. However, due
to the Cauchy-Riemann equations, at every point within the domain Hessian matrix of
f has the equal number of positive and negative eigenvalues.

However, we can build a real-valued objective function from the equations in (60).
Let us introduce @ = (8%, 87, ¢R ¢') with 6 = 6% + 67 and ¢ = ¢ + ¢! and the vector
function f(Q):

~ S(Q)
f1(Q) 90,
@@= |=| : 1)
Q 95(Q)
In(Q) o
Then, the objective function can be written as the squared norm of f(Q):
- 1- ~ -
F@)= (@) f(D), (©2)

Therefore, our task is to find F(Q) = 0, a global minimum of the function. We need
non-trivial solutions in the sense that & has to represent a closed path.

Despite the fact that there are several methods for finding global minima such
as simulating annealing [65] and methods based on saddle point searches [66], the
global optimization remains a challenging problem, requiring large computater power.
Also, every stationary point is a global minimum with the value zero, but we are only
interested in a small subset of such points. Fortunately, we can avoid these difficulties if
we manage to use good enough initial guess for  in our optimization procedure. Every
optimization algorithm requires an initial guess for the point of the optimum, it might
be a random point or one can choose it from some heuristic presumptions. If we choose
the initial guess for Q lying in the vicinity of the the relevant minimum of F (Q) then a
local optimization procedure will be good enough.

From (57) we know the energy is preserved along the instanton, that is the instanton
lies along an iso-contour of the energy surface, say E(@) = E',Vk € [1,N]. We can use
this fact for the preliminary search of the isntanton. To do so, we can use a modification
of the NEB method for finding optimal paths [67] with the objective function being

1 N

Siso — E Z (E((I)k) _E/)2' (63)
k=0
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3.3 Semiclassical approximation, instantons

In this method as in the original NEB method, the component of the gradient tangent
to the path is removed during the optimization to prevent images from collapsing onto
each other at the minima.

Denote the negative gradient of the function (63) as

gk = —ViS™ = —((E(@) — E')Vi(E(@)), ©4)

where k =0, ...,N. The effective forces acted on the system are the same as in NEB

gl =g +g, (65)
where
g = &k — (ge- B (66)

1y is the unit vector directed along the path same as in (6) and g}ip is the spring force
parallel to the path provided the equidistant distribution of images along the path. Then,
various minimization algorithms can be applied to optimize §™° displacing every point
along the path in the direction of gzp . For the review of several minimization procedures
see [68]. _

Once, the iso-contour path 0"’ is found we can start finding the instanton. First
of all we want to be able to find the corresponding temperature. This is possible by

calculating the travelling time 7 along the closed path Q" Because
t=B8=1/T ©7)

the corresponding temperature can be obtained from the period. Since the instanton is
the solution of eqn. (55) and Q" assumed to coincide with the instanton we do not
need the exact distribution of the images for the estimation of the period. Thus, we
can use Landau-Lifshitz equations to calculate the velocity between each neighbour
images in the path and calculate the time it takes the system to make one wind around
the path. The algorithm is following, using the fact that Q" = {Qiseo Qiso | Qi) the
Landau-Lifshitz equations can be approximated as

d.
Lii = ‘V[|, (68)
1
where |d;| = |Qi%, — Q*| and
_i_JE
vi=| ok ) (69)
jsin; 96;

with 6; = 60X +i6! and ¢; = ¢} + i¢!. Finally, the total time of traveling along the path
is the sum of travelling times between all images:

N
T=) Az (70)
i=1

At the end, having both 0" and To = 1/7 as the initial guess for the instanton we
can perform the minimization of the objective function (62). We have found BFGS
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3 Tunneling in magnetic nanosystems

algorithm is more efficient among other in this task. It requires the first derivatives of
the function with respect to the coordinates (8%,87, % ¢'),

oF X 928 S . 93§ S . 9%S S . 9%S
aeR ; 59kae +SaT)kSaekaej+9‘T¢k9‘a¢kaej+sai@csa¢kaej’
ai_i i VS G954 0% 9Sg S 95 9
20! =706 aekae 06~ 06,00, T ¢ I¢dB; T I 990,
oF Y PEN S . %S oS . 9%S s . 9%S
+S S +ER R—o— +S S—,
8¢R ; aeka¢j aekaq)j ¢ a¢ka¢j ¢ a¢ka¢/
oF i %8 9S4 9% N 859{ 9%s 98 . 9%
a¢1 = aekaqa, 06, 060 00; T I O;ID; I IpI9;’
Vje€[l,N]
(71)

Since the function (62) depends on the temperature and it can be seen from (60) that at
T = 0 components of the gradient of the action coincide with gradient of the energy at
each image along the path. Thus, during the minimization each image will be relocated
to the nearest stationary point on the extended (complex) energy surface. Therefore, we
can say the algorithm of finding instantons works only at finite temperature. A similar
consideration applies to particle systems.

One of the fascinating differences between magnetic and particle systems is that in
the case of magnetic systems, the period of an instanton sometimes depends on the in-
stanton energy in a non-monotonic way [14] (see figure 3.5). Such behavior corresponds
to first-order crossover from the classical over-the-barrier regime to quantum tunneling.
This makes the task of finding instantons more tricky because in that case, two or more
instantons with different energy can correspond to the same period. Also, instantons
corresponding to first-order crossover are not directly connected to the classical saddle
point on the energy surface.

Summarizing, the quantum transition rate in semiclassical approximation depends
on temperature, thus we need to find instantons for a range of values of the energy
from the initial state minimum, Ej, to the first order saddle point, £ _ and evaluate the
corresponding periods and thereby temperature. The procedure can be divided up into
the following steps

1. Find a set of iso-contour paths 0" for the energy ranging from Ej to E' using
the modified NEB algorithm.

2. Find 7 and Tj from Landau-Lifshitz dynamics in imaginary time, the period and

temperature of each Q"

3. Using lists of Q" and Ty as the set of initial guesses minimize the objective
function (62) that gives you the whole set of instantons.

A generalization of the method for multi-spin systems is straightforward.
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3.3 Semiclassical approximation, instantons
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Figure 3.5. Non-monotonic dependance of the period of the instanton on the energy,
both in dimensionless units, for a uniaxial single spin system in a transverse applied
magnetic field. ET is the energy of the system at the saddle point of the energy surface.

1) is the highest temperature at which an instanton exists and 1(3) is the temperature
at which the instanton collapses to the saddle point on the energy surface.
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3 Tunneling in magnetic nanosystems

3.4 Applications

3.4.1 Uniaxial single spin system

In this section we will find instantons at different temperature for the uniaxial spin
system in a transverse magnetic field. The system with spin j is described by the
Hamiltonian

H=DS*+B-S, (72)

where D is the anisotropy along Z axis and B = By is the applied magnetic field along &
axis.

We can match the differentiable function E of the angle coordinates @ = (6, ¢) to
the operator (72)

. B?
E(a)):Dj200529+Bjsm9cos¢+Dj2+@, (73)
here we have added a constant to make the minimum of the function equal to zero.
For convenience, we rewrite the energy function in dimensionless parameters

E(®) = —cos> 0 — 2h, sin 6 cos ¢ (74)

where h, = B/2Dj and E(®) = Dj*E(®) and we will use also the dimensionless
variable T = Tkg/2Dj.

It is known for this system that it has the first-order crossover for &, < 1/4[16].
Thus, we can expect non-monotonic dependence of the instanton period on the energy
for small enough field. We will find instantons for two cases: i, = 0.05 and &, = 0.5

As was discussed before, we need to analytically continue the energy function (73),
i.e. switch ® = (0,¢) to the @ = (6%, 07, ¢R, ¢'), and use

E(®) = —cos? (0% 4-i6") — 2, sin(0R +i07) cos(¢® +ig"). (75)

Due to the fact that each point along the instanton lies in R*, a graphical representation
of both the energy function and the instanton is impossible in general. However, the
numerical calculations of (75) in the present case show that some coordinates along the
instanton are constant, namely ¢® = 0 and 67 = 0, and the energy is real

Ejng = —cos® (%) — 21, sin(6F) cosh(¢”). (76)

This makes it possible to illustrate the path, as in figure 3.6, where several instantons at
varlious temperatures are shown.

When the applied magnetic field is small enough, &, = 0.05, the system shows non-
monotonic dependence of the instanton period on the energy (see figure 3.5), however, at
a higher field i, = 0.5, the the instanton period decreases monotonically with increasing
energy, as shown in figure 3.7
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3.4 Applications
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Figure 3.6. Calculated instantons (red, orange, brown, and blue lines with dots) at
various values of the temperature for a system described by (74) in transverse field
corresponding to hy = 0.5. The contour graph shows the energy surface (76).
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field. E¥ is the energy of the system at the saddle point on the energy surface. At
temperature T(z) the instanton collapses to the saddle point on the energy surface.
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4 Calculation of the onset temperature for
tunneling in magnetic systems

At sufficiently high temperature, the direction of the magnetic moment can change by
thermal activation and its rate I obeys the Arrhenius law I' ~ exp(—AE /kgT) with AE
being the height of the energy barrier, whereas, at low temperature, quantum tunneling
is the dominant transition mechanism where the rate is I' ~ exp(—S;,s; ) with Sj,s being
the instanton action. At the crossover temperature, 7., the dominant mechanism changes
from over-the-barrier hop to and quantum tunnelling.

The crossover can either be abrupt (first-order) or smooth (second-order). The tran-
sition rate, I'(T'), and its first derivative I'(T') are continuous in second order crossober,
but for first-order crossover the first derivative I (T') is apparently discontinuous as the
rate changes abruptly from thermally activated over-the-barrier to nearly temperature
independent tunneling. The two types of crossover were considered by Chudnovsky
[14], who studied the shape of the potential barrier and dependencies of the oscillation
period 7(E) on E, the energy of the instanton.

Many theoretical studies of the crossover for uniaxial and biaxial models have been
performed on spin systems in the presence of an external field in various situations
[17, 18, 19]. However, usually due to the spin-particle mapping approach, they have
been studied for the spin Hamiltonians without higher-order terms in anisotropy. In
fact, such terms are important in quantum resonant tunnelling [22], and quantum phase
interference [23]. Recently, the crossover for a uniaxial and biaxial spin systems
with higher-order terms in an anisotropy energy was studied numerically with direct
diagonalization of the Hamiltonian[69, 70]. Experimental studies of the crossover in
spin systems have been performed by many groups[71, 22, 72].

As discussed in the previous chapter, there are two types of crossover from the
classical to quantum regime. In the case of first order crossover, the onset temperature
for tunneling can be roughly estimated from the comparison of the Boltzmann factor
AE /kpT and the real part of the instanton action at a given temperature, RS;,y. At tem-
perature when the real part of the action becomes smaller than the AE /kgT, tunneling
is expected to become dominant. However, when the crossover is of second order, an
analytical solution for the onset temperature can be obtained.

For particle systems, the mechanism of the crossover from the classical regime to
the quantum regime has been studied extensively. There, a second order crossover is
most common. The onset temperature for tunneling in a particle system has been given
by [73]

(2 2 U (xs)

C:%, W, = — pat a7
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4 Calculation of the onset temperature for tunneling in magnetic systems

where @, is the oscillation frequency at the bottom of the inverted potential —U (x)
corresponding to the negative mode of the Hessian matrix at the saddle point. Below,
we derive equations for the second-order crossover temperature for magnetic systems.

4.1 Derivation of the onset temperature formula

The Hilbert space of a many-spin system is a tensor product of the Hilbert space of the
individual spins. The Euclidean (imaginary-time) action for a system with N spins of
length j is defined by

B2 N .
S(Q):/_B/zdr fij];(lfcosek)¢k+<%”(ﬂ) , (78)

where the first term is the sum of the Berry phases of the individual spins and Q = Q(7)
represents a closed path with the period 3.

In order to find the onset temperature for tunneling, T¢, the action is expanded
to second order in the vicinity of the first order saddle point on the energy surface,
Q=0"+e5Q

S(Q)=BUQT) +8S+ %525, (79)

where 65 = 0 and

5 B2 N - B/2 .
5°S = —2ij/ Y (59,5¢,-smej)dr+/ 8Q o 6Q' dt. (80)
-B/2 ;5 -B/2

S is the Hessian matrix of the energy surface U (Q) at the saddle point Q. Ase —0,
528 becomes a quadratic form of the Hessian, .7, which has one and only one real
negative eigenvalue.

The task is to find the temperature at which Q becomes an instanton, i.e. a saddle
point at the action surface with quantum delocalization. At that point, a zero mode
appears corresponding to displacement along the path and thus constant S. This signals
the transition from thermally activated jumps to quantum tunneling [74, 26].

Since the instanton is a closed path, 86, and J ¢ can be expanded in a Fourier series
and 525 in eqn.(80) rewritten as

;000 -8 (£ 5 noter ot o
¥ [aoto] b (oho] +of of) +eatol | ) D
Jk

The matrix representing the quadratic form of the action is infinite and has a block
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4.1 Derivation of the onset temperature formula

diagonal form

b
N
G= i ) (82)
Yn
where
0 0 | —k} 0
0 0 0 0
- 0 0 0 —ky
0 0 0 0
0 kv | O 0

where k! = 27nT jsin 6.
An expression for the onset temperature for tunneling can be obtained by analyzing
the determinant of G

det(G) = ﬁ det(7,). (84)
n=0

Consider first Jp which is the Hessian of the energy surface at the first order saddle
point. There, Jy contains one negative eigenvalue so det(}p) < 0. However, the other
blocks, ¥, (for n > 0), depend on temperature and at 7 >> T, are positive definite

N
det(y,) ~ (27 jn)*Y Hlsm29j >0 (85)
i

and det(G) < 0. As the temperature is lowered to 7., a zero of G appears signalling a
stationary point involving quantum delocalization.

This must arise from 7; since the temperature in each 7, is scaled by n and blocks
with n > 1 thus have zeros at even lower temperature. The onset temperature for
tunneling is, therefore, found by solving

det(yi(Te)) = 0. (86)

This can be easily done numerically for multi-spin systems. All that is required for
the calculation are the second derivatives of the energy at the first order saddle point
corresponding to the over-the-barrier mechanism.

For a single-spin system, an analytical expression for the onset temperature can be
obtained

b? —ac
I = kg sin0 ®7)
where
9?E(67,¢7) I’E(67,97) I°E(6",97)
= — = ———————— b= ———————= . 88
R TR P N 2609 |y g OV
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4 Calculation of the onset temperature for tunneling in magnetic systems

4.2 Applications

4.2.1 Mn, molecular magnet

In this section we consider some application of the formula for the crossover temperature
calculation. Recently, the formula (86) was applied to both the monomer[32] and the
dimer[75] of the Mny molecular magnet compounds and both the high temperature
jump rate and the onset temperature for tunneling were calculated and compared with
the experimental data[24, 25]. Both compounds were described by spin Hamiltonians
with quartic terms. Calculations for the jump rate were performed using the HTST
formula (4) with ZPE corrections. An excellent agreement was achieved. The results of
these calculations are shown in figure 4.8
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dimer, ZPE not included
103} onset temp., dimer
---- onset temp., monomer
A dimer, experiment
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Figure 4.8. The calculated lifetime for a monomer and a dimer of molecular magnets
containing Mny groups. Results of calculations using harmonic transition state theory
with zero point energy correction for the monomer (solid blue line) and the dimer (solid
orange line) are shown. Calculated lifetime for the dimer without ZPE correction
(dashed line) is also shown for comparison. Calculated values for the onset
temperature for tunneling calculated for the monomer and for the dimer (dashed
vertical lines) with parameters taken from experimental measurements. Experimentally
measured transition rate for the monomer[32] is shown with blue triangles and for the
dimer[75] with orange triangles. Below T., the tunneling rate is expected to be similar
to the HTST rate at T,. Excellent agreement is obtained between the calculated and
measured results. Inset: The determinant of the Yy, matrix block for the dimer, showing
how it becomes negative at T,.
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4.2 Applications

4.2.2 Magnetic skyrmion

As another example, the onset temperature for tunneling of a magnetic skyrmion to a
ferromagnetic state was calculated. Magnetic skyrmions are localized, noncollinear
multi-spin configurations that have a soliton-like behavior. Skyrmions have been
proposed in the context of elementary particles as configurations of continuous fields
with topological charge. In a continuum limit, topological protection makes them stable
against arbitrarily large fluctuations. However, in discrete systems where the spins are
localized on atoms, the topological protection is not strict. In reality, a skyrmion state
is isolated from the topologically simple (e.g., ferromagnetic) state by a finite energy
barrier that defines its stability.
The model we used here can be described by the Hamiltonian

= [_Jsi -Sj+di;- (i x S;)} —Y K($5) —gmoy Si-B, (89)

where J is the isotropic Heisenberg exchange, d;; = D(u;; x Z) is a vector representing
Dyaloshinsky-Moria interaction, K describes the anisotropy and B is the applied mag-
netic field, all parameters are taken from [76]. The calculated crossover temperature for
this system is T, = 1.8 K. However, the lifetime, calculated using (4), at T, is predicted
to be 7.1 x 10'7 seconds, what makes the crossover to be unobservable. To find the set
of parameters for the system (89) corresponding to the lifetime of minutes or hours we
have calculated for the various values of anisotropy and Dyaloshinsky-Moria interaction,

see figure 4.9.
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Figure 4.9. Left: Calculated crossover temperature for a magnetic skyrmion. Right:
Calculated lifetime for the magnetic skyrmion at the crossover temperature, the values
of T, taken from the left panel. In both panels, orange star corresponds to the set of
parameters from [76], orange circle corresponds to the system with a lifetime, T, of is
ca. 10 min.

The parameters are chosen to be following: D = —1.523 meV, K = 0.511 meV,
J=5.88 meV and B = 3 T. Figure 4.10 shows the minimum energy path (MEP) for
skyrmion nucleation. The maximum along the MEP is the saddle point of the energy
surface.
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4 Calculation of the onset temperature for tunneling in magnetic systems

88

Distance along path, [rad]

Figure 4.10. Energy as a function of the total displacement along the minimum energy
path for the annihilation of a magnetic skyrmion to a ferromagnetic state (from right to
left). The filled circles correspond to images in the geodesic nudged elastic band
calculation, with end points and first order saddle point marked separately (in red).
Insets: configurations of the spins in the skyrmion state, the ferromagnetic state, and at
the saddle point.
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4.2 Applications

At the crossover temperature, T, = 1.1 K, the system has finite lifetime, ca. 10 min.,
see fig. 4.11. This makes it possible to observe the crossover from classical to quantum
tunneling for this system.
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Figure 4.11. Lifetime of a magnetic skyrmion calculated using harmonic transition state
theory (solid line) predicted onset temperature for annihilation by quantum mechanical
tunneling, 1.1 K (dashed line), and corresponding tunneling rate (dots). The lifetime of
the skyrmion at the onset temperature for tunneling is about 10 minutes so the crossover
in mechanism should be observable in the laboratory for this set of parameters.
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5 Conclusions

This thesis presents a method for calculating the onset temperature for thermally acti-
vated tunneling in magnetic systems. The method provides a general expression based
on calculations of second derivatives of the energy at the first-order saddle point. Several
model systems, as well as the Mn4 molecular magnet and the magnetic skyrmion, were
investigated and the crossover temperature for tunneling calculated. In the case of the
Mny molecular magnet, excellent agreement with experimental data was obtained.

An efficient method was developed for finding instantons in magnetic systems at
finite temperature — optimal paths corresponding to tunneling from one magnetic state
to another. The method requires analytical continuation of the energy function to allow
for complex values of the angle variables. First, a set of discretization points are placed
equally spaced on a chosen energy contour. Then, an estimate of the corresponding
temperature is obtained using Landau-Lifshitz dynamics in imaginary time along the
contour. Finally, the distribution of the discretization points, as well as the energy, are
systematically refined by converging on the nearest stationary point of the Euclidean
action, thereby obtaining a discrete representation of the closest instanton at the given
temperature. The method is illustrated with an application to a model system consisting
of a single spin subject to uniaxial anisotropy and transverse external magnetic field.
First-order and second-order crossovers from over-the-barrier mechanism to tunneling
are found depending on the applied field, and the difference in the dependence of
the instanton temperature on the energy illustrated for the two cases. By comparing
the Boltzmann factors for over-the-barrier and tunneling transitions, the crossover
temperature between the two mechanisms is estimated for both first- and second-order
CrOSsover.

There are, admittedly, still tasks to be done. First of all, the full and comprehensive
instanton theory — a harmonic quantum transition state theory — that allows calculating
quantum-mechanical tunneling rate for magnetic systems needs to be developed.
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Transitions between states of a magnetic system can occur by jumps over an energy barrier or
by quantum mechanical tunneling through the energy barrier. The rate of such transitions is an
important consideration when the stability of magnetic states is assessed for example for
nanoscale candidates for data storage devices. The shift in transition mechanism from jumps
to tunneling as the temperature is lowered is analyzed and a general expression derived for
the crossover temperature. The jump rate is evaluated using a harmonic approximation to
transition state theory. First, the minimum energy path for the transition is found with the
geodesic nudged elastic band method. The activation energy for the jumps is obtained from
the maximum along the path, a saddle point on the energy surface, and the eigenvalues of
the Hessian matrix at that point as well as at the initial state minimum used to estimate the
entropic pre-exponential factor. The crossover temperature for quantum mechanical
tunneling is evaluated from the second derivatives of the energy with respect to orientation
of the spin vector at the saddle point. The resulting expression is applied to test problems
where analytical results have previously been derived, namely uniaxial and biaxial spin
systems with two-fold anisotropy. The effect of adding four-fold anisotropy on the crossover
temperature is demonstrated. Calculations of the jump rate and crossover temperature for
tunneling are also made for a molecular magnet containing an Mn4 group. The results are in
excellent agreement with previously reported experimental measurements on this system.

1 Introduction

The assessment of the stability of magnetic states with respect to thermal fluc-
tuations is an important problem in the theory of magnetism. The preparation of
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a magnetic system in a particular state can be destroyed by thermally-activated
transitions to other available states."” Thermal activation also needs to be taken
into account when assessing the stability of a system with respect to external
perturbations such as a magnetic field, contributing, for example, to the
temperature dependence of hysteresis loops.? Thermal stability is a particularly
important issue in the context of novel information storage devices. As the size of
such devices is reduced, the thermal stability of the magnetic states decreases.
Methods for estimating the rate of magnetic transitions are, therefore, important
tools when designing such systems.

Thermally-activated magnetic transitions involving a jump over an energy
barrier are typically rare events on the time scale of oscillations of the magnetic
moments, making direct simulations of spin dynamics an impractical way to
calculate transition rates. This separation of time scales, however, makes it
possible to apply statistical approaches such as transition state theory (TST)* or
Kramers theory.” Within the harmonic approximation to TST (HTST)® and within
Kramers theory, the activation energy of a transition is given by the energy
difference between the local minimum on the energy surface corresponding to
the initial state and the highest energy on the minimum energy path connecting
the initial and final state minima. In adaptions of these rate theories to magnetic
systems,">”** the magnitude of the magnetic vectors is either assumed to be
constant as orientation changes, or it is treated as a fast variable obtained from
self-consistency calculations for fixed values of the slow variables that specify
orientation.” The energy surface of a system of N magnetic moments is then
a function of 2N degrees of freedom defining the orientation of the magnetic
moments.

The mechanism of magnetic transitions can involve the formation of
a temporary domain wall or soliton.>**> This results in a flat energy barrier, i.e. the
energy is practically constant along the minimum energy path in the region of
high energy. An illustration of this is given below for Fe islands on a tungsten
substrate. Kramers theory then overestimates the importance of recrossings and
underestimates the transition rate. The transition state theory approach followed
by explicit dynamical corrections is then preferable over Kramers' approach.
Similar flat barrier issues arise in polymer escape problems where HTST followed
by recrossing corrections has been shown to be a useful approach for estimating
the transition rate.”

At low enough temperature, quantum tunneling through the energy barrier
becomes the dominant transition mechanism and the rate can eventually become
temperature independent. It is important to have a way to estimate the crossover
temperature for tunneling when assessing the stability of a magnetic state.
Quantum tunneling in spin systems has been a subject of a great deal of theo-
retical'**® and experimental work*® over the past few decades. Molecular
magnets have, in particular, been a focus of such studies. One example of a mo-
lecular magnet that has been studied extensively is the Mn,0,;Cl(O,CCHj;);(dbm);,
molecule?® which has three Mn®" ions and one Mn*" and a total spin of s = 9/2.
Experimental measurements of the rate of transitions between its magnetic states
have been carried out as a function of temperature and reveal a crossover from
activated transitions to nearly non-activated transitions. This experimental data is
analyzed by classical and quantum mechanical calculations below.
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The crossover from jumps to tunneling is in some cases abrupt, as in a first-
order phase transition, but in other cases smooth, as in a second-order transi-
tion. In the latter the tunneling is thermally assisted. The shape of the energy
barrier affects how sharp the transition is.** A spin system can in some cases be
mapped onto a particle system and methods developed for particles used to
estimate the tunneling rate.”” Several theoretical studies of the crossover in
uniaxial and biaxial spin models with two-fold anisotropy in a transverse
magnetic field have been carried out using this approach.”* The presence of
higher-order anisotropy can strongly affect the tunneling rate’®*” but is not
included in this mapping approach.?® So far, systems with higher-order anisot-
ropy have only been studied numerically by direct diagonalisation of the
Hamiltonian.***°

Here, a general approach for calculating the crossover temperature for ther-
mally assisted tunneling involving uniform rotation of the spin vectors (the
macro-spin approximation) is presented, and an equation derived in terms of the
second derivatives of the energy of the system with respect to the orientation of
the magnetic vector at the saddle point on the energy surface. For systems that are
small enough compared to the correlation length determined by the strength of
the exchange interaction between the spins, such as the molecular magnets dis-
cussed here, the uniform rotation mechanism is preferred over a mechanism
where a temporary domain wall forms.>*> By saddle point, we are referring to
a first-order saddle point where the Hessian has one and only one negative
eigenvalue. The formula reduces to known analytical solutions for simple spin
systems with low order anisotropy, but can also be applied to more complex
systems where the energy is evaluated using self-consistent field calculations.

The article is organized as follows: the methodology for estimating the jump
rate based on harmonic transition state theory for magnetic systems is briefly
reviewed for completeness in the following section, Section 2. Then, the crossover
temperature for quantum mechanical tunneling is derived in Section 3. Appli-
cations are presented in Section 4, first to uniaxial and then biaxial systems, both
with and without four-fold anisotropy, and finally to a molecular magnet which
has been studied experimentally. A summary is presented in Section 5.

2 Jump rate

In order to set the stage for the discussion of the crossover temperature for
tunneling, we first review briefly the methodology we use to calculate the mech-
anism and rate of thermally-activated jumps over the energy barrier.

The initial and final states of the system are characterized by local minima on
the energy surface representing the system. The transition is characterized by
the path on the energy surface for which the energy is at a minimum with
respect to all orthogonal directions. Such a path is referred to as a minimum
energy path (MEP). The MEP reveals the mechanism of the transition, for
example whether the spins all rotate in a concerted way, a uniform rotation, or
whether some rotate first and then others, the so-called temporary domain wall
or soliton mechanism.>® Examples of the latter are shown in Fig. 1 for mono-
layer thick iron islands on a W(110) surface. In one case the island is elongated
along the anisotropy axis, in the other case it is elongated perpendicular to the
anisotropy axis. In either case, the energy barrier has small curvature at the top.
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The minimum energy path is calculated using the geodesic nudged elastic band
(GNEB) method,** which is an adaption of the nudged elastic band method?®**
to magnetic systems where the variables correspond to orientation of magnetic
vectors and the MEP maps onto a path in a configuration space represented by
a curved manifold due to the constraints on the length of the magnetic vectors.
Such constraints arise when the length of the magnetic vectors is either fixed, as
in a Heisenberg-type model, or is determined from self-consistent field calcu-
lations such as ab initio or semi-empirical models. Compared with the NEB
method, GNEB involves an additional projection of the force vector to ensure
that the magnetic constraints are satisfied and that a projection of the path
tangent on the local tangent space of the configuration space properly decou-
ples the spring force from the component of the energy gradient perpendicular
to the path.
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Fig. 1 Calculated minimum energy paths for magnetization reversal in Fe islands on
a W(110) surface. The magnetic moments are calculated in a self-consistent way using the
NCAA method.** The direction of the anisotropy axis, K, is shown as well as a color coding
for the size of the magnetic moment of each Fe atom. The island is elongated perpen-
dicular (upper panel) or parallel (lower panel) to the anisotropy axis. In both cases, the
minimum energy path is nearly flat at the maximum because the energy does not change
much as the temporary domain wall propagates along the island.
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Within HTST, the maximum energy along the MEP, E', which corresponds to
asaddle point, (4, ¢) = (67, ¢7), on the energy surface, gives the activation energy of
the transition as E, = E' — E™, where E™ is the energy of the initial state
minimum. This gives the exponential dependence of the rate on temperature. The
pre-exponential factor can be estimated by evaluating the Hessian and calculating
its eigenvalues at the saddle point, ¢; ; and at the initial state minimum, e, ;. The
HTST estimate of the rate of magnetic transitions is**®

S, 0

where J; = ](9*, ¢T) is a Jacobian evaluated at the saddle point, while J,,, is evaluated
at the initial state minimum,’ and 8 = 1/kgT. The lowest eigenvalue of the Hessian
at the saddle point, ¢; 1, is negative and is skipped in the summation in (1). The
calculated rate of magnetization reversals using this approach for Fe islands of
various size and shape on the W(110) surface' is in close agreement with experi-
mentally measured rates,* even an observed maximum in the pre-exponential
factor for islands of intermediate size that have nearly equal numbers of atoms on
each side. The calculations have been carried out using both Heisenberg-type
Hamiltonians as well as self-consistent field calculations based on a non-collinear
extension of the Alexander-Anderson (NCAA) model (see Fig. 1).

In Kramers theory the rate estimate includes the curvature of the energy barrier
at the saddle point. This results from a harmonic approximation in the estimate of
the effect of recrossings due to fluctuating forces from the thermal bath.»® When
the energy barrier is flat, as for example in magnetic transitions involving a tran-
sient domain wall, this rate estimate is too low because the harmonic approxi-
mation at the saddle point in the direction of the MEP is inaccurate. The HTST
approach is more accurate in such cases, but should also be followed by calcula-
tion of the recrossing correction using short time scale dynamics simulations.*

3 Onset of quantum mechanical tunneling

The thermally-averaged transition rate is
1
I =z Z T; exp(—BE;), ©)

where Z, is the partition function of the initial state and I'; is the quantum
mechanical transition probability from state i with energy E;. Statistical Feynman
path integrals can be used to write the rate in terms of the imaginary-time (z = it)
action, §.°® A stationary phase approximation®** then gives an estimate of the
transition rate as

I o exp(=S[q(Dinst/2), (3)

where q(7) is a periodic trajectory with period t = 8k. This special trajectory, often
referred to as the instanton, corresponds to a stationary point of the action,
a saddle point on the action surface.?***°
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For a spin of length s, the action is given by*'*

- 8/2 .
S(0,4) = J dt[ —is(1 — cos )¢ + U(6, )], (4)

8/2
where U(0, ¢) is the energy surface. From here on we use atomic units with 7 = 1,
up = 1/2 and the mass and charge of an electron have unit magnitude, e = —1 and
me = 1. A scaled gyromagnetic ratio is defined as g = g/2. The first term in (4) is
related to Berry phase®***

Aln] = 7isJ (1 —cos 0)d¢ = —isQ, (5)
v
where @ is an area of a surface bounded by 7.

To find paths for which S(6, ¢) is stationary, we consider the first order vari-
ation of the action

/2
55:[ dr[(—issin6¢+w)6€+<issin€€+w>6¢]. ©)
L a9 3

Setting 6S = 0 gives classical equations of motion which correspond to
Landau-Lifshitz equations in imaginary time:

i au(o,9)
o= ssinf 3 @)
. i oU(h.9)
¢= ssinf a0 (8)

These equations have two types of solutions. The first one is trivial, § = 6, and
¢ = ¢, corresponding to a stationary point of the potential, Uy = U(f,, ¢,). If the
stationary point is taken to be the saddle point (4", ¢7),

Sjump = BUO", ¢7) = BET, ©

this trivial solution corresponds to the high-temperature jump mechanism.

The second solution is the instanton - a closed path corresponding to constant
energy. In the limit of zero temperature, T — 0, i.e. 3 — o, it corresponds to
quantum tunnelling from the ground state. As the temperature is increased, the
amplitude of the instanton trajectory decreases until it becomes infinitesimal:

0(x) = 07 + 60, p(x) = ¢ + 69, (10)

just below the crossover temperature. The instanton eventually collapses to the
saddle point on the energy surface, (67, ¢") at T = T..

In order to find the crossover temperature, T, the action is expanded to second
order around the saddle point on the energy surface,

S(0",¢") = BUp 4 +5s+%¢szs. (11)

Since 05 = 0 at the saddle point, we focus on 4°S:
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8/2 X
0’S = [ dr[ — 2is606¢ sin 0 + (aézﬂ + 2b606¢ + (’62¢)}, (12)
J —sp2
where
PU (6, ¢t *U(6', ¢t PU (6, ¢t
“= <(902¢) C= zg )b a(ea'd)) (3)
o ¢ ¢ |y

At the saddle point, 6°S is a quadratic form of the Hessian which has one and
only one negative eigenvalue. As the temperature decreases below T, a second
negative eigenvalue of 6°S appears, corresponding to the quantum delocalization.
This signals the transition from thermally-activated jumps to quantum
tunnelling.

Since the instanton is a closed trajectory, 66 and d¢ can be expanded in Fourier
series:

50 = Z 6,,6'27—""/“, [5(25: Z ¢”ei27—.rxr/b“ (14)

N ne—w
Here, ¢,, and 6, are complex numbers that satisfy
¢, = ¢im 0, = 01;1! (15)

since 66 and 6¢ are real. 65 from (12) can now be rewritten using (14) as

1 = [27s sin 67 . . P .
558097 =8 [%man(@an — 616,) + a6, + b($,6, + $.6,) + |-

" (16)

The matrix representing the quadratic form of the action has a block form

a b
a —k+b
a —2k+b

G- E -, 1)

k+b c
2k+b c

where k = 27s sin 67/6. To obtain the eigenvalues of this matrix we need to solve
the equation

det(G — 1) = 0. (18)
After some algebra, one obtains

a+ec (a —¢)* + 4b% — 4k>m?

I = + 19
3 3 (19)
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In order to determine the temperature at which two eigenvalues are negative,
we first inspect the two eigenvalues corresponding to m = 0:

ate -+

R e (20)
are Jla-oP+ap
=S — (1)

Clearly Aq; > 0, but 4,_ is negative if

2
- y\/(a—c) +4b? >
a+(—%50, atce=\/(a—c) +4, ac— b =0. (22)

2

Since ac — b” is the determinant of the Hessian at the saddle point, this
condition is fulfilled. The second negative eigenvalue must come from m > 1.
Substitution of 8 = 1/kT and the expression for k into the negative branch, 4y, ,
in (19), gives

Vb2 —ac

Ts———. (23)
27tsmky sin 6

The highest temperature for which a second negative eigenvalue exists can be
determined from the m = 1 case:

b — ac
= - (24)
27tsky sin 6
This equation can be rewritten as
®
T.= —, 25
€ 2mkg’ (25)
where

b* —ac
o’ = =3 7 (26)

5% sin” 6

and a, b, c are the second derivatives defined in (13). This provides an estimate of
the crossover temperature for tunneling in terms of second derivatives of the
energy evaluated at the saddle point. For model Hamiltonians, the derivatives can
typically be evaluated analytically. For more complicated descriptions of the
magnetic system, such as self-consistent field calculations, the derivatives can be
evaluated numerically from the forces, which in turn can be obtained using
a force theorem."

This expression for the crossover temperature of spin tunneling can be
compared with the corresponding equation for particle tunneling,*®

@p 2 U (x5p)

T. = ks’ Wy = Y (27)

100 | Faraday Discuss., 2016, 195, 93-109  This journal is




Article |

Open Access Article. Published on 21 June 2016. Downloaded on 01/12/2017 10:58:08.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(<)

View Article Online
Paper Faraday Discussions
where now the second derivative is taken along the unstable mode at the saddle
point of the energy surface and u is the effective mass corresponding to the
unstable mode.

4 Applications

In this section, the crossover temperature for various spin models is calculated.
When only a two-fold anisotropy axis is included in the model, analytical solu-
tions are available for comparison. But when four-fold anisotropy is included, so
as to better represent physical systems, only numerical solutions based on direct
diagonalization of the Hamiltonian have been presented so far. Here, analytical
expressions in terms of the second derivatives of the energy are obtained also for
such models. Finally, the jump rate as well as the crossover temperature is eval-
uated for a model of the Mn, molecular magnet and the results compared with
experimental measurements.

4.1 Uniaxial systems with two- and four-fold anisotropy

A Hamiltonian which has, for example, been used to describe the Mn,, - ac
molecular magnet'”** and has been studied theoretically*” can be written as

H=-DS.>— BS.* — gH.S, — C(S_* + 8,%, (28)

where D, B and C are the anisotropy constants. The third term is the Zeeman
energy associated with an applied field H,. The last term corresponds to trans-
verse anisotropy. The z-axis is the easy axis (the orientation for which the energy is
minimal) and has four-fold symmetry, while the x- and y-axis are medium axes,
and y = =+x is the hard axis (the orientation for which the energy is maximal). The
corresponding energy surface is

U(l, ¢p) = —Ds*(cos® 0 + kys” cos* 6 + 2kos? sin® 6 cos(4¢) + 24, sin 6 cos ¢), (29)
where

ky = BID, k, = CID, hy = gH,/2Ds. (30)
The saddle point on the potential surface is located at 67 = 7/2, ¢" = 0. At
a certain critical field, H,, the energy barrier disappears. Applying the condition

aU/a0|y = 9°U/86>| s = O gives the critical field as
H. = 2Ds — 8Cs°. (31)

The second derivatives at the saddle point are

a=8Cs*+ gsH, — 2Ds%,
¢ =32Cs* + gsH,,
b=0,

k = 2mskgT.
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After computing the coefficients of the quadratic form of the action, the
formula for the crossover temperature in the presence of an applied field H, is
obtained:

/(@H, + 32Cs")(2Ds — 8Cs* — gH,)
2mky

T, = . (32)

Fig. 2 shows the calculated crossover temperature as a function of the strength
of the applied magnetic field for the following choice of parameters: D/kg =
0.548K, Blky = 1.17 x 10 °K and C/ky = 2.19 x 10 °K. These are the same
parameter values as considered by Park.*” If the four-fold anisotropy parameter, C,
is set to zero and the system only contains two-fold anisotropy, the crossover
temperature is zero in the absence of a magnetic field. Even a small higher-order
anisotropy term has a large effect on the crossover temperature.

If the model only contains two-fold anisotropy, B = C = 0, the potential surface

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

g
i
=
5
&
|
—
=
o
5
B
B
= becomes
8
] U(6, ¢) = —Ds*(cos®  + 2, sin 6 cos ¢). (33)
o
N
% The spin problem can then be mapped onto a particle in a one-dimensional
5 potential,
5 1\? ~2 ~ ~ H,
g U(x) = (S + 5) D(hv sinh? x — 2/, cosh x), he= m (34)
2
T
g
2
<
g 12
<
g 10
O

Ll 08

& X

= 06

0.4

0.2

Fig. 2 Crossover temperature T. for a uniaxial system with two-fold and four-fold
anisotropy as a function of the strength of an applied magnetic field, H. The Hamiltonian is
given by (28). The solid line shows results for a system with two-fold anisotropy, C = 0,
while the dashed line shows results for a system with four-fold anisotropy. All parameters
are taken from ref. 47. By adding higher-order anisotropy, the crossover temperature
becomes finite even in the absence of a magnetic field. The insets show contour graphs of
the energy surfaces (two-fold anisotropy below, four-fold above) at zero field and at a field
of 4T.

102 | Faraday Discuss., 2016, 195, 93-109  This journal is © The Royal Society of Chemistry 2016

50



Article |

Open Access Article. Published on 21 June 2016. Downloaded on 01/12/2017 10:58:08.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(<)

View Article Online
Paper Faraday Discussions
and an analytical expression obtained for the crossover temperature for the
particle.?® Here, (32) simplifies to (by setting C = 0 in (32))

H.(2Ds — H,)

T.= , 35
27tk (33)

which is the same result as has been obtained previously using the particle
mapping method by Garanin et al. (see eqn (13) in ref. 48).

Another spin Hamiltonian for which the crossover temperature has been
estimated using the particle mapping method is*

H=-DS”+ BS>— H.S,. (36)

The corresponding particle model is unusual in that it involves coordinate-
dependent mass.
The energy surface for the spin vector is

U(8, ) = Ds*(—cos> § + A sin® 8 sin® ¢ — 2h, sin 6 cos @), h, = H/2Ds, A =
BID. (37)

By evaluating the second derivatives, a, b and ¢ at the saddle point, 0" = /2,
¢ = 0 gives

a= -2Ds’,
¢ =2Ds*),
b=0.

The resulting expression for the crossover temperature is

T. =
Ttky

(38)
which coincides with the results obtained by the mapping to a particle model
(see eqn (18) in ref. 49). Again, this is an illustration that for simple systems, our
method gives results that agree with those obtained previously by other methods.
Our approach has the advantage that it can also be applied to more complicated
models, including for example Hamiltonians with a four-fold anisotropy axis in
Heisenberg-type models and self-consistent field calculations, as illustrated in Fig. 2.

4.2 Biaxial system with two- and four-fold anisotropy

Another interesting case is the biaxial system with four-fold transverse anisotropy
and a magnetic field applied along the hard direction. This has been used to
describe the Feg molecular magnet.”” The Hamiltonian is

H=-DS?+B(S>~S,%) — gH.S, + C(S_* + 5.4, (39)

where D, B and C are anisotropy constants. In this case, the z-axis is the easy axis,
the y-axis is the medium axis and the x-axis is the hard axis. The corresponding
energy surface is
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U(0, ) = —Ds*(cos® 0 + k, sin® 6 cos 2¢ + k, sin® 6 cos 4¢ + 24, sin 6 cos @), (40)
where
ki = BID, ky = 2Cs*D, hy = H/2Ds. (41)

The saddle point is located at (¢9T =m/2and ¢' = ¢o), where ¢, can be found as
a solution of a third-order algebraic equation,

— 16k, cos® ¢o + (8ka — 2ky)cos ¢o + hy = 0. (42)
The second derivatives at the saddle point are
a = —2Ds(1 — ky cos 2 + 2k, cos 4¢y — hy cOS ),
c= 72Ds2(2 — ky cos 2¢g + 8k, cos 4pg — h, cos o),
b=0,

and the expression for the crossover temperature becomes

T, = T?Ts\/l — ky cos 2¢y + 2k, cos 4¢py — I, cos ¢,
B

X \/72k1 co8 2¢ + 8k, cos 4¢y — hy cos ¢y, (43)

where ¢, is the real solution of (42).

Fig. 3 shows the dependence of T, on the applied magnetic field for parameters
that are chosen to represent an Feg molecular magnet, D/kg = 0.292K, Blkg =
0.046K and Clky = —2.9 x 107 °K.*® The calculated crossover temperature is in the
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Fig. 3 Dependence of T. on the applied field H, for a biaxial spin model with four-fold
transverse anisotropy. The parameters are chosen to represent the Feg molecular
magnet.*® Insets show the energy surface at particular values of the applied magnetic
field.
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range between 0.4 and 0.7 K which agrees well with experimental results on the
Feg molecular magnet.>”***

4.3 Molecular Mn, magnet

The transition rate has been experimentally measured as a function of tempera-
ture for the Mn, molecular magnet by Aubin et al.** and a crossover observed. The
full chemical formula for the molecule is Mn,0;Cl(O,CCHjs);(dbm);. It is
a trigonal pyramidal complex with one Mn*" and three Mn®" ions. The spins of the
Mn*" ions point in the same direction but the spin of Mn*" points in the opposite
direction (see inset in Fig. 4). The total spin is 9/2 and the transitions correspond
to uniform rotation of the four spins.

Various experimental measurements of this molecular magnet have estab-
lished the following Hamiltonian model for the system:

x10°*
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Fig. 4 Characterization of the spin Hamiltonian for the Mn, molecular magnet (Mn,OsCl-
(O,CCH3)3(dbm)s). Upper: Minimum energy path for the rotation of the total spin s = 9/2
vector. The energy along the path is given in units of 10~% cm~*. The inset shows the structure
of the Mn, core of the molecule with the one Mn** and three Mn3* ions and the orientation
of the four spins at the saddle point configuration. Lower: Contour graph of the energy
surface U(0, ¢). One of the four equivalent minimum energy paths is shown with a dashed line
and the orientation of the magnetic momentum vector indicated at a few points along the
path. The saddle point is indicated with a filled circle both in the upper and lower panels.
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1
H=D {S} — 35+ 1)} + BSOS + B0, (44)

where 0§ = 355,* — 30s(s + 1), + 255,> + 6s(s + 1) and 0, = %(S;‘ +S_*). The
parameters D and Bj have been determined from various experiments (not rate
measurements) by Aubin et al> to be —0.53 cm™' and —7.4 x 107° cm™},
respectively. The last term in the Hamiltonian corresponds to four-fold anisotropy
and the parameter B,* can be chosen to have a similar, small value as has been
determined for analogous molecular magnets.**** Without it, the tunneling rate
is zero because of a Kramers degeneracy.”

Both the calculated high temperature jump rate as well as the crossover
temperature can be compared with the measured rate for this molecular magnet.
The energy surface corresponding to the Mn, Hamiltonian is

1
U(0,¢) = D|s* cos® 0 — gs(s+ 1)| + B}[35s* cos* § — 557 cos® 0(6s” + 65 — 5)

+ 65(s + 1)] + B4* [sin* 6 cos 4¢]. (45)

The system has four equivalent saddle points on the energy surface: 7 = 7/2,
" =0, /2, 7, 31/2, see Fig. 4. Here, the value of D is slightly smaller than the
value estimated by Aubin et. al.,>® D = —0.41 cm ™, and the value of B,” is taken to
be —8.5 x 10™* cm™". The jump rate calculated using HTST is I'(T) = 2.3 x
10°H,exp(—11.5K/T) and is shown in Fig. 5.

The second derivatives needed to estimate the crossover temperature are

a = 2Ds* — 60Bs’(s + 1) + 50B%s*> — 4B, *s*, ¢ = —32B,%* b = 0. (46)
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Fig. 5 The calculated jump rate using harmonic transition state theory (green line), given
by (1), and the crossover temperature (dashed red line) given by (25) using the Hamiltonian
in (44) and parameters chosen to represent the Mn, molecular magnet. The experimen-
tally measured?® transition rate is shown with filled squares. Excellent agreement is ob-
tained between the calculated and measured results.
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Inserting the values of the parameters gives a crossover temperature of
T. = 0.6K, (47)

which is in close agreement with the reported experimental data® as shown in
Fig. 5.

Therefore, both the high-temperature jump rate obtained from HTST and the
crossover temperature obtained from the formula presented here are in close
agreement with the experimental measurements.

5 Summary

A method is presented for finding the crossover temperature of thermally-acti-
vated tunneling in a magnetic system that is characterized by a spin vector with
orientation prescribed by continuous angular variables. Several model systems
are used to verify that the general equation derived here in terms of second
derivatives of the energy at the saddle point agrees with analytical results previ-
ously obtained for specific, simple Hamiltonians. More complicated Hamilto-
nians including four-fold anisotropy so as to better describe molecular magnets
are also studied, and analytical equations for the crossover temperature pre-
sented. A more detailed study is made of the Mn, molecular magnet where both
the high-temperature jump rate and the crossover temperature for tunneling are
calculated and compared with experimental data. Excellent agreement is
obtained.

The crossover temperature for tunneling in molecular magnets is low partly
because the energy barriers are small. For larger systems, such as metal islands on
substrates, the energy barriers can be significantly larger and the onset of
tunneling can be expected to occur at higher temperature. The method presented
here makes it possible to estimate the crossover temperature for tunneling in
a magnetic system described by a single spin vector as long as the second
derivatives of the energy with respect to the angles describing the orientation of
the vector can be evaluated at the saddle point on the energy surface.

The equation derived here for the crossover temperature for tunneling in
a magnetic system is significantly different from the analogous equation for
a particle system in that all second derivatives of the energy at the saddle point are
included, while only the second derivative along the unstable mode enters the
particle equation. The essential difference between the two systems is the sepa-
ration of the particle Hamiltonian into a kinetic and potential energy part, which
does not occur for the magnetic systems. As a result, the magnetic systems’
Hamiltonians are more difficult to deal with. The derivation of the crossover
temperature for systems where the transition mechanism is not a uniform rotation
as well as a method for calculating the rate of thermally-activated tunneling remain
to be completed, but are being developed using an approach that is analogous to
previous studies of atomic systems®”*® and will be presented at a later time.
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Transitions between magnetic states of a system coupled to a heat bath can occur by exceeding the energy barrier, but as temperature is lowered

quantum mechanical tunneling through the barrier becomes the dominant transition mechanism. A method is presented for estimating the onset
temperature for tunneling in a system with an arbitrary number of spins using the second derivatives of the energy with respect to the orientation

of the magnetic vectors at the first order saddle point on the energy surface characterizing the the-barrier i An to
a monomer and a dimer of molecular magnets containing a Mny group is presented and the result found to be in excellent agreement with
reported experimental measurements.
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1. Introduction

An assessment of the stability of magnetic states is an important problem in the theory of magnetism [1,2].
Magnetic nanosystems are candidates for spintronics and high density storage devices where a critical issue is the
lifetime of prepared magnetic states. A given magnetic state of a nanosystem coupled to a heat bath can have a
finite lifetime because of thermally activated transitions involving leaps over an energy barrier separating it from
other magnetic states of the system. But, at low enough temperature, quantum mechanical tunneling through the
barrier will become the dominant transition mechanism. It is important to have a tool to estimate the temperature at
which the tunneling mechanism becomes predominant, thereby reducing the lifetime from what would be expected
based on the over-the-barrier mechanism.

Quantum tunneling in spin systems has been the topic of many theoretical [3] and experimental studies [4-7]
over the past few decades. At high enough temperature, quantum effects are not significant and transitions are due
to thermal activation described by the Arrhenius law. However, in the limit of zero temperature, only tunneling
out of the lowest energy level of the initial state can occur. In an intermediate temperature range, tunneling
can be thermally assisted, i.e. occurring from thermally activated levels of the initial state. The crossover from
over-the-barrier to quantum tunneling can, in such cases, be relatively smooth. The shape of the energy surface
affects how sharp this crossover is [8].

Several theoretical studies of the crossover in simple spin models containing one [9-12] or two [13] spins have
been carried out using the effective potential method [14]. The effective potential method uses an exact mapping
of a spin system onto a particle system with an effective potential and mass that can be coordinate dependent.
However, this method is not general and can only be applied to simple model systems. High-order anisotropy
terms, such as (S‘i + 82) and (5'31r + §*), have not been incorporated in the mapping approach [15], but can
significantly affect the tunneling rate [5,16]. So far, systems with high-order anisotropy have only been studied
numerically by direct diagonalization of the Hamiltonian [17,18].

Here, a method for calculating the onset temperature of thermally assisted tunneling in a multispin system is
presented and applied to two systems: a monomer and a dimer of molecular magnets containing Mny groups. The
method involves an analysis of the shape of the energy surface in the vicinity of the first order saddle point on
the energy surface representing the transition state of the over-the-barrier mechanism. The present article extends
a previous report on systems consisting of a single magnetic vector (a single spin, or multiple spins within the
macro-spin approximation) [19]. With the present formulation, the onset temperature for tunneling in systems
consisting of an arbitrary number of spins can be estimated.
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The article is organized as follows: In the next section, the methodology for estimating the lifetime of a
magnetic state due to over-the-barrier transitions is briefly reviewed. Then, the expression for the onset temperature
for quantum mechanical tunneling is derived in section 3. Applications are presented in section 4, first to a monomer
and then to a dimer of molecular magnets. The article concludes with a summary in section 5.

2. Over-the-barrier transitions

A system of N spins is described by the orientation of each of the spins, w = {61, ¢1,02,...dn, }, where 0
and ¢ are spherical polar coordinates. The energy as a function of these variables, U(w), represents an energy
surface and the magnetic states of the system correspond to local minima on this surface. The mechanism of a
transition from one state to another involving a jump over an energy barrier is characterized by a minimum energy
path (MEP) connecting the corresponding minima. At every point on an MEP, the gradient of the energy point is
along the path. The MEP is a transition path with maximal statistical weight, assuming a Boltzmann distribution
is established and maintained in the initial state. The MEP can be found using the geodesic nudged elastic band
method where the path is discretized by generating a set of replicas of the system and an optimization algorithm is
used to bring the replicas from some initial location to an MEP [20].

The point of highest energy along the MEP, w', represents a first order saddle point on the energy surface,
a point where the Hessian has one and only one negative eigenvalue. Within harmonic transition state theory
(HTST), the transition state is taken to be a hyperplane going through the saddle point with normal pointing along
the direction of the unstable mode (the eigenvector corresponding to the negative eigenvalue of the Hessian) [21,22].
An estimate of the activation energy for the transition is then obtained as AE = U (w!) — U(w,, ), where U(w) is
the energy at the first order saddle point and U(w;,,) is the energy of the initial state minimum.

The rate of thermally activated transitions involving jumps over the energy barrier can be estimated using
HTST for magnetic systems [21]

THTST

= ypeDE/BT )

where v is a pre-exponential factor that depends on the Hessian evaluated at the saddle point and at the minimum
of the energy surface. Calculations of transition rates in magnetic systems using this approach have been carried
out in studies of, for example, remagnetization in small islands adsorbed on a solid surface [23], analysis of
temperature dependence of hysteresis loops [24], annihilation of magnetic skyrmions [25,26] and interaction of a
magnetic tip with a solid surface [27].

Quantum mechanical effects can influence the transition rate even at temperature above the onset temperature
for tunneling. This occurs because of the zero point energy (ZPE) which can raise the energy of the initial state
and the transition state to a different extent. Within the harmonic approximation, the correction is obtained by
adding the ZPE for each vibrational (magnon) mode to the initial state energy and the saddle point energy. As
there is one fewer vibrational mode at the transition state than at the initial state, this effect tends to reduce the
energy barrier and lower the activation energy for the transition, analogous to the so-called kinetic isotope effect
in atomic rearrangements (chemical reactions and atom diffusion). The ZPE corrected activation energy is

N-1 N
] 1 1
AE#PPC = (U(u*) EED ) - (U(wm) +3 Zum,,) . @
i=1 i=1
where v;; and vy, ; are the vibrational frequencies [28,29] calculated at the saddle point and at the minimum,
respectively. As can be seen from the molecular magnet example below, the ZPE correction can significantly
change the acitvation energy and thereby the slope in the Arrhenius graf.

3. Onset temperature for tunneling

Tunneling through an energy barrier can take place because of quantum mechanical delocalization which
enables the system to avoid the top of the energy barrier. In a thermalized system, the effect of delocalization can
be described in a convenient way using statistical Feynman Path Integrals. The instanton technique can be used to
identify when quantum delocalization becomes large enough to make tunneling the dominant transition mechanism.
In instanton theory the transition rate is written in terms of the imaginary-time (7 = it) action, S, and a stationary
phase approximation [30-32]. The transition rate constant can be expressed as

T' = Dexp (—S[w(7)|inst /1) , ®

where w(7) is a path corresponding to a periodic trajectory with period 7 = 8% satisfying w(0) = w(8h), and the
pre-factor D takes into account the probability of paths deviating from w(7). This special path, often referred to
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as the instanton, corresponds to a stationary point of the action, a saddle point on the action surface where the path
is extended, corresponding to quantum delocalization [32-34].

In our previous work [19], we considered systems with a single spin. Here, a generalization to many-spin
systems is described. The Hilbert space of a many-spin system is a tensor product of the Hilbert space of the
individual spins. The Euclidean (imaginary-time) action for a system with IV spins of length s is defined by [35-37]

B2 8/2
S(Q) = —is Z(l — cos Hj)cf;,dT + / Ulw(r))dT, “)
—pgj2 9=t —5/2

where the first term is the sum of the Berry phase of the individual spins and € = w(7) represents a closed
trajectory with period 3.

From here on we use atomic units with 7 = 1, up = 1/2 and the mass and charge of an electron have unit
value, e =1 and m. = 1. A scaled gyromagnetic ratio is defined as § = g/2.

In order to find the onset temperature for tunneling, 7., the action is expanded to second order in the vicinity
of the first order saddle point on the energy surface, 2 = w’ + €682,

S(Q) = BU(w') + 65 + %625‘, ®)
B2 N B/2

528 = —92is / > (5915457, sin 0]) dr + / 5Q H 697 dr, )
—p2 7=t —B/2

where H is the Hessian matrix of the energy surface U(w) at the saddle point w!. As ¢ — 0, 625 becomes a
quadratic form of the Hessian, #, which has one and only one real negative eigenvalue.

The task is to find the temperature at which £ becomes an instanton, i.e. a saddle point at the action surface
with quantum delocalization. At that point, a zero mode appears corresponding to displacement along the path and
thus constant S. This signals the transition from thermally activated jumps to quantum tunneling [32,33].

Since the instanton is a closed path, 36, and d¢. can be expanded in a Fourier series and 625 in eqn. (6)
rewritten as

1 > N [onssin6]
TRCICREDEEDY (Z {T*‘nwf;eﬁ - ok 05;)] +
n=0 \k=0 .

S [aotor o (ohor + ok o) +coter ] ).
ik

The matrix representing the quadratic form of the action is infinite and has a block diagonal form

Yo
7
G= ®)
In
where
0 0 | —kT --- 0
0 0 0 0
0 0 0 —kN
=M+ -, 9
Yn m o o ) ©
0 0 0 0
0 kx| 0 0
where k} = 2mnT's sin ()I
An expression for the onset temperature for tunneling can be obtained by analyzing the determinant of G:
oo
det(G) = [ det(yn). (10)
n=0
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Consider first 7o which is the Hessian of the energy surface at the first order saddle point. There, 7y, contains one
negative eigenvalue so det(yg) < 0. However, the other blocks, 7, (for n > 0), depend on temperature and at
T > T, are positive definite

det(v,) ~ (2msn)*N H sin? 9; >0, (11)
j=1
and det(G) < 0. As the temperature is lowered to T, a zero of G appears signaling a stationary point involving
quantum delocalization. This must arise from v, since the temperature in each 7, is scaled by n and blocks with
n > 1 thus have zeros at even lower temperature. The onset temperature for tunneling is, therefore, found by
solving
det( (1) = 0. (12)

This can be easily done numerically for multi-spin systems. All that is required for the calculation are the second
derivatives of the energy at the first order saddle point corresponding to the over-the-barrier mechanism.
For a single-spin system, an analytical expression for the onset temperature can be obtained

T. = 13
p e 13
where
207 (9t 207 (0t ot 207 (0 ot
QEQUI(F);, e OL.(HM‘(J) ) EOZ{(F)I,Q) ] (14)
6% gt gt LA P 000¢ g1, 4t
The pair of eigenvalues of the ; block are
. T2 142 — 42
A= +e + w (15)

2

In addition to the crossover temperature, we can define the temperature 7; at which the two eigenvalues
become complex conjugates

(a—c)? +4p?

T, =
0 4mskp sin 07

(16)
At this temperature, both eigenvalues are equal to (a + ¢)/2 and could be negative. At higher temperature, the
eigenvalues are complex. In the temperature range between T, and T the two eigenvalues are real, either both are
positive or both are negative.

4. Applications. Molecular magnets

Previously, we have presented calculations and compared with experimental results for the single molecular
magnet containing a Mny group [19]. We briefly review those calculations here before discussing the dimer. The
molecular magnet has a total spin of s = 9/2 and can be described with the following Hamiltonian

H= —DS'? *BSQ*ylitvs'H+ﬁwans- an

where D and B are axial anisotropy constants, B is an applied magnetic field and Hy,q,s gives the in-plane
anisotropy which is small compared with D. The values of the parameters have been determined from experimental
measurements (not involving tunneling) [38]: D = 0.74 K, B = —3.8 mK and g = 2. The transverse term is
chosen to be fourth-order E(S* + $* with E = 9.8 x 107* K [38].
For the single molecular magnet it is possible to give an analytical formula for the onset temperature. Expand-
ing (12) with the Mny system Hamiltonian (17) at the saddle point gives
45>V DE — 4E?5?

=Y (18)
™

and T, = 0.61 K. This result is in close agreement with the reported experimental results giving 0.67 K [38]. The
dependence of eigenvalues on temperature is shown in Fig. 1.

The calculated transition rate using HTST (applicable for 7' > T.) and the predicted onset temperature for
tunneling in the monomer are shown in Fig. 2, along with experimental data. At temperature below T, the
tunneling rate is expected to be similar to the HTST rate at 7.. The agreement between the calculations and
measurements is good.
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F1G. 1. Eigenvalues of the y; matrix block for the monomer (eq. (17)) Mny molecular magnet.
Solid line: real part. Dashed line: imaginary part. At temperature above Tj the eigenvalues are
complex conjugates and give a positive contribution into the determinant. At temperature below
the T, 1 has only one negative eigenvalue, therefore the determinant changes sign at 7. In the
temperature interval 7. < T' < Tj 71 has two negative eigenvalues

107
A A
A
s
10 — dimer
monomer
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A dimer, experiment
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3 4 5
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FIG. 2. The calculated lifetime for a monomer and a dimer of molecular magnets containing Mny
groups. Results of calculations using harmonic transition state theory with zero point energy cor-
rection for the monomer (solid gray line) and the dimer (solid black line) are shown. Calculated
lifetime for the dimer without ZPE correction (dashed line) is also shown for comparison. Calcu-
lated values for the onset temperature for tunneling calculated from (18) using the Hamiltonian
in (17) for the monomer and (19) for the dimer (dashed vertical lines) with parameters taken
from experimental measurements are also shown. Experimentally measured transition rate for the
monomer [38] is shown with gray triangles and for the dimer [40] with black triangles. Below
T,, the tunneling rate is expected to be similar to the HTST rate at 7,.. Excellent agreement is
obtained between the calculated and measured results. Inset: The determinant of the ; matrix
block for the dimer, showing how it becomes negative at T,
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We turn now to calculations for a dimer of Mn, molecular magnets and compare with experimental measure-
ments on [MnsO3Cl4(O2CEt)3(py)s]2. Each unit of the dimer is described with a magnetic moment of s = 9/2,
and the Hamiltonian of the system is taken to be

H=H +Hy+JS -8, (19)
where both H; and H; have the same form as (17) with the parameters taken from [39] and J = 0.12 K is isotropic
superexchange [40]. The transverse term is chosen to include both 4th- and 2nd-order anisotropies: C' (Sfr +52)

and E(Si + Sf), with €' = 0.032 K and E = —7.5 x 107° K, in order to match the experimental results of the
rate above T.. The energy surface and a minimum energy path for a transition are shown in Fig. 3.

$a, [rad]

3n/4 n

n/2
¢, [rad]

FIG. 3. Energy surface for a dimer molecular magnets containing Mn, group when 64 = 0 =
7/2. The minimum energy path for a remagnetization transition is shown with black dots. The
insets show the orientation of the 9/2 spins of each Mny unit at the initial state (left), first order
saddle point (middle), and product state (right).

The calculated crossover temperature for the dimer is 7. = 0.40 K in close agreement with experimental
measurements [40]. Due to the weak exchange interaction every spin flips almost independently.

In order to see the effect of coupling between the two units more clearly, we also calculated and analyzed a
system with larger exchange interaction, taken to be of the same order as the anisotropy, J = 0.6 K. The calculated
onset temperature for the tunneling is found to be 7. = 0.35 K. Due to the strong exchange interaction between
spins eigenvalues of 7, behave differently, but we still can see the temperature at which one of them crosses zero
(see Fig. 4).

The result of calculation of the HTST transition rate and onset temperature for tunneling of the dimer (19)
using experimentally determined parameter values is shown in Fig. 2. The ZPE correction changes the slope in the
Arrhenius graph, bringing the calculated HTST results closer to the experimental values.

5. Summary

A method is presented for finding the onset temperature of thermally activated tunneling in magnetic systems
that are characterized by spin vectors with orientation prescribed by continuous angular variables. A study is made
for the Mny molecular magnets where both the high temperature jump rate and the onset temperature for tunneling
are calculated and compared with experimental data. Excellent agreement is obtained. The rate calculated above
the onset temperature for tunneling includes zero point energy correction. The onset temperature for tunneling is
found by analyzing eigenvalues of the v, matrix block at the first order saddle point on the energy surface.

Previously, the onset temperature for tunneling in single-spin or simple (without higher-order anisotropy) two-
spin systems can be assessed by other methods, such as the effective potential method or numerical methods
involving direct diagonalization of the Hamiltonian, but the method presented here is applicable to systems with
an arbitrary number of spins. The method presented here, makes it possible to estimate the onset temperature for
tunneling in a magnetic system described by spin vectors as long as the second derivatives of the energy with
respect to the angles describing the orientation of vectors can be evaluated at the saddle point on the energy surface.
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eigenvalues, [K]

0.0 01 0.2 0.5 0.6 0.7

0.3 0.4
temperature, [K]

FI1G. 4. Eigenvalues of the 7; matrix block of the dimer (eq. (19)) when the exchange parameter
is chosen to be J = 0.6 K. Solid line: real part. Dashed line: imaginary part. The eigenvalues
depend on temperature in a similar way as is shown for the monomer in Fig. 1. A pair of
eigenvalues becomes real and remains positive, while a second pair of eigenvalues changes sign
at T, from negative to positive as temperature is lowered

The most peculiar characteristic of magnetic systems is that the onset temperature for tunneling depends not
only on second derivatives along the unstable mode at the first order saddle point, as in particle systems, but on
the curvature of the energy surface at the first order saddle point. This is due to the inseparability of the spin
Hamiltonian.
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A method is presented for finding instantons in magnetic systems — optimal paths corresponding to tunneling
from one magnetic state to another at a finite temperature. The method involves analytical continuation
of the energy to allow for complex values of the angle variables. First, a set of discretization points are
placed equally spaced on a chosen energy contour. Then, an estimate of the corresponding temperature
is obtained using Landau-Lifshitz dynamics in imaginary time along the contour. Finally, the distribution
of the discretization points as well as the energy are systematically refined by converging on the nearest
stationary point of the Euclidean action, thereby obtaining a discrete representation of the closest instanton
at the given temperature. The method is illustrated with an application to a system consisting of a single
spin subject to uniaxial anisotropy and transverse external magnetic field. First.

order and second-order
crossovers from over-the-barrier mechanism to tunneling are found depending on the applied field, and the
difference in the dependence of the instanton temperature on the energy illustrated for the two cases. By
comparing the Boltzmann factors for over-the-barrier and tunneling transitions, the crossover temperature
between the two mechanisms is estimated for both first- and second-order crossover.

Keywords: magnetic transitions, tunneling, instanton, path optimization.

1. Introduction

Transitions between (meta)stable states of atomic systems are typically thermally
activated, i.e. they occur as a result of thermal fluctuations due to coupling to a heat
bath. The states are separated and can be identified because of an energy barrier, an energy
ridge on the multidimensional energy surface. At high enough temperature, the transitions
rely on large energy fluctuations in the right degrees of freedom that enable the system to
overcome the energy barrier. This is referred to as over-the-barrier transition mechanism.
For high barriers, these are rare events compared with the timescale of vibrations. The rate
of such rare events can be estimated from statistical rate theories, in particular, transition
state theory and Kramers/Langer theory [1-3]. These theoretical tools make it possible
to predict and analyze the typically observed Arrhenius dependence of the transition rate
on temperature, where the activation energy is essentially the height of the energy barrier.
This methodology was initially developed in the context of atomic rearrangements such as
chemical reactions, diffusion events and conformational changes of molecules. More recently,
statistical rate theories have been extended to describe transitions from one magnetic state
to another [4-8]. More generally, atomic coordinates and orientation of magnetic moments
should be treated on an equal footing.

At low enough temperature a different transition mechanism will eventually become
dominant. There, the system advances from one state to another by quantum mechanical
tunneling through the energy barrier. The crossover from over-the-barrier mechanism to
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tunneling is evident from a rapid drop in the activation energy as the temperature is lowered.
For atomic rearrangements and temperature close to room temperature, this kind of behavior
is mostly observed in transitions involving light atoms, such as hydrogen. Transition state
theory for atomic rearrangements has been extended by use of Feynman path integrals
to take into account the possibility of tunneling [9-13]. Full free energy calculations for
determining transition rates have been carried out as well as sampling based on dynamical
approaches [14-17].

Most of the time, transition state theory is used within the harmonic approximation
where the calculations are simplified by approximating the energy surface with a quadratic
expansion in the vicinity of the initial state minimum and at a first-order saddle point on
the energy ridge separating the initial state from the final state(s). For over-the-barrier
transitions, this leads to the widely used harmonic transition state theory expression for the
rate constant [18]. The main challenge in such calculations is finding the relevant first-order
saddle point(s) and evaluating the energy there as well as its second derivatives. If both
the initial and final states of the transition are known, the minimum energy path on the
energy surface connecting the two local energy minima can be found and thereby the first-
order saddle point — the highest energy point on that path. The nudged elastic band (NEB)
method is commonly used for this task [19-21]. A more challenging task is to find saddle
points on the energy ridge given only the initial state minimum. For this, the minimum
mode following method can, for example, be used [22,23].

An analogous harmonic approximation to quantum transition state theory has been
developed [10-13,24]. Tt relies on finding special transition paths corresponding to ther-
mally activated tunneling. Such paths are first-order saddle points on an extended quantum
mechanical energy surface underlying the statistical properties of Feynman path integrals.
These first-order saddle points are often referred to as ‘instantons’. The evaluation of the
rate of thermally activated tunneling within instanton theory requires much fewer compu-
tations than full quantum transition state theory calculations. Efficient implementations of
instanton theory calculations for atomic rearrangements have recently been presented and
applied to various chemical reactions [25-27]. Instantons can be found by using saddle point
search methods, such as the minimum mode following method, or by using a line integral
extension of the NEB method.

Much less has been done on quantum mechanical rate theory for magnetic transitions.
Most of the work has relied on a mapping of the magnetic system onto a particle system with
an effective Hamiltonian but this can only be done for certain simple spin systems [28,29)].
One such system consists of a single spin with uniaxial anisotropy and a transverse magnetic
field [30]. In the particle mapping method, a spin wave function using the S. ecigenstates is
constructed and then transformed to an eigenvalue equation H [¥) = EJY), a Schrodinger
equation with an effective potential and possibly coordinate dependent mass. The energy
spectrum of the spin system coincides with the first 2j41 levels of the corresponding particle
system, where j is the quantum number giving the length of the magnetic momentum vector.
Thereby, one can use techniques developed for particle systems to study spin systems. This
approach, however, is not universal, since a general way to construct the corresponding
particle Hamiltonian is not known. In fact, there are no known strategies for systems with
multiple spins. Also, single spin systems with a Hamiltonian containing higher-order terms
(cubic and higher) as is often the case in molecular magnets, for example [31,32]. As far as
we know, there is only one study based on spin-particle mapping for a two-spin system [33].
Furthermore, the action of the corresponding particle system does not contain a topological
term (14) that affects quantum interference in magnetic systems [34-36]. An efficient method
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for finding instantons for magnetic systems without relying on spin-particle mapping is,
therefore, needed.

Interesting results have, nevertheless, been obtained from studies using the spin-
particle mapping technique. It has, in particular, been shown that crossover from over-
the-barrier to tunneling mechanism can be of two different types, a smooth second-order
crossover where the activation energy changes rather gradually and a more abrupt first-
order crossover where the activation energy drops suddenly as temperature is lowered [30].
A general expression has been presented recently for the second-order crossover temperature
applicable to any system for which the energy can be evaluated, including self-consistent field
calculations [37,38]. The calculations can be carried out based on the second derivatives of
the energy at the first-order saddle point. Such an estimate of the crossover temperature
can be useful when assessing the lifetime of magnetic states since it shows whether tunneling
needs to be taken into account, while classical rate theory would overestimate the lifetime.
An estimate of a first-order crossover temperature is more difficult, however, since it cannot
be obtained from the vicinity of the first-order saddle point. For this purpose, it is necessary
to find the magnetic instantons for the temperature of interest, but we are not aware of such
calculations in the literature.

In this article, we present a method for finding instantons representing tunneling in
magnetic systems. The formulation is based on the Euclidean action obtained from the
coherent state path integral formulation of the partition function. A numerical technique is
presented for finding instantons as stationary points of the action. This approach is applied
to a system consisting of a single spin with uniaxial anisotropy in the presence of a transverse
magnetic field, and a comparison made with results obtained from spin-particle mapping.
The approach can in principle be applied to any magnetic system, including multiple spins,
as long as the energy of the system can be described by an analytical function.

2. Theoretical background

A brief review of the theoretical background for coherent spin states and the formula-
tion of path integrals and Euclidean action for spin systems is given below for completeness.
The reader is referred to the work by Fradkin for more detailed discussion [39]. An alternative
derivation has been given by Kochetov [40].

2.1. Coherent spin states

Coherent states are well known in the context of the quantum harmonic oscillator
where they have been used to relate quantum mechanical dynamics as closely as possible
to classical dynamics. They are in many cases a useful addition to other descriptions of
a quantum mechanical system, but in the case of spins, they are the only known way to
develop a path integral representation. The reason is that the Hilbert space of a spin does
not have continuously parameterized eigenstates corresponding to classical variables such
as coordinates and momenta. For a system with spin j, (for example, the total magnetic
moment of an atom) there are 2§+ 1 cigenstates of the S, operator: S.|u, 7) = |, 7), where
4o runs from —j to j. They can be used to construct coherent states, |ii), that correspond to
particular orientation of the spin specified by continuous spherical polar coordinates, 6 and
¢ as

) J 21 0 j+m o\ . }
[) =10,6) = > m(smﬁ (COS§> e, 5). (1)

m=—j
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The coherent states satisfy the following closure relation

2+l

1 4 |f) (5. @)

Matrix elements of the spin operators in terms of coherent states are

Sy =—j+2j sinzg = —jcosd. (3)
(S’T> = —jsinf cos ¢, @
(Sy) = —jsinfsin¢.
2.2. Path integral representation of the partition function
The partition function for a spin system can be written as
Z=Tr(e ) = /dﬁ<ﬁ\e*ﬁf’\ﬁy (5)
As for Feynman path integrals for particles, the interval § is divided up into N parts
(e ) = Jim (8] (1 et ), (©)

where € = 3/N. Then, the resolution of the identity (2) is inserted between the segments of
the interval and the expression for the partition function gets the form

N
7= A;g&/gdu(ﬁk)m (1) v, )
where dpu(fi) = (2£1) did(n? — 1) is the invariant integration measure and fip = fiy, i.c.
periodic boundary conditions are fulfilled.

2.3. Euclidean action

The matrix elements in (7) can be approximated up to quadratic terms as

Hldy_1)
1y [fi—1)

(| (1 - 51:1) [fi—1) = (Be[fy—1) (1 —e
ﬁk\mﬁk,l)) A

o~ (f|fg_) exp (—€< Tl 1)

®

The first term in (8) does not equal zero since coherent states are not orthogonal. It leads
to an important feature of the spin path integral, a topological phase equivalent to Berry
phase [41]. This term can be rewritten as

e |(|y) — [fe- g |(|fy) — [y
) ) o (80— )

€ €

©)

(Aglfy—1) =1
which in the limit ¢ — 0 gives the path integral expression for the partition function as
2= [ placrye s (10)

where the Euclidean action

el = [ ar [t 2w + al (1)
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is an integral over a closed path @ = (6(7), #(7)) = w(7) on the energy surface E(w). The
integration variable, 7, can be interpreted as imaginary time.

The first term in the integrand can be rewritten using the expression for the coherent
states, (1), as

2j

9 2y o\?
Z p’ 2]_1} (cosi) (ta‘ni) eP?(—j +p, jl, (12)

oh 2j 0\"
= Z tan— | e "P?
= p‘ 2] - p 2

{(pc::cefjtdn )971p®]|77+p]>~ (13)

and
0 0 0 . ) .
(ﬁ\0—7_|ﬁ) = —jtan 59 + jtan 50 —ij(1 —cosf)p = —ij(1 — cosf)p. (14)
Hence, the partition function (10) gets the phase

o (/Uﬁ d7<ﬁ\£\ﬁ>> =exp (77:,7 /Od dr(1 - CUS@)&,)
— e (—ij /F (1—(5059){1@) 5)

where I is a closed path described by the vector it = {(7), ¢(7)}. This term has a geometric
interpretation. It is proportional to the area bounded by the curve I'.

The final expression for the Euclidean action of a system with a spin j can be written
as

/2 X
519 :/ dr [72-]-(1 — cosf)d+ E(w)]. (16)
,5/‘2

2.4. Instantons

Instantons are stationary paths for (16), i.e. they correspond to 65 = 0. Differentia-
tion gives the equations of motion
i OF
"~ jsing 9’
i OF
jsing 90’
where 6 and ¢ satisfy the boundary condition ©(0) = €(3). These are the Landau-Lifshitz
equations for spin dynamics in imaginary time.

These equations of motion have two types of solutions. The first type corresponds
simply to a stationary point on the energy surface, & = wg, with energy E(wp). This
can, in particular, be the first-order saddle point on the energy surface w! = (8", ¢t). The
corresponding action is

(17)

Sjump = BE(W) = BET. (18)

This solution characterizes the classical over-the-barrier transition mechanism that domi-
nates at high enough temperature.

The second type of solutions are extended closed paths, so-called instantons. They

correspond to tunneling between two potential wells. In the limit of zero temperature 7' — 0,
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ie. f — oo, the instanton corresponds to tunneling from the ground state, but at finite
temperature, it corresponds to thermally assisted tunneling. An instanton is a trajectory in
imaginary time that conserves energy (analogous to Landau-Lifshitz dynamics in real time)
as can be shown by taking the time derivative of E' and inserting into (17). This gives
dE78E~+8E-7 i OEOFE i OEOE
dr 00 dp "~ jsinf0p 90 jsinh 90 dp
In contrast to particle systems, magnetic systems have no kinetic energy. As a result,
in order to find paths that satisfy the boundary conditions and solve (17), it is necessary to
analytically continue the function E(w) to allow for complex values of the angles, w.

(19)

3. Method for finding magnetic instantons

This section describes the method we have developed for finding instantons for mag-
netic transitions. Since the instanton corresponds to a stationary point of the action, it
corresponds to a periodic orbit described by Landau-Lifshitz equations in imaginary time.
As the dynamics conserve energy, the instantons lie on equienergy contours. The first step
is, therefore, to identify the contour for a given value of the energy. In order to map out
the dependence on temperature, the calculations need to be carried out for a grid of energy
values in the interval from the initial state minimum to the first-order saddle point. Once
the energy contour has been identified and represented by a set of discretization points,
the corresponding temperature is estimated by evaluating the period of the Landau-Lifshitz
dynamics along the closed contour. The distribution of the discretization points along the
energy contour as well as a refinement of the value of the energy is then carried out using
iterative zeroing of the derivatives of the action. The resulting distribution of discretization
points then represents an instanton for the given temperature.

3.1. Energy contours

The method for finding and representing energy contours with an even distribution
of discretization points is essentially the one presented previously by Einarsdéttir et al. [26].
It is a modification of the NEB method [19,20]. The contour is represented with a set of
discretization points, k={1,N}. Each point corresponds to a configuration of the system, i.e.
a value of all variables, wy. For a system with a single magnetic moment, wy, = (0, ¢x). More
generally, for systems with more than one magnetic moment, wy, is a vector with values of 6
and ¢ for each one of the magnetic moments. For simplicity, the presentation here will be for
a system with a single magnetic moment, but it can be generalized easily. In order to find
non-trivial instantons, the angles need to be able to have complex values so a configuration
can be written as wy, = (05, 0}, ¢F, ¢1). The energy of the system is some known function of
the orientation, E(w), analytically continued to the complex plane.

In order to find the energy contour corresponding to some particular value of the
energy, E/, an objective function, S**°, is defined as the sum of quadratic deviations of the
energy

N
. 1
5, on) = 3 3 |Blen) — B (20)
k=0
Given some initial distribution of the discretization points, an iterative algorithm is used to

converge on the energy contour corresponding to energy E'. The iterative algorithm is based
on zeroing the derivatives of S*° with respect to the variables.
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The negative gradient of the objective function with respect to the variables wy
g = —ViS™ = —(E(wy) — E')ViE(wy). (21)

gives the direction of steepest descent for discretization point k. It represents a force acting
on the discretization point that can be used to move it towards the energy contour. As in the
NEB method, the displacements of the discretization point parallel and perpendicular to the
path are treated separately. A tangent to the path, ¢z, described by the current location of
discretization points is evaluated as in the NEB method [42]. Tt is used to distinguish between
displacements that represent changes in the shape of the path and displacements that are
related to the distribution of the discretization points along the path. The component of
the gradient representing a change in the shape of the path is given by the force component
perpendicular to the path
g = g — (9 - i)y (22)

An even distribution of the discretization points along the path is obtained by including a
spring force between adjacent images in the direction parallel to the tangent

9 = (kgp(wnrr — wil = |wr = wrma])) B (23)
where kg, is a spring force chosen in such a way that g;” is roughly of the same magnitude
as git.

The total force acting on each discretization point is then

9" = gi + g7 (24)
A minimization procedure based on the velocity Verlet algorithm is then used to move all
the discretization points simultaneously in the direction given by the total force, analogous
to what is often done in NEB calculations of minimum energy paths [20].

(@&

Fic. 1. Mlustration of the method for finding and representing an energy
contour of a model energy surface. The target contour is shown by the bold
red line. Starting with a discrete representation of a circle in configuration
space (left), the iterative algorithm moves the discretization points towards
the specified energy contour (middle) and eventually converges on it (right).

Fig. 1 shows an example calculation where an energy contour is found using the
algorithm described above. First, the discretization points are arranged arbitrarily in a
circle. Then, they are moved iteratively in the direction of gzm until an even distribution
is obtained on the desired energy contour. This is an arbitrary test case where the energy
surface is generated by adding up a few Gaussians for illustration purposes only.
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3.2. Temperature estimate

Given an even distribution of discretization points along an energy contour, the next
task is to estimate what temperature an instanton on this energy contour would correspond
to. For this purpose, an approximate Landau-Lifshitz dynamics calculation is carried out to
estimate the imaginary time it takes to go from one discretization point to another. From
the total time it takes to go along the full path, the period, 7, can be estimated, and then
the temperature as T=1/7.

Let the closed path described by the set of N discretization points be denoted as
Qiso = {wite wise .. wi}. The time it takes to go from one discretization point to another
can be estimated as

[vil
AT = 25
=l (25)
where the distance between the two points is |d;| = |wii% — wi*| and the velocity can be
estimated from Landau-Lifshitz equations as
i 0B
Fsind; 06
v = . (26)
—i OE
Fsind; 00,

Recall that @ and ¢ are complex variables. The total time period corresponding to the closed
path along the contour is

N
T=Y An (27)
i=1

This approximate calculation gives an estimate of the instanton temperature asso-
ciated with the given energy contour. The even distribution of the discretization points
along the contour and the temperature estimate are subsequently used as initial conditions
for a calculation where an accurate distribution of the discretization points corresponding
to an instanton is found, as well as a revised value of the energy for which the obtained
temperature value corresponds more closely. This refinement is described in the following
section.

3.3. Refinement of discretization points and energy

Given the even distribution of discretization points along an energy contour and the
value of the temperature obtained as described above, a refinement calculation is carried out
where the temperature is kept fixed but the distribution of the discretization points and the
value of the energy are refined so as to converge on a stationary point of the action. This
is done by zeroing the derivatives of the action with respect to all variables describing the
path, Q@ = {wi,wy ... wn}.

The scaled action, S = 3S(£2), is approximated using the set of N discretization
points

N ] ~Q
S@=% [k(T) (1 - %2“’59“1) (rs1 — 1) +
k=1
E(0k, ¢x) + E(0rq1, Ors1)
2N

, (28)
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where k(T) = —ijTkp. The task is to find a stationary point of the function S for a given
value of T, that is, to solve the system of differential equations

s 1 ) OB

a0, §k(T) sin Oy (o1 — Pr-1) + T 0,

a5 1 oF

- = ] — 3 _— = 9
0 2Ic(T)(cos Ors1 — cosbp_1) + 20r 0, kel[l,N]. (29)

Since the action is complex, it is convenient here to define a real objective function,
F(£2), by summing up the magnitude squared of the derivatives of S with respect to all the
variables. The minimum value of F is zero and corresponds to a stationary point of the
action. Standard minimization techniques can be applied to find the minimum of F since it
is a real function.
Defining first the vector function f(€2) as
a5(%)
90,
f@)=1 : (30)
95(22)
BN

the objective function can be written as the squared norm of f(£2)
f)- f(), (31)

The task is to find the N discretization points that give F(£2)=0 for the given temperature
value (obtained as described in the previous section). Since the temperature estimate does
not correspond exactly to the energy contour initially chosen, the discretization points will
converge on a slightly different energy contour and their distribution will not be uniform.

The BFGS algorithm is used for the iterative minimization of F. It is important to
start with the discretization points located on a contour of roughly the right energy to avoid
converging on the trivial solution where the discretization points are all at the same location
(the classical limit).

The BFGS algorithm requires the first derivatives of F with respect to all the vari-
ables. These, in turn, involve the second derivatives of S

Z I as 925 H?asW %5 L .98 o°8
aek aekae ~ 8, aakae Ay, 9p1,00; 8@ amaa’

Z 3S as+as 025705,325
(w 96, aekoe aak aekae Oon 0pnd0;  Ogy, 0r00;

OF & 28 08 (08 #S  L08 . #S (05 88
84)_? ~ 200, " 96,00, ' 00y 50000, " " o0 0000, T 0on° 00n00;’
Z p S 08y &5 [0S, PS 08 88
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4. Model

The methodology described above is applied to a uniaxial spin in transverse magnetic
field. The anisotropy axis is taken to be the z-axis and the applied field is pointing along
the x-axis. The Hamiltonian of the system is

H=DS?+ BS,, (33)

where D is the anisotropy constant and B the strength of the field.

The corresponding energy surface is

2
E(6,¢) = Dj*cos® 0 + Bjsinfcos ¢ + Dj* + f—D,

The energy is shifted here by the constant Dj>-+B2/4D to set the minimum energy of the
system to zero.

This system has been studied by Chudnovsky using the particle mapping technique
[30]. For small field, B<0.5Dj, the crossover from over-the-barrier mechanism to tunneling is
first-order, while it is second-order for larger field. The second-order crossover temperature
can be obtained from the second derivatives of the energy at the first-order saddle point on
the energy surface [37,38,43]. The expression is [43]

B(2Dj — B)
Ty = ———"—
2nkp
The temperature for the first-order crossover can, however, only be found from calculations
of the instantons, as illustrated below.
For convenience, the energy function is rather written in terms of dimensionless quan-

(34)

(35)

tities -
E(0,$) = —cos® 0§ — 2h, sinf cos ¢ + 1 + b2, (36)
where E= Dj?E is the scaled energy and h,=B/2Dj is the scaled field strength.

The energy surface is shown in Fig. 2 for two values of the scaled field, h,=0.50
and 0.05. The two minima corresponding to the ground states of the system as well as the
minimum energy path connecting them are located at ¢ = 0. The larger the field, the further
away the minima are from the anisotropy axis.

The analytical continuation to complex angles is

E(6,¢) = —cos® (0" + ") — 2h, sin(8% + i6") cos(o" + ip) (37)

where 0% and ¢ are the real parts and @' and ¢! are the imaginary parts of the angular
variables.

5. Results

Fig. 3 shows calculated instantons for an applied field of h,=0.50 and 0.05. It turns
out that ¢ff = §/ = 0 for all these instantons and the energy is real
E = E = —cos®(6%) — 2h, sin(0") cosh(¢") (38)
50 the instantons can be visualized in the (§%,¢7) plane. For the higher temperature values,
the replicas are nearly equally distributed along the equipotential contours. But, for the
lowest temperature, the distribution is distinctly uneven, with larger density of discretization
points near the extreme values of 67.
The temperature corresponding to each of the instantons is given in the legend of Fig.
3. The classical first-order saddle point on the energy surface appears as a maximum in this
plane. An instanton corresponding to a slightly lower energy contour has all discretization
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¢, rad

6, rad

F1G. 2. The energy surface of a system with a single spin subject to anisotropy
along the z-axis and an applied magnetic field in x-direction of magnitude
h,=B/2Dj =0.50 (left) and h,=0.05 (right), see eqn. (34). The local minima
corresponding to initial and final states are marked with a white x. For the
weaker field, they are located closer to the anisotropy axis. The minimum
energy path for the transition is a straight line at ¢ = 0 between the minima.
The maximum along the minimum energy path, a first-order saddle point on
the energy surface, is marked with a red x.

points at nearly the same location, as the path just barely opens up. The corresponding
temperature is denoted as T(y) (1.592K for the higher field, 0.694 K for the lower field).

Instantons on lower energy contours correspond to lower temperature in the high
field case. There is a monotonic decrease in the temperature as the energy is decreased.
This behavior can be seen for the high field case in Fig. 4. The crossover from over-the-
barrier mechanism to tunneling then occurs at a temperature of T(y) and this is referred
to as second-order crossover. The relevant instantons for the onset of tunneling appear at
an energy just below Ef and correspond to an energy contour lying in the vicinity of the
classical first-order saddle point on the real energy surface. There is a continuous transition
from over-the-barrier to tunneling mechanism. The value of T (3 can be obtained from the
second derivatives of the energy at the saddle point [37,38]. In the limit of zero energy, the
temperature approaches zero and the instanton lies on the energy contour that goes through
the initial and final state minima.

For the low field case, h,=0.05, the situation is different. From Fig. 3 it can be
seen that the shape of the instantons is quite different from the high field case. The change
in the instanton temperature as the energy is lowered from the saddle point energy is non-
monotonic. The temperature first increases as the energy is decreased, reaching a maximum
at a value T,, (see Fig. 4) and then decreases, but eventually reaches zero at the energy of
the initial state minimum. Two of the instantons shown in Fig. 3 for the low field case have
a temperature that is higher than T ). Even though the instantons are more spread out, and
the corresponding periodic orbits longer, the imaginary time period is shorter. Apparently,
this is related to the long vertical segments that can be seen in Fig. 3 for the instantons
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FIG. 3. Analytically continued energy surface in (6%,¢!) plane for field
strength of h,=B/2Dj =0.50 (left) and 0.05 (right). For the system stud-
ied here, the instantons are at Rp=0 and J6=0 so it is sufficient to show
them in the (J¢, RO) plane. Instantons for various energy contours are shown
(red, orange, brown and blue lines with dots, upper triangles, and filled circles
indicating the location of the discretization points) and the corresponding val-
ues of the temperature are given in the legend. The blue instantons are near
the first-order saddle point on the real energy surface, corresponding to over-
the-barrier mechanism and temperature close to the second-order crossover
temperature, T (). For the stronger field, h,=0.50, the lower energy and more
extended instantons correspond to longer period for the periodic orbit and
lower temperature. The crossover from over-the-barrier mechanism to tunnel-
ing is second-order. For the weaker field, h,=0.05, the period decreases and
the temperature increases as the energy is lowered from the value at the first-
order saddle point until a maximum is reached (notice the high temperature
associated with the brown curve with circles). The crossover is first-order and
occurs at a temperature T(;) that is higher than T ).

in low field. There, the partial derivative of the energy with respect to 67 is large and
the acceleration in ¢! given by the Landau-Lifshitz equations has a correspondingly large
magnitude.

Fig. 5 compares the exponents of the Boltzmann factors for the two mechanisms:
over-the-barrier, Ef /kgT, and tunneling, S;;,s/kpT. The smaller this exponent is, the larger
the transition rate. For the large field case, h,=0.50, a smaller exponent is obtained for
tunneling as the temperature drops below T(s), consistent with a second-order crossover from
over-the-barrier to tunneling mechanism. After a slight increase in the value of S;,s/kpT as
the temperature is lowered below T (), it remains relatively independent of temperature.

For the small field case, h,=0.05, the instantons on energy contours just below the
saddle point energy turn out to have a larger Boltzmann exponent than over-the-barrier
transitions so they do not lead to crossover to tunneling. The instanton temperature con-
tinues to increase as the energy of the contour is lowered until a maximum value is obtained
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F1G. 4. Inverse scaled temperature, I/T: 2Dj/ Tk, found from the period of
Landau-Lifshitz orbits in imaginary time vs. scaled energy, ]:Z':Dsz, of the
contour where the instanton lies for field strength of h,=B/2Dj =0.50 (left)
and 0.05 (right). ET is the scaled energy of the first-order saddle point on the
energy surface corresponding to the activation energy of the classical over-the-
barrier mechanism. Ty) is the scaled temperature for an instanton at an energy
contour just below Ef. For strong field, h,=0.50, this is the highest instanton
temperature and a second-order crossover to tunneling occurs there. For weak
field, h,=0.05, the crossover is first-order and the instanton involved is not
located near the saddle point. There, the instanton temperature increases as
the energy is lowered from E' and reaches a maximum of T}, for an energy
that is intermediate between that of the initial state and the first-order saddle
point. The crossover temperature turns out to be higher than T(z) in this case
(see Fig. 5).

at T,,. Further lowering of the energy then gives a second set of instantons for each temper-
ature value between Tz and T,,. The Boltzmann exponent for these instantons is smaller
and at a certain temperature, T(;), an instanton has the same value of the exponent as the
over-the-barrier mechanism, indicating a crossover to tunneling (see Fig. 5). The stationary
point of the action that gives the fastest transition rate then changes abruptly from the
classical saddle point to an instanton that has significantly lower energy.

Since the first-order crossover corresponds to an instanton that is far removed from
the first-order saddle point on the energy surface, it is not possible to estimate T() from
the energy and its derivatives at the saddle point, as can be done for second-order crossover.
Identification of first-order crossover to tunneling requires the evaluation of instantons over
the relevant energy range from E=0 to Ef.

The difference between first and second-order crossover can be seen from calculations
carried out at and slightly below the critical field, h,=B/2Dj=0.25, as shown in Fig. 6. The
second-order crossover is characterized by a monoton decrease of the instanton temperature
as the energy dec s. On the other hand, the first-order crossover is characterized by
non-monotone behavior. Over a certain range in temperature, instantons on two different
energy contours correspond to the same value of the temperature. The instanton lying on
the lower energy contour corresponds to a smaller exponent in the Boltzmann factor and
therefore higher tunneling rate.

The critical value of h,=0.25 between first- and second-order crossover had previously
been determined for this system by Chudnovsky using the particle mapping technique [30].

83



Article llI

84

14 S. M. Vlasov, P. F. Bessarab, V.M. Uzdin, H. Jonsson

40 - T /
S T2 15 \ X

0004 0006 0.008 0010 0012 0014 0.016 0018 0.0070 0.0075 0.0080 0.0085 0.0090

FiG. 5. Exponents of the Boltzmann factor, S;,,/kgT for instantons (blue
curve) and Ef/kzT for over-the-barrier mechanism (dashed orange curve), as
a function of scaled temperature, T = Tk /2Dj, for field strength of h,=B/2Dj
=0.50 (left) and 0.05 (right). For strong field, the highest temperature instan-
ton is obtained for energy contour just below the saddle point energy and the
crossover temperature, T{s), can be deduced from the second derivatives of the
energy at the saddle point [37,38]. For weak field, the instanton temperature
increases as the energy is lowered from the saddle point energy and the Boltz-
mann exponent for those instantons is larger than for over-the-barrier transi-
tions. After reaching a maximum at T,,, the instanton temperature decreases
as the contour energy is lowered and at a temperature of 7{;y the exponent
for the instanton equals that of the over-the-barrier mechanism indicating a
first-order crossover to tunneling.

The calculations presented here of finite temperature instantons are clearly in good agree-
ment with this previous estimate.

6. Discussion

A method is presented for finding instantons corresponding to tunneling between
magnetic states at finite temperature. The method is based on analytical continuation
of the energy of the system to complex angular variables and identification of an energy
contour, followed by evaluation of the corresponding temperature and finally refinement of
the distribution of discretization points to converge on a stationary point of the action. This
method takes advantage of the fact that the Landau-Lifshitz equations of motion for spin
systems conserve energy. Since the instanton corresponds to a stationary point of the action,
it also corresponds to a periodic orbit along an energy contour. The refinement is based on
local minimization of the magnitude of the gradients of the action with respect to the degrees
of freedom in the system. Since a good initial guess for this iterative refinement procedure
can be obtained from an even distribution of discretization points along the energy contour,
such a local minimization most likely will converge on the appropriate instanton, rather than
some other stationary point of the action.

This method is quite different from the ones used to find instantons for atomic rear-
rangements [25,26] where the equations of motion conserve the total energy, i.e. kinetic plus
potential energy. In some sense, it is easier to find instantons for magnetic systems since
their shape can so clearly be identified on the energy surface. The additional complication,
however, lies in the analytical continuation of the energy expression to allow for complex
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F1G. 6. Illustration of the change from first-order to second-order crossover to
tunneling as the applied field is increased from h,=B/2Dj =0.20 (orange line
(b)) to 0.25 (blue line (a)). Scaled inverse temperature ©=T,/T is shown as a
function of scaled energy P=E/Ef. The instanton temperature is a monotone
function of the energy when the the crossover to tunneling is second-order.
When the crossover is first-order, the temperature corresponding to the in-
stantons first increases as the energy of the contour is lowered below Ef, but
then decreases for even lower energy.

values of the angular variables. While this is relatively straightforward when the energy of
the system is given by an analytical expression, it is not clear how to approach this problem
when self-consistent calculations (such as the non-collinear Alexander-Andersson model [44])
are used to evaluate the energy.

By finding the instantons as a function of temperature, the crossover temperature
for both first-order and second-order crossover can be estimated. Previously, a general
expression for the second-order crossover temperature based on second derivatives of the
energy at the first-order saddle point on the energy surface had been presented [37,38], but
a calculation of the first-order crossover temperature is more challenging because it does not
relate directly to the first-order saddle point. There is not a continuous transition from the
over-the-barrier to tunneling mechanism in that case. By finding the instantons, however,
the first-order case can be treated.

The method has been illustrated here with an application to a system with a single
spin. It is, however, easily generalized to systems with arbitrary number of spins. The
method for finding the energy contour, an extension of the NEB method which is routinely
used for multidimensional systems, the Landau-Lifshitz dynamics and the BFGS minimiza-
tion of the magnitude of the gradient of the action can all be carried out in a straightforward
way for many degrees of freedom. We anticipate that tunneling of, for example, magnetic
skyrmions and other localized non-collinear states can be studied with the technique pre-
sented here.
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