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Abstract

The first part of this thesis is an experimental study of the spin-dependent transport
in magnetic point contacts. Nano-contacts are produced micromechanically, by bringing a
sharpened non-magnetic (N) tip into contact with a ferromagnetic (F) film. The magnetic
and magneto-transport properties of such N/F nanocontacts are studied using transport
spectroscopy, spanning the ballistic, diffusive, and thermal transport regimes.

Single N/F interfaces can exhibit current driven magnetic excitations, which are often
manifest as peaks in the differential resistance of a point contact defining the N/F interface.
Our experiments show that such surface magnetization excitations, and thus the single-
interface spin torques, are observed for diffusive and thermal transport regimes where the
conduction electrons experience strong scattering near the N/F interface, and are absent for
purely ballistic contacts. We conclude that the single-interface spin torque effect is due to
impurity scattering at N/F interfaces.

Single N/F interfaces can also exhibit hysteretic conductivity, which is qualitatively
similar to the spin-valve effect found in F/N/F trilayers. Based on our measurements of
N/F point contacts in the size range of 1-30 nm, we propose two mechanisms of the ob-
served hysteresis. The first mechanism relies on a non-uniform spin distribution near the
contact core and is magnetoelastic in origin. This interpretation is in good agreement with
some of our experiments on larger point contacts as well as with a numerical micromag-
netic model we have developed, where a stress-induced anisotropy creates a non-uniform,
domain-wall-like spin distribution in the contact core. The second mechanism we propose
is a surface effect which relies on a difference between the surface and interior spins in the
ferromagnet in terms of their exchange and anisotropy properties. The surface spin-valve
mechanism is in good agreement with the hysteretic magnetoresistance observed for our
smallest contacts (∼ 1 nm) and for contacts to nanometer thin ferromagnetic films. This
interpretation means that the surface magnetization can be reduced and weakly coupled to
the interior spins in the ferromagnet. We find that this surface spin layer can be affected by
both external fields and the spin torque of a transport current. The surface magnetization
can even form nano-sized spin vortices at the interface.

The nature of the magnetic excitations induced by by nominally unpolarized currents
through single N/F interfaces was probed directly using microwave irradiation. We ob-
served two characteristic high-frequency effects: a resonant stimulation of spin-wave modes
by microwaves, and a rectification of off-resonant microwave currents by spin-wave non-
linearities in the point contact conductance. These experiments demonstrate that the effects
observed are spin-dynamic in nature.

In the second part of the thesis we study the spin-dynamics in spin-flop tunnel junc-
tions used in toggle magnetic random access memory. Current pulses in the range of 100 ps
used to excite the magnetic moments of the two coupled Py free layers into an oscillatory
state, in both the antiparallel and scissor states of the cell. These oscillations are detected
directly by measuring the junction resistance in real time with a 6 GHz measurement band-
width. The junctions had the shape of an ellipse, with lateral size ranging from 350× 420 to
400× 560 nm. The optical and acoustical precession modes of the the spin-flop trilayer are
observed in experiment, as expected from single-domain model. The experimental spectra
contain additional features, which are explained using numerical micromagnetic simula-
tions, as originating from magnetic state transitions between different magnetization states
with non-uniform spin distributions.
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Chapter 1

Introduction

«The last thing one knows when writing a book

is what to put first.»

Blaise Pascal

One of the emerging branches in today’s microelectronic technology is the
spin-based electronics or spintronics. Along with two fundamental physical prop-
erties of mass and charge, the electron has a third intrinsic property of spin, which
is at the core of spintronic devices. It is difficult to date the exact birthday of
Spintronics. Over the last one hundred years the results obtained from many the-
oretical studies and experimental discoveries in magnetism, solid state physics
and quantum mechanics laid the necessary groundwork for spintronics. The most
important characteristics of a spintronics device is magnetoresistance (MR). MR is
the property of a material to change its electrical resistance under the influence
of external magnetic fields. There are several types of MR. The very fist experi-
mental observation of MR (anisotropic MR or AMR) was made by W. Thomson in
1856. Tunneling MR (TMR) in magnetic tunnel junctions (MTJ) was observed by
M. Julliere in 1975 [1]. Spin-dependent transport in metallic ferromagnetic/non-
magnetic/ferromagnetic (F/N/F) structures was first studied in spin injection ex-
periments by M. Johnson and R. H. Silsbee in 1985 [2]. Giant MR (GMR) in al-
ternating F/N layers was discovered by P. Grünberg and A. Fert in 1988-89 [3, 4].
This latter discovery started a huge amount of fundamental and applied research
worldwide aimed at using the spin of the electron in microelectronic circuits to
improve the existing devices or achieve new functionality. The work, quite de-
servedly, was awarded the Nobel Prize in 2007.

The experimental discoveries of the spin-dependent transport in metallic N/F
multilayers and magnetic tunnel junctions triggered numerous theoretical stud-
ies in the end of 1980’s and beginning of 1990’s. The brightest theoretical con-
tributions to the field were made by John Slonczewski, who’s pioneering models
of the spin-dependent conductance in MTJ [5, 1989] and current induced spin-

3



4 CHAPTER 1. INTRODUCTION

transfer torque (STT) and spin-waves excitations in magnetic multilayers [6, 7]
remain among the most cited works today.

The first commercialized spintronic device was a magnetoresistive readout
sensor used in hard drives. This device evolved from AMR to GMR and now
to TMR-based sensors, enabling the great increases in the areal data density1.
The technological improvement of the hard drive heads continues. Thus, Hi-
tachi® plans to increase today’s highest areal densities to the Tbits/in2 range by
introducing current perpendicular to the plane (CPP)-GMR sensors.

Another important spintronics device is magnetic random access memory (MRAM).
The first MRAM research programs started in the 1990’s and today a 4 Mbit capac-
ity, 180 nm feature size MRAM is already commercially available from Freescale
Semiconductor®. Beside the non-volatility and low power consumption of MRAM,
it is believed that MRAM will eventually win the race for the operation speed and
areal density against the present memory technologies based on conventional elec-
tronics2. Just as in the past twenty years of computer history, the CPU’s smallest
feature size evolved from 1 µm in 1985 down to today’s 65 nm. It appears to be
only a question of time before the physical dimensions of magnetic memory cells
reach ∼ 10 nm size. Such technological achievement requires further theoretical
and experimental research in material science, solid state physics and magnetism
applied to extremely small structures with dimensions of the order of nanometers.

The topic for this PhD work is to search for experimentally and understand
theoretically spin dependent transport at the nanoscale.

The first part of this work focuses on experimental studies of transport through
single N/F interfaces in magnetic point contacts (PC). Such PCs can be formed
when a sharpened non-magnetic tip is mechanically brought into contact with
a ferromagnetic film. The technique allowes one to investigate spin dependent
transport in very small objects, down to 1 nm in size. Chapter 2 starts with a short
theoretical introduction to the method of Point Contact Spectroscopy (PCS) and con-
tinues with a description of the PCS measurement technique, concluding with a
presentation of the main experimental results. A detailed analysis of the observed
magneto-transport is performed. This allowed us to demonstrate new effects with
regard to ballistic versus diffusive and surface versus bulk spin transport.

Chapter 3 is a study of the real-time spin dynamics of the coupled magnetic
layers in spin-flop (SF) tunnel junctions. SF junctions are used in modern toggle
MRAM, making the memory stable against thermal and half-selected switching.
The basic principles of the toggle switching as well as the experimental results
from the high-speed measurements are presented. The results are compared to an-
alytical single-domain and numerical micromagnetic models. A good agreement
between theory and experiment is achieved, demonstrating new spin-dynamic
modes in the system.

1Usually measured in Gbits/in2 for hard drive storage media.
2Such as FLASH.



Chapter 2

Magnetic Point Contacts

2.1 Theory

In this work point contacts are used as a powerfull tool for studying spin de-
pendent phenomena in thin ferromagnetic films when an originally unpolarized
current is injected into the films in the CPP geometry. The purpose of this section
is to make a short theoretical introduction by presenting the fundamental rela-
tionships describing the point contact spectroscopy (PCS) technique as well as for
understanding the physics of spin dependent transport in magnetic point contacts.
More details can be found in the most complete review on point contact spec-
troscopy by Naidyuk and Yanson [8].

Despite that there exist several different methods to create a metallic point con-
tact, the simplest way, which has been used in this work, is to mechanically bring
in touch to metals. The contact is called a heterocontact when two metals are dif-
ferent. The boundary between these two metals is called an interface. If one of the
metals is non-magnetic and the other is ferromagnetic then, such an interface is
called non-magnetic/ferromagnetic (N/F) and the contact is magnetic.

2.1.1 Point contact resistance

The basic characteristics of the point contact is its electrical resistance, RPC, and
geometrical size, d. As it was noticed by J. C. Maxwell, these two quantities are
connected with each other in a simple way:

RM =
ρ

d
, (2.1)

where ρ is the resistivity of the metal1 and d is the diameter of the contact orifice,
often assumed to be circular. The expression above describes the resistance of a
dirty contact in the limit when the size of the PC is much greater than the mean

1Generally, ρ is dependent on temperature.
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6 CHAPTER 2. MAGNETIC POINT CONTACTS

free path l of the electrons (d≫ l), i. e. when electrons scatter many times on the
characteristic length scale d. The most common scatters are phonons, though it
can also be impurities in the metal, as well as magnons in magnetic materials.

2.1.2 PC currnet flow regimes: ballistic, diffusive and thermal

The electrons can experience elastic and inelastic collisions with scattering cen-
ters. Depending on the relationship between the PC size, d, and corresponding
mean free paths, lel and lin, the characteristic PC resistance and current flow regime
are different. When lel, lin ≫ d the regime is ballistic, when lel ≪ d≪

√
lellin the

regime is diffusive and finally lel, lin≪ d corresponds to a thermal regime. The elec-
tron trajectories for each regime are schematically shown in Fig. 2.1. Thus, the

d

e−e−e−

ballistic diffusive thermal

phonon

Figure 2.1: Schematic representation of the electron trajectory in the ballistic, dif-
fusive and thermal regime of the current flow through the PC.

transport regime for a given PC depends on the PC size and the amount of impu-
rities in the contact region.

Ballistic regime

In 1965 Yu. V. Sharvin theoretically derived the resistance of a ballistic PC [9]:

RSh =
16ρl

3πd2 . (2.2)

Expression 2.2 is the so called Sharvin resistance which depends only on the PC
size, d, and is independent of the material purity. The product

ρl = pF/ne2 (2.3)

is a constant for a given metal. It is interesting to compare RSh with the Maxwell
resistance given by 2.1. In the limit when l ≃ d, RSh and RM are comparable.
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Diffusive regime

A more general formula for the point contact resistance was obtained by G. Wexler
in 1966 [10], [8, pp. 26,31]:

RPC =
16ρl

3πd2 + β
ρ

d
, (2.4)

where β ≃ 1 when lel ≪ d. As can be seen from 2.1 and 2.2, the Wexler formula is
just a sum of the Maxwell and Sharvin resistances in the ballistic (l≫ d) and dif-
fusive (l≪ d) limits. The first term in 2.4 represents the ballistic electron transport
and is dominant when the PC size is small, whereas the second term corresponds
to the diffusive flow of electrons and is dominant for large contacts and for metals
with high resistivity.

Thermal regime

The contact resistance in the thermal regime can be well estimated by the Maxwell
formula (2.1). Since the mean free path is much smaller then the contact size,
the heat removal from such a PC is not as efficient as in the ballistic or diffusive
regimes. The energy dissipation occurs in the contact constriction, leading to a
Joule heating as the bias voltage is increased. The temperature of the PC as a func-
tion of the applied voltage can be estimated as follows [8, p. 29]:

TPC =

√

T2
bath +

V2

4L
, (2.5)

where Tbath is the temperature of the bath (cryostat) and L is the Lorenz number
[11, p. 168].

2.1.3 Point contact spectroscopy

The theory of the point contact spectroscopy has been developed in 1977 by
I. O. Kulik2. He derived the electron distribution function for a ballistic point
contact and showed that an application of voltage V to a PC results in a splitting
of the Fermi surface, with the maximal energy difference equal to eV. Such a
splitting on the two sides of a ballistic PC leads to the energy separation between
any two electron states at the Fermi surface equal to either zero or eV (on the
same side or an the opposite sides of the PC). This allows to probe the energies of
the quasi-particles in the system such as phonons, magnons etc. By varying the
voltage across the PC we force the electrons, passing through the constriction to
have different initial and final energies. The final electron energy (state) is greatly
influenced by the energy-dependent scattering processes, where quasi-particles
are involved. This energy-dependence is reflected in the PC resistance as follows.

2See references at the end of the Ch. 3 in [8].
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Assuming β ≃ 1 and d/l→ 0 in the Wexler expression 2.4, and using l = vFτ , we
can write:

RPC ≃
16ρl

3πd2 +
ρ

d
= RSh

(

1 +
3πd

16l

)

= RSh

(

1 +
3πd

16vFτ

)

, (2.6)

where τ is the energy-dependent scattering time, which can be related to the
electron-phonon interaction function α2F(ǫ) [8, p. 9]:

τ−1(eV) =
2π

~

Z eV

0
α(ǫ)2F(ǫ)dǫ. (2.7)

Here F(ǫ) is the phonon density of states (DOS) and α2 is the matrix element
squared of the electron-phonon interaction. Then the voltage derivative of 2.6,
together with 2.7 yields:

dRPC

dV
≃ RSh

3π2ed

8~vF
α2F(eV). (2.8)

The first experimental evidence for 2.8 was obtained by I. K. Yanson in 1974 [12].

It turned out that
dRPC

dV
∼ d2V

dI2 , the second derivative of the current-voltage char-
acteristic (IVC), is proportional to the electron-phonon interaction function. As
can be seen from Fig. 2.2(a), Yanson identified two distinct maxima in his mea-

sured
d2V

dI2 spectra with the longitudinal (LA) and transverse (TA) acoustic phonon
peaks.

The reason why
d2V

dI2 is proportional to the phonon spectrum is that the
electron-phonon interaction results in back-flow scattering in a such way that some
of the electrons passing the constriction, are reflected back through the same con-
striction. These backscattered electrons reduce the net current at energies (bias
voltages) corresponding to the phonon modes in the material, and IVC becomes
nonlinear. I. O. Kulik theoretically derived the expression for the second deriva-
tive:

1
R0

dR(V, T)
dV

=
8ed

3~vF

Z ∞

0

dω

kBT
g(ω)χ

(
~ω− eV

kBT

)

, (2.9)

where g(ω) is the point contact interaction function and χ(x) =
d2

dx2

(
x

exp(x)− 1

)

defines the thermal smearing. This thermal smearing often limits the spectroscopic
resolution of the PCS technique. g(ω) is in general a rather complex function.
However, at low temperatures and assuming a circular geometry, it can be ap-
proximated as g(ω) = α2F(eV) (Eq. 2.8).

PCS is an excellent tool for distinguishing the current flow regimes. This is
based on the evaluation of the relative amplitudes of the phonon peaks in the
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(a)

V

d2V

dI2

0

ballistic
diffusive
thermal

(b)

Figure 2.2: The first experimental observation and identification of the longitudi-
nal and transverse phonon peaks in the d2V/dI2 spectra of point contacts to Pb (a),
after [12, p. 8]. Schematic illustration of the typical experimental ballistic, diffusive
and thermal spectra (b).

measured d2V
dI2 (V) spectra. Typical shapes of the experimental

d2V

dI2 (V) curves are
schematically shown in Fig. 2.2(b). The presence of pronounced phonon peaks
is a clear distinction of the ballistic regime from the two other regimes. This
property was important in our statistical analysis of ballistic versus diffusive spin-
dependent transport in magnetic PCs (paper I). Since the electron-phonon interac-
tion function is unique for each metal, the experimental spectral pattern (such as
shown in Fig. 2.2) can be distinguished for each metal. The characteristic voltages
and energies for the TA and LA phonon peaks of the metals used in this work are
listed in table 2.1. For the noble metals the TA phonon maximum is frequently

Table 2.1: Voltages and energies (mV, meV) for TA and LA phonon peaks.

Ag Au Co Cu
TA 11; 13 10 19 16; 19
LA 19 17 34 27

present in
d2V

dI2 (V) spectra, whereas the LA peak corresponding to higher energy
phonons is less intensive and is not always observed.

In the case of heterocontacts between two different metals, the contribution
from both metals will be present in the PC spectrum. If the effective heterocontact
volume is predominantly filled with one metal, then the resulting phonon spec-
trum will have pronounced peaks of this metal and weak peaks of the other metal.
This feature of the PCS method has been explored in paper III, where the mecha-
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nism of the surface spin-valve effect was investigated for single N/F interfaces.

2.1.4 Spin-dependent transport

2.1.4.1 Spin polarization & magnetoresistance

Spintronics devices would not be possible without materials allowing to es-
tablish and manipulate spin-dependent currents in nanostructures. As shown in
sections 2.1.1-2.1.3, it is the electrical resistance of a PC, which provides informa-
tion about the current flow regime, contact size, composition and electron-phonon
interaction3 in the constriction. The resistance of a non-magnetic metal obeys
Matthiessen’s rule, stating that at non-zero temperatures there is a contribution
to the resistivity coming from electron scattering on thermal phonons [11, pp. 159-
162].

In the case of magnetic materials there is an additional source of scattering –
magnons. This means that the spin of the conduction electron, being injected into
a ferromagnet, can interact with a spin-wave or the localized atomic spins. Such
interaction leads to a change of the electron momentum over a characteristic re-
laxation time, and, therefore, the resistivity is altered. The interaction mechanism
relies on a coupling between the conduction s-electrons and the d-electrons in the
ferromagnetic material. The latter electrons are responsible for the magnetism it-
self. As can be seen in Fig. 2.3(a), the s-band typically possesses a symmetrical
density of states (DOS) distribution, D↑,↓(E) with respect to spin-up (↑) and spin-
down (↓) electrons. In contrast, the d-electrons have asymmetrical DOS, where one

EF

E

Eex

d↑d↓

s↑s↓

D↑(E)D↓(E) 0

majority spin band minority spin band

(a) schematic DOS for s- and d-bands (b) calculated bands of 3d-transition metals: Fe,
Co, Ni, Cu (after [13] p. 28)

Figure 2.3: Spin polarization and DOS in ferromagnets.

3Generally speaking, electron-quasiparticle interaction.
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sub-band is shifted with respect to the other by the amount of the exchange energy,
Eex. In ferromagnetic metal bands corresponding to the different spin orientations
are labeled according to their relative spin population. Thus d sub-band contain-
ing the largest number of electrons is called majority band and the other band is
minority band. The magnetization M in the material is determined by the minority
spins. The majority and minority bands are shown in Fig. 2.3(a) as d↓ (left) and
d↑ (right) respectively. That is, for each spin channel the number of electrons par-
ticipating in the conduction is different and we can refer to this difference as spin
polarization. An example of the calculated spin-polarized bands for Fe, Ni, Co and
the unpolarized Cu band is shown in Fig. 2.3(b).

The actual spin polarization process of an unpolarized current passing through
a N/F interface is the following. An equal amount of conduction electrons from
the s↓ and s↑ bands of the N metal enters the ferromagnet. The s↑ electrons can
be scattered into the d↑ band, while s↓ electrons cannot be scattered into the d↓

band due to a lack of free states there. Thus, in ferromagnets the electrical resistiv-
ity, ρ, can be ascribed to the resistivities of the ↓- and ↑-spin conducting channels
connected in parallel:

ρ =
ρ↓ρ↑

ρ↓ + ρ↑
, (2.10)

where conductivity σ↓,↑ = 1/ρ↓,↑ = e2τ ↓,↑D↓,↑/m∗, for an effective mass m∗, spin-
dependent relaxation time τ ↓,↑, and DOS D↓,↑. This model is known as the two-
channel model and it neglects spin-flip processes (no spin-channel mixing).

In a more realistic situation, when electrons scatter additionally on magnons at
high temperatures, expression 2.10 is somewhat modified [14]:

ρ =
ρ↓ρ↑ + ρ↓↑

(
ρ↓ + ρ↑

)

ρ↓ + ρ↑ + 4ρ↓↑
, (2.11)

where ρ↓↑ represents spin-flip scattering. Naturally, in the limit where ρ↓↑≪ ρ↓,↑,
expression 2.11 becomes the same as 2.10. The two-channel model of the resistivity
for the N/F multilayers was developed by Valet and Fert where authors take into
account volume and interface spin-dependent scattering [15].

In the two-channel model, assuming the total electrical current is Itot = I↑ + I↓
and the difference between the spin-↓,↑ currents or the spin current is Idif = I↑− I↓,
the definition of polarization P is:

P =
Idif

Itot
=

σ↑− σ↓

σ↑+ σ↓
=

D↑(EF)− D(EF)↓

D(EF)↑ + D(EF)↓
. (2.12)

Eq. 2.12 does not take into account the fact that the electronic DOS is typically spin-
asymmetric for heavy d-electrons, while the electrical current is mostly curried by
light s-electrons. A more comprehensive definition of P is given in Ref. [16]. From
the practical point of view it is enough to know that for typical bulk ferromagnetic
materials used in the experiments, such as Ni, Co and Permalloy (Ni80Fe20), the
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degree of polarization lies within the range of 25–45% [17–19]. It is also known
that the polarization in thin films may differ from that in the bulk [20, 21].

The physics of spin polarization discussed above is the foundation for spin-
tronics. An unpolarized current becomes polarized inside a ferromagnetic mate-
rial. When such current leaves the ferromagnet, e. g. in a N/F/N trilayer, the
spin polarization remains even in the non-magnetic material. This phenomenon is
known as spin accumulation. Spin accumulation is characterized by its size, which
is determined by the equilibrium between the net spin-injection rate at the F/N
interface and the spin-flip rate in N. The spin accumulation decays exponentially
away from the F/N interface within a so called spin-flip or spin-diffusion length. The
spin-flip length depends on the spin-flip rate, τ ↑↓, Fermi velocity, vF, and mean
free path of the electrons, l, as lsf =

√

τ ↑↓vFl/3. Now, the question is, what will
happen if we place another ferromagnet following the first F/N interface, within
the spin-flip length from the interface? Assuming either parallel (P) or antiparallel
(AP) orientation of two ferromagnets, as schematically shown in Fig. 2.4(a), the
conduction electrons, whose spin orientation is different from the magnetization
of the traversed ferromagnetic layer, are scattered more strongly. In other words,

e−
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N

N

F2
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F1

F1

↑

↑

↑

↑
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(a) e− trajectories

↑
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rN

r1
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R2
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(b) equivalent circuit

Figure 2.4: Two-current model of GMR effect in F/N/F multilayers for P and AP
magnetization configurations. Electron trajectories (a) and equivalent electrical
circuit (b).

spin-↑ and spin-↓ electrons experience different total resistances (equivalent cir-
cuit is shown in Fig. 2.4(b)). Such a F/N/F trilayer or a spin-valve is characterized
by the magnetoresistance (MR) ratio:

MR =
RAP − RP

RP
, (2.13)

where RP and RAP are the resistances in the parallel and antiparallel alignments of
the magnetizations of the ferromagnetic layers.
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GMR In the popular literature as well as in scientific papers it is common to
refer to MR as giant magnetoresistance (GMR) in the case when MR originate from
the N/F alternating layers.

In the general case, when the magnetizations of the F layers are aligned at an
arbitrary angle θ, the total resistance of the spin valve can be expressed as follows:

R = RP + ∆R (1− cos θ)/2 = RP + ∆R sin2 θ

2
, (2.14)

where ∆R = RAP − RP.

AMR The first observed MR was the anisotropic magnetoresistance, W. Thomson
in 1856. The experimental observation was that the resistivity of a ferromagnetic
material is a function of the angle θ between the magnetization direction and the
electrical current. In the normal case, the resistivity is maximum (ρ‖) when the
current is parallel to the magnetization direction, and minimum (ρ⊥) for perpen-
dicular orientation:

ρ(θ) = ρ⊥+ (ρ‖ − ρ⊥) cos2 θ = ρ⊥ sin2 θ + ρ‖ cos2 θ. (2.15)

The origin of the AMR effect is in the anisotropy of scattering produced by spin-
orbit interaction [22, 23]. The typical AMR value is 0.1–3% for pure metals and can
be somewhat higher for alloys. It is known that for Co films, used in much of this
work, the AMR is about 0.8% according to [24].

TMR If the metallic N spacer, shown in Fig. 2.4(a), is replaced by an insulator (I)
the structure becomes a F/I/F magnetic tunnel junction (MTJ). Though MTJs were
not used in the PC measurements presented in this chapter we mention the main
relationship for the MTJ MR (Eq. 2.17), which is used in the spin-flop dynamics
experiment discussed in Ch. 3.

In 1975 M. Julliere discovered tunnel magnetoresistance (TMR) in Fe/Ge/Co tri-
layers [1]. Though the TMR can be estimated using 2.13, Julliere derived a simple
expression for the TMR, where he assumed no spin-flip tunneling of the conduc-
tion electrons and that the number of electrons in each F layer is proportional to
the DOS at the Fermi level:

TMR =
2P1P2

1− P1P2
, (2.16)

where P1,2 are the polarizations of the ferromagnetic electrodes. The disadvantage
of the Julliere model is that neither height nor thickness of the tunnel barrier is
taken into account. A more accurate theoretical model of the MTJ was presented
by J. Slonczewski in 1989. He solved the Schrödinger equation for the single elec-
tron Hamiltonian in the case of the rectangular tunnel barrier separating two free-
electron like ferromagnetic metals. As the main result he derived the resistance4

4Originally the conductance has been derived, but for practical use we give an equivalent expres-
sion for the resistance of the MTJ.
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of the MTJ as function of the angle θ between the magnetization vectors of the two
ferromagnets:

R(θ) =
R0

1 + P2 cos θ
, (2.17)

where P is the effective spin polarization of the ferromagnetic-barrier couple:

P =

(
k↑ − k↓
k↑ + k↓

)(
κ2 − k↑k↓
κ2 + k↑k↓

)

. (2.18)

Here k↑,↓ are the Fermi wave vectors and κ =
√

(2m/~2)(V− EF) is the constant
which depends on the tunnel barrier height V.

Slonczewski’s model is a good approximation of the magnetoconductance in
real MTJs. A comparison of his and Julliere’s models with numerical calculations
performed by J. M. MacLaren et al. in [25].

Domain wall magnetoresistance (DWMR) A domain wall (DW) is an object
connecting regions of a magnet in which the magnetization has a different orien-
tation, as shown in Fig. 2.5 where the magnetization on the right and left sides of
the sample is pointing along the same axis but in opposite directions. The smooth

θ

w

DW

a

Figure 2.5: Illustration of the domain wall in a ferromagnet.

connection between the two regions is due to a competition between the exchange
energy, Jex, and the anisotropy energy, K. Jex works to keep ∆θ small, whereas
K works to have as few spins as possible in the direction perpendicular to the
anisotropy axis. Thus, the DW is formed with a non-zero width which can be esti-
mated [26, p. 331] as w = a

√

Jex/2K or, equivalently, w = 2
√

Aex/K. Here a is the
lattice constant of the material and Aex is the exchange stiffness.

DWs have a high application potential for information storage. It has been
shown experimentally [27–30] that the critical current densities required to move
DWs can be significantly smaller than those required for the current induced mag-
netization reversal (CIMR). The domain wall magnetoresistance (DWMR or DMR),
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similar to the GMR effect, arises from the fact that the polarized conduction elec-
trons traversing the DW experience spin-dependent scattering by the magnetiza-
tion rotating along the electrons trajectory, which leads to an increase in the re-
sistivity. As an example, a ferromagnetic nano-wire having at least one DW will
have a higher resistance than a saturated single domain wire. The estimation of
the DWMR is a rather non-trivial task and is out of scope for this experimental
work. However, studies have been performed where DWMR was estimated for
nano-wires, thin films, magnetic point contacts, etc. [31–36]. It is worth to also
mention theoretical [32, 37–39] as well as recent experimental [40, 41] studies on
current-driven dynamics of DW’s, which are interesting for technological applica-
tions demanding high-speed read/write access to the magnetic storage medium.
Current-driven DW dynamics relies on the mechanism of spin momentum trans-
fer in a current carrying ferromagnet. The basics of the spin momentum transfer
are discussed in the next section.

One way to create a stable (stationary) DW in a nano-wire is to make a geo-
metrical constriction, such as a notch or a bending in the wire. Then a DW can
be trapped by the pinning potential of the constriction. Our micromagnetic sim-
ulations show, however (section 2.3.2, paper IV), that in thin ferromagnetic films
the DW can be pinned by the anisotropy energy alone, without any geometrical
constrictions.

2.1.4.2 Spin transfer torques

Spin transfer torques (STT) have been intensively explored during the last 20
years. In the middle of the 80s, theoretical and experimental studies on current-
induced DW motion in ferromagnetic films [42–44], showed that an electrical cur-
rent sent through ferromagnetic films or wires containing DW, interacts with the
walls and, if the current density is high enough, can cause DW motion. In 1989
Slonczewski calculated STT for the case of current traversing on F/I/F MTJ [5].
It turned out to be impractical to apply torques across TJs, and the following the-
oretical works [6, 45] by Berger and Slonczewski predicted much more efficient
spin transfer in metallic multilayers, such as F/N/F. These papers triggered fur-
ther theoretical as well experimental research [46–52] on STT.

In his early work Slonczewski calculated analytically the STT as a transverse
exchange component [5, Eq. 5.4] for a F/I/F multilayer, and later incorporated
STT [6, 51] into the Landau-Lifshitz-Gilbert (LLG) equation for the magnetization
dynamics as an additional term:

dm

dt
=

precess. torque
︷ ︸︸ ︷

−|γ|m×Heff +

damping torque
︷ ︸︸ ︷

αm× dm

dt
︸ ︷︷ ︸

LLG with no spin transfer

+

STT term
︷ ︸︸ ︷

τ (J,m, P), (2.19)
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where α is damping parameter, Heff is an effective field which is a sum of the ex-
ternal, demagnetizing, intrinsic anisotropy and fields present in F. τ (J,m, P) is the
STT density and m = M/Ms is the reduced magnetization of the F layer.

The LLG equation (2.19) describes the temporal evolution of a magnetic mo-
ment m in a ferromagnet when a non-zero magnetic field is applied and in the
presence of dissipation characterized by the damping parameter α. In the macrospin
approximation it is assumed that magnitude |m| remains constant in time. A de-
tailed review of the precessional magnetization dynamics described by the LLG
equation can be found in the book on magnetism by Stöhr and Siegmann [53,
Ch. 3].

Consider a Fp/N/F device5 (spin-valve) as shown in Fig. 2.6, where the elec-
trons flow from the left to the right (negative current) traversing the two ferro-
magnetic layers with the magnetizations oriented in the plane of the layers. We
assume that F, referred as free layer, is thinner than Fp, referred as fixed layer, and is
easier6 to reorient by STT. The fixed layer serves as a polarizer for the unpolarized

NFp F

Heff

Heff

e−

Figure 2.6: The STT effect in an Fp/N/F spin-valve structure. Electronic current
is polarized by Fp and exerts STT on F. The spin precession in F about Heff is de-
scribed in the text and is illustrated in more detail in Fig. 2.7(right).

electrons and, assuming that the thickness of the spacer N is smaller than the spin
diffusion length in N, the conduction electrons are spin-polarized when entering
the free layer. If the magnetic moment of the free layer is oriented at an angle to the
moment of the fixed layer, the free layer will absorb the component of the incom-
ing spin-polarized current transverse to the layer’s magnetic moment, as a result

5Strictly speaking N/Fp/N/F/N multilayered device.
6The fixed layer can be made of much stiffer magnetic material or can be pinned to another layer,

magnetically very hard layer.
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the free layer will feel a torque tending to rotate its moment toward the orientation
of the incoming spins, as schematically illustrated in Fig. 2.7(left). The spin torque

J. Z. Sun, IBM J. R&D, 50, 81, 2006

Figure 2.7: Illustration of the STT in a F/N/F pillar (left). Magnetization switching
trajectory in a free layer subject to STT (right), after [54].

vector will act on the magnetic moment of the free layer in the opposite direction
from the magnetic damping torque vector, as shown in Fig. 2.7(left) by the black
dashed arrows. Mathematically, all participating torques are depicted in equation
2.19 (and Eq. 2.20). Even intuitively, we can see from 2.19 that the motion of the
magnetic moment can be circular or spiral about the axis parallel to Heff due to the
fact that all three torques are orthogonal to each other.

The remarkable property of the Fp/N/F multilayer confined into a nanopillar
geometry, such as shown in Fig. 2.6, is that the magnetization of the free layer
can be switched by the current along the easy axis. The electrons flowing from
the fixed layer become polarized and exert a torque on the free layer, and at a high
enough current this leads to a magnetization reversal of the free layer. The result is
that the magnetizations in the two layers are parallel (P state) and total resistance
of the pillar is low (positive current range, as illustrated in Fig. 2.8). When the con-
duction electrons flow in the opposite direction, from the free to the fixed layer, the
switching mechanism is different. Spin-dependent scattering at the Fp/N interface
leads to a spin accumulation in N, where reflected electrons are polarized parallel
(AP) to Fp. The electrons with spins parallel to the magnetization in Fp are prefer-
entially transmitted through Fp. Thus, backscattered current is spin-polarized, but
is AP to Fp. If the current is high enough, then this spin accumulation will create a
net torque on the moment of the free layer which can lead a switching of the latter
into the AP state of the valve. The typical dependence of resistance on the bias
current for a pillar device is shown in Fig. 2.8. A detailed study of such hysteretic
CIMS as well as thermally activated switching in Fp/N/F trilayers was performed
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I

R

R

B

e−←− e− −→

⇑↓ (AP) ⇑↑ (P)

Figure 2.8: Illustration of the typical hysteretic R(I) dependence for the Fp/N/F
trilayer nanopillar device shown in Fig. 2.6. Horizontal arrows schematically in-
dicate direction of the electron flow, whereas vertical arrows ⇑ and ↓ (↑) shows
relative magnetization orientation of the polarizing Fp and sensing F ferromag-
netic layers respectively. The R dependence on externally applied magnetic field
is shown in the inset.

by Albert et al. [55] and can be consulted for more details.
The theory of Slonczewski of spin-transfer torques has been validated by J. Xiao

et al. [56] using more detailed numerical calculations. The expression for the STT
density term τ (J,m, P) in the LLG equation 2.19 can be written in the form:

τ (J,m, P) = |γ|βǫ
(
m×mp ×m

)
, (2.20)

where the following notations are used:

γ − Gilbert gyromagnetic ratio,

mp − unit vector of electron polarization direction,

β =
~

µ0|e|
J

tMs
,

e − electron charge,
t − thickness of magnetic layer,

ǫ =
PΛ2

(Λ2 + 1) + (Λ2 − 1)(m ·mp)
,

Λ2
=

1
2

(R↑ + R↓)G,

G − conductance of N. (2.21)

Magnetization precession and CIMR become pronounced when the STT term 2.20
becomes comparable with the damping torque in 2.19. Naturally, this depends on
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the current density J. Strong STT (high J) is achieved in spin-valves with small
cross sections. As reviewed in [54, 57] and illustrated in Fig. 2.7(right) for the
macrospin approximation, the magnetic moment can perform three types of pre-
cessional motion when subject to spin torque: when the current is below a certain
threshold value the excited magnetic moment relaxes back to the easy axis; if the
current is just above the threshold then the moment makes many precessional
cycles before it reverses its direction; and finally, much higher current than the
threshold value leads to a quick magnetization reversal.

The first direct electrical measurements of the microwave-frequency dynamics
driven by the polarized current in nanomagnets has were performed by S. Kiselev
et al. [58]. We will consider the topic of field induced magnetization dynamics in
chapter 3. In the following sections we concentrate the reader’s attention on the
magnetic excitations caused by spin transfer torques.

2.1.4.3 Current-driven excitations in N/F multilayers

The first experimental observation of current-driven magnetic excitations as
well as the first indirect evidences of RF magnetization dynamics have been re-
ported by M. Tsoi et al. [47, 59] in point contacts to Cu/Co multilayers. The mea-

(a) N/F multilayers (b) single N/F

Figure 2.9: Comparison of the experimentally observed current-induced magnetic
excitations in PC to: (a) N/F multilayers by M. Tsoi et al. [47] and (b) single F
layers by Y. Ji et al. [60].

sured IVC (dV/dI) as a function of bias voltage and externally applied magnetic
field H (Fig. 2.9(a)) revealed distinctive peaks in dV/dI(V), which, due to their in
V dependence on H, were attributed to an excitation of spin waves. This work was
an important confirmation of the Berger and Slonczewski theoretical predictions
[6, 45] and the following observations were made: (i) the measured excitations
were on the negative side of the IVC, corresponding to the case when the electrons
flow from the non-magnetic tip into the multilayer; (ii) the excitations are upward
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steps or peaks in the resistance; (iii) the position of the peaks in bias varies linearly
with H; (iv) the importance of the diffusive nature of the electron transport in the
PCs was noted. The latter observation will be discussed in more detail in section
2.3.1 (paper I).

2.1.4.4 Current-driven excitations in single F layers

The main subject of this PhD work is spin-dependent transport phenomena in
PCs to single ferromagnetic films. Thus, in this section we review the experimental
and theoretical studies on STT in single ferromagnetic layers performed prior our
work.

Already in 1999 the Cornell University group (E. B. Myers et al.) [49] studied
CIMS in N/F multilayers found magnetic excitations in IVCs for a single N/F in-
terface as shown in Fig. 2.10. A more detailed experimental study on PCs to a

E. B. Myers et al.,
Science, 285, 867, 1999

Figure 2.10: The first reported current-driven magnetic excitation (marked by red
oval) in PC to a single Co layer, after [49].

single F layer [60] revealed strong similarities between the current-induced mag-
netic excitations in N/F multilayers and in single ferromagnetic layers, as shown
in Fig. 2.9. Since there is no spin polarizing ferromagnetic layer in the single F-
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layer case, the main question is what mechanism is responsible for the magnetic
excitations caused by the unpolarized current?

M. L. Polianski and P. W. Brouwer in their theoretical work [61] proposed that
an unpolarized current traversing a single thin F layer can create a spin-wave in-
stability, which occurs for one current direction only and depends on the asymme-
try of the N/F/N structure. The mechanism of this instability is the same as the
one causing the AP CIMR in Fp/N/F multilayers described above, i. e. the STT
arising from the spin accumulation in the normal metal spacer near the N/F inter-
face. The asymmetry of the N1/F/N2 structure means that the spin accumulation
is different at the N1/F and F/N2 interfaces due to differences in geometry, impu-
rity concentration, etc. This model has been successfully verified by B. Özyilmaz
et al. [62], where symmetric pillar devices showed no magnetic features in their
IVC and asymmetric pillars showed magnetic excitations. Independently from
the Polianski and Brouwer work, M. D. Stiles et al. [63] theoretically showed that
in the case when an unpolarized current traverses a symmetric N/F/N device,
precession-type spin-wave instabilities in F are possible if the magnetization in F
is non-uniform, as illustrated in Fig. 2.11. The electron having an AP spin align-

Figure 2.11: Illustration of the STT at the N/F interface due to a magnetization
non-uniformity in F and impurity scattering in N of originally unpolarized elec-
trons, after [63].

ment with the local magnetization M1 in F (not shown in the figure) experiences
back scattering into N material. Due to impurities present in N near the N/F in-
terface this electron diffuses into the ferromagnet again where local magnetization
M2 can be different from M1. Such difference leads to an absorption of the trans-
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verse spin component of the electron and an appearance of the net STT acting on
local spins (Nst Fig. 2.11). The magnetization non-uniformity along the current
path is it self a symmetry breaking condition, which can be sufficient for the ap-
pearance of the magnetic excitations for single N/F interfaces. Our experimental
verification of the Polianski-Brouwer and Stiles et al. theories on single-interface
spin transfer torques is discussed in detail in Sec. 2.3.1 (paper I).

Rather surprisingly, researchers observed even hysteretic switching in PCs to
single ferromagnetic films [64], similarly to spin-valve trilayers. This effect is the
subject of the discussion in section 2.3.2 (papers II, III, IV and [65]).

2.2 Experimental techniques

2.2.1 Sample fabrication

In this section a short description of the sample fabrication is given. Metallic
multilayered films were used in experiments with magnetic point contacts. Such
multilayers were created using e-beam evaporation. In our case, an ultra high
vacuum deposition system from Eurovac® with an e-gun from Thermionics® was
used.

The films were deposited at room temperature and typical 10−7 mBar base pres-
sure in the vacuum chamber. 1 mm thick silicon wafers coated with 1 µm of SiO2
were used as substrates (Fig. 2.12(a)). The first deposited metal is a thin layer of Ti

Si

SiO2

(a) substrate

Si

SiO2
Ti (buffer)

Cu (bottom electrode)

Co (or Py)
Au (or Cu as a protective layer)

(b) film deposition

Figure 2.12: Typical fabrication process (not to scale)

serving as a buffer layer, followed by a relatively thick layer of nobel metal, such
as copper, used as the bottom electrode in point contact measurements. Finally, a
ferromagnetic film was deposited with an optional protective coating, as shown
in Fig. 2.12(b). This protective layer of Au or Cu prevents the ferromagnetic layer
from oxidizing when sample is subjected to air. The typical fabrication recipe is
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shown in table 2.2. We deposit thin metallic layers at . 1 Å/s in order to minimize
the roughness of the films.

Table 2.2: Typical sample fabrication recipe.

step deposited metal thickness (nm) rate (Å/s)
1 Ti 2. . . 10 ∼ 1
2 Cu 20. . . 100 . 5
3 Co 2. . . 100 . 1

(optional) 4 Au 2. . . 5 ≤ 1
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2.2.2 Measurement technique

«One thing I have learned in a long life:

that all our science, measured against reality,

is primitive and childlike - and yet

it is most precious thing we have.»

Albert Einstein

2.2.2.1 Cryogenic setup

All experiments with magnetic point contacts have been conducted at liquid
Helium (4.2 K) temperatures. The experimental setup, schematically shown in
Fig. 2.13, consists of a vacuum insulated reservoir (or dewar) where liquid He
is stored, a cryostat, a superconducting solenoid magnet, and a sample holding
mechanism (or fixture).

The key feature in this setup is the fixture with a built-in mechanism allowing

Xctrl

Zctrl

PCmagnet

fixture cryostat

x

z

Figure 2.13: Schematic of the cryogenic experimental setup used in PC measure-
ments.

to establish point contacts between a metallic tip and the sample. The differential
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screws inside the fixture cylinder provide the necessary XZ positioning control of
the metallic tip over the sample. Since the typical sample dimensions are about
10× 5 mm, the Xctrl allows to change the position of the tip along the sample,
whereas Zctrl moves the tip up or down with respect to the sample plain.

All electrical wires used for 4-point measurements (see Sec. 2.2.2.2), the tem-
perature sensor and the coaxial cable are inside the cylinder of the fixture and can
be accessed through the connector at the fixture top.

2.2.2.2 Electrical measurements

The magnetoresistive characterization of the metallic point contacts to ferro-
magnets as well as point contact spectroscopy requires sensitive electrical mea-
surements of the current-voltage characteristics (sec. 2.1.3). To achieve a high de-
gree of sensitivity the so-called modulation technique was used. Though this tech-
nique is reviewed at great extend in [8, Ch. 4.3] here we give a short description of
the electrical measurement setup used in this work.

The electrical circuit used in point contact measurements is shown in Fig. 2.14.
Voltage V0 is supplied by a function generator such as Agilent® 33120A, which is
can output currents up to several tens of mA. Voltage Vs and current Is through
the sample are measured by DC multimeters in a standard 4-point measurement
configuration. Since all measurements were performed in the current bias regime,
where bias resistor Rb is used to limit and stabilize the current flowing through
the point contact. In addition to the V(I) of the point contact we measure its
first, V1 ∼ dV(I)/dI, and second, V2 ∼ d2V(I)/dI2, derivatives using Standford
Research® SR830 lock-in amplifiers. To measure the IVC for a given current range
the function generator is programmed to output triangular voltage waveform at
low 0.5− 3 mHz frequency.

The AC output of the first lock-in amplifier is controlled by the RAC
b resistor

and typically is much smaller than the DC bias voltage applied to the point con-
tact. The frequency of this AC signal is fixed to ω/2π ≈ 483 Hz. This signal is
mixed with the DC bias using an LC circuit.

V2 (2nd lock-in amplifier) is required for phonon spectroscopy measurements
(see sec. 2.1.3). An LC bandpass filter is used to measure V2 as the second har-
monic (2ω) of the point contact response to the AC signal fed by the 1st lock-in
amplifier.

The magnetic field B is produced by the solenoidal magnet powered by a
Kepco® bipolar power supply. The magnet is capable of producing upto 8 T mag-
netic field. The field is applied in the plane of the sample. The exact value of the
field is measured as a voltage over 0.1 Ω resistor standard connected in series to
the magnet. The superconducting solenoid calibration constant is 0.22 T/A.

All equipment mentioned above was connected to a computer via GPIB. The
measured data were read out and stored by the computer software designed in the
LabView® programming environment.
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PC

lock-in # 1

lock-in # 2

at 4.2 K temperature

AC out

sync in

Rb

RAC
b

DC source V0

V1

V2

Vs
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Figure 2.14: Electrical circuit used in PC measurements.

2.3 Results and discussions

2.3.1 Phonon spectroscopy and spin transfer torque in magnetic point

contacts (paper I)

As discussed in Sec. 2.1.4.4, theoretical predictions of current-induced magne-
tization excitations were made also for single ferromagnetic layers [61, 63]. The
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mechanism of such excitations relies on spin transfer in the direction normal to
the current flow. As illustrated in Fig. 2.15, a spin-dependent reflection of an elec-
tron can be viewed as a transfer of a magnetic moment from the F layer to the
back-scattered electron, which thereby becomes spin-polarized near N/F inter-
face (electron 2 with dashed trajectory). As will be shown below, an impurity in N

0

N

F
STT near F surface

(unpolarized)
incident electrons

scattering
impurity

δm1
δm2

1

2

A B

Figure 2.15: Schematic representation of the single N/F interface STT mechanism.
The electron (0) with spin parallel to the film’s magnetization experiences no re-
flection at N/F interface. Depending on orientation of the electrons (1,2) spin with
respect to magnetization in M, impurities in N, and presence of the magnetization
nonuniformity in F near N/F interface, the transfer of the spin momentum can
occur in F, for example, between points A and B for electron 2 (dashed trajectory).

plays the role of a scatterer, which can reflect the electron back to the F layer. This
scattering leads to a spin-diffusion process, in which a spin transfer of the mag-
netic moment occurs between points A and B of the interface. The spin transfer is
mediated by the transport electrons, if the current is strong enough and the back-
scattering rate is high, a net spin torque is produced that can excite spin waves
in F the direction normal to the current flow [61]. Such single N/F interface STT
has been used to interpret excitations in the differential resistance of magnetic PCs
and nanopillars having single F layer [60, 62].

A direct experimental verification of this new mechanism of spin torque, in-
duced by back-scattered electrons, would probe the strength of the impurity scat-
tering near the N/F interface and correlate it with the magnetic excitations. Such
study has been performed in this paper by using PCS. As briefly reviewed in sec-
tion 2.1.3 (p. 7), the main advantages of using PCS are the possibility to distinguish
the regime of the current flow in the PC and at the same time detect magnetic ex-
citations by measuring the resistance of the PC. The ballistic regime can be distin-
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guished from the diffusive and thermal regimes by analyzing the second deriva-
tive d2V/dI2 of the measured IVC, or the PC spectrum. As schematically shown
in figure 2.2(b), d2V/dI2 has pronounced phonon peaks in the ballistic regime,
which vanish in the other two regimes. It is interesting to compare PCs having
different current flow regimes but nearly the same resistance7 and therefore the
same current density in the nanoconstriction, as shown in Fig. 2.16. Contacts to
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Figure 2.16: A comparison
of the PC spectra for pairs
of contacts of similar resis-
tance but different current
flow regimes: bulk Co and
Ag tip measured at zero
field (a, b); 100 nm thick Co
film and Ag tip (solid line,
B = 3 T) and Cu tip (dotted
line, B = 4 T) (c). The bal-
listic and diffusive contacts
are represented by dot-
ted and solid lines respec-
tively. The threshold cur-
rent density for the mag-
netic peaks is∼ 109 A/cm2.

both bulk and film Co show N-shaped magnetic peaks, which are present only in
the diffusive PCs, in the bias range of −90 . . .− 50 mV (solid curves). In contrast,
ballistic contacts showed no magnetic excitations (dotted curves). This observa-
tion suggests that the current-induced magnetic excitations are determined by the
strength of the impurity scattering near the N/F interface. The experiments were
repeated for bulk Co, Co thick films as well as thin films (as shown in paper II).

The importance of the impurity scattering in the single N/F interface STT effect
is supported by the statistical analysis of the measured point contacts. A spectral

7As well as the same PC size estimated by Eq. 2.2 and 2.4.
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quality, or degree of the diffusivity of each PC, can be characterized by a phe-
nomenological parameter γ = B/A, which is inversely proportional to the strength
of the phonon peaks A relative to the background B, as shown in inset to Fig. 2.17.
The PC statistics in 2.17 shows that the probability of observing current-induced
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Figure 2.17: Statistics
of the measured PCs
with and without mag-
netic excitations.

magnetization excitations for ballistic PCs (γ < 1, open squares in figure) is signif-
icantly lower than for diffusive or thermal (γ > 1, filled squares) point contacts.
Thus, diffusive regime favors the STT effect for a single N/F interface. Among
many measured PCs, not a single highly ballistic contact that would show mag-
netic anomalies was observed.

It should be noted however that the diffusive character of the current flow may
not be a sufficient condition for the occurrence of magnetic excitations. As seen
from the figure, some diffusive contacts exhibit no magnetic peaks, which may be
the result of some unfavorable spin distribution in the ferromagnet. As proposed
in [63], a non-uniform spin distribution is required for observing magnetic excita-
tions at single N/F interfaces (see Fig. 2.11).

The experimental results described above provide a direct confirmation of the
proposed single N/F interface mechanism of the current-induced STT [61, 63],
which relies on the impurity mediated spin polarization of the originally unpolar-
ized current.

2.3.2 Hysteresis in point contacts to single ferromagnetic films

From Sec. 2.1.4.4 we have learned that, similar to magnetic multilayers, single
N/F interfaces can exhibit current-induced magnetization excitations, manifested
as peaks in resistance when an unpolarized current flows into F. The fundamen-
tal origin of such magnetization instabilities is the difference in conductivity be-
tween the majority and minority spin channels in the ferromagnet, which leads
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to spin accumulation and therefore magnetic STT at the interface [61, 63]. As has
been shown experimentally in Sec. 2.3.1 (paper I), this mechanism relies on strong
impurity scattering near the N/F interface, which is characteristic of diffusive or
thermal PCs.

The new type of the STT effect described above cannot explain the origin of
current-induced hysteretic switching (CIS), which was recently observed [64] in
single F films (Fig. 2.18(a)). Qualitatively, this switching is very similar to that in
spin-valve devices, F/N/F, where it is well known that R(I) dependence exhibits
hysteresis, illustrated in Fig. 2.8 (p. 18). A natural question arises when looking at
this peculiar similarity: is it possible to have a current-controlled magnetic memory de-
vice based on a single ferromagnet only? This question motivated our research where
we tried to clarify the origin of the CIS in single F film. We discuss two possible
origins of this hysteresis:

• stress induced anisotropy in the PC core;

• energetically distinct surface spin states, including spin vortex states.

A careful analysis of the experimental data is carried out to verify the applica-
bility of each model.

* * *

Before presenting our modelling of the hysteretic switching for single F layers,
we review the first proposal to explain the effect by T. Y. Chen, Y. Ji, C. L. Chien
and M. D. Stiles [64] in 2004. The authors proposed the STT effect in a single
exchange-biased Co layer 400 nm in thickness. The exchange bias arises from a
thin antiferromagnetic (AF) CoO layer formed on the top surface of the Co film
due to natural oxidation. In order to create a strong exchange between the AF
layer and the top Co surface, the samples in [64] were cooled in a strong magnetic
field applied in the film plane. The sign of the initial cooling field establishes the
preferential alignment of the top Co surface towards the +H direction. Thereby
a unidirectional exchange anisotropy is created. To study STT in such exchange-
biased Co film, the authors use the point contact technique, which provides high
current densities required for strong spin torques. Measurements of the resistance
(V/I) as well as differential resistance (dV/dI) revealed hysteretic CIS, shown in
Fig. 2.18(a). A distinctive bistable characteristic of these hysteretic loops suggests
that there are at least two magnetic regions, where one switches its magnetization
with respect to the other. Thus, the authors consider three magnetic regions as
illustrated in Fig. 2.18(a)(inset): (i) the bulk of the film, which is unaffected by the
exchange bias and current; (ii) the near surface region (not shown in inset) which
is influenced by the exchange bias but not the current and (iii) the nanodomain in
the contact core. This nanodomain is assumed to be coupled to the AF surface
layer and have two stable magnetization directions relative to the Co film. Cur-
rent injected from the tip with high density can exert STT sufficient to switch this
nanodomain. We recall, however, that exchange anisotropy is unidirectional and
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AF

AF
ND

ND

N

N

bulk

bulk

st
ab

le
un

st
ab

le

(b) micromagnetic states

Figure 2.18: Hysteretic current-induced switching loop at zero field in a
Co/Cu(tip) PC (a) and the proposed micromagnetic model (inset), after T. Y. Chen
et al. [64]. Illustration of the stable and unstable micromagnetic configurations of
the surface antiferromagnetic (AF) layer and the nanodomain (ND) (b).

therefore there must be only one preferable magnetic configuration of the ND, as
shown in Fig. 2.18(b). At zero current bias the P configuration of the ND and AF
spins is stable, whereas the AP configuration is not. The AP8 state can exist when
either a magnetic field or a bias current producing high STT are applied. When
such field or current is decreased to zero the spin configuration of the ND is gov-
erned by the exchange couping with the AF layer, which will force the ND spins
to switch into the original parallel state. It therefore remains unclear why the re-
sistance has two stable states at zero current.

2.3.2.1 Effect of the stress anisotropy (papers II, IV)

Our measurements of the STT effect in PCs to single ferromagnetic films con-
firm the presence of the hysteretic CIMS, originally reported in [64]. An example
of a hysteretic IVC for a Cu(20 nm)/Co(5 nm)/Ag(tip) point contact is shown in
Fig. 2.19. For this particular PC the MR is about 2% at zero magnetic field and is
reduced to 1.8% at 0.25 T. The application of the field also affects the critical switch-
ing current. At 0.5 T the hysteresis disappears completely9. In order to explain this
switching one could apply the model of T. Y. Chen et al. [64], which was reviewed

8Here P and AP mean two orientations of the ND with respect to the AF layer, and not the P and
AP configurations between the ND and the interior spins which actually gives the MR in this model!

9The observed IVC is highly reproducible and returns to the original shape if the field is turned
off.
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Figure 2.19: Hysteretic current-driven switching for a
Cu(20 nm)/Co(5 nm)/Ag(tip) point contact at 4.2 K. The magnetic field is
applied in the plane of the film.

in the previous section. However, there are several reasons why this model is not
suitable in our case:

• The model with a vertical nanodomain is suitable for bulk Co rather than
thin films. Our thinnest films exhibiting hysteresis are 2 nm thin, which
is smaller than the exchange length in Co (∼ 5 nm). This makes a vertical
nanodomain highly unlikely.

• We cool down our samples to 4.2 K in zero magnetic field. In order to estab-
lish exchange anisotropy with the assumed antiferromagnetic surface layer,
a field cooled procedure was required [64, 66], [67, p. 442]. We observe hys-
teresis in zero-field cooled samples.

• When a metallic PC is created any oxide layer that might have been present
at the surface in the contact region is destroyed. Otherwise the contacts are
highly ohmic. Thus, the metallic nature of studied contacts is an evidence
that there is no oxide at the surface in the PC core region.
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• Another consideration is that the proposed exchange-bias anisotropy would
be unidirectional, and therefore R(B) and dV/dI(B) hysteretic loops would
be expected to shift with respect to B = 0 T [67, p. 442]. We, however, rou-
tinely observe PCs with a nearly symmetric field dependence of the MR (see
e. .g Fig. 2.20(a)).

• Surface exchange bias can be diminished by coating the ferromagnetic films
with a nonmagnetic metal. Contrary to [64], where some samples were cov-
ered with a 2 nm Au layer and showed no hysteresis, we observe hysteretic
switching in samples coated with Au and Cu, as shown in Fig. 2.20(b).

• As discussed on p. 30, the micromagnetic origin of the bi-stable nanodomain
is hard to couple with the antiferromagnetic exchange anisotropy within the
model given by Chen et al. [64].
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Figure 2.20: Hysteretic differential resistance for a PC to an uncoated Co film (a)
and a Co film coated with 3 nm of Au (b).

The considerations above motivated us to look for alternative explanations. To un-
derstand the micromagnetic structure in a nano-sized PC we studied the magnetic
field dependence of the resistance at a relatively low current through the PC, in
order to minimize the current-induced STT. dV/dI as a function of B at I = −0.25
mA (Icrit− = −0.75 mA) is shown in the inset to Fig. 2.21. A distinct characteris-
tic of the field driven hysteretic loop is that the ground state at zero field is a high
resistance state. For the field sweep from +200 mT to -200 mT (blue circles) an in-
crease in dV/dI is observed before zero field is reached, starting at about +140 mT.
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Figure 2.21: Hysteretic current induced switching in a Cu(100 nm)/Co(5 nm)/Ag
(tip) PC having 2.9 Ω resistance measured in zero field. Field induced switching
at -0.25 mA biasing current (inset).

Sweeping the field in the opposite direction (red squares) reveals again an abrupt
transition to a high-R state before zero field is reached, at a negative field of -64 mT.
The question is what kind of magnetic anisotropy can cause an increase in resis-
tance or even an abrupt switching after saturation (|B| > 1 T), before B reaches
zero?

Our micromagnetic model vs. experiment

Here we analyze mechanism for the observed hysteresis effect for PCs to single
N/F interfaces, which is magneto-elastic in nature. A thin Co film can be subject to a
mechanical stress when a metallic tip is brought into contact with the film surface.
The resulting magnetoelastic energy Eme can be written as [67, p. 270]:

Eme =
3
2
λsσ sin2 ϕ, (2.22)

where λs is the linear saturation magnetostriction, σ the applied stress, and ϕ the
angle between the direction of the stress and the magnetization. We propose that
a nanodomain (ND) can be formed when Eme in the PC region is high enough to
overcome the shape anisotropy of the film. Using Eq. 2.22 we can estimate Eme

by assuming sin2 ϕ ≈ 1 (for a vertical ND) and λs ∼ −10−5 for Co [68, p. 50]. The
compressive (negative) stress σ is unknown, however the maximum value is the
elastic limit for Co, so we can use the Young’s modulus of−2.1 · 1011 Pa [68, p. 25].
These give Eme ≈ 3 · 106 J/m3, which is comparable to the demagnetization energy
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in Co, Kd = 1.4 · 106 J/m3.
To test the above hypothesis in detail we used the OOMMF micromagnetic

software package [69]. From the numerical micromagnetic analysis we deter-
mined the minimal Eme required for a formation of a ND, the ND size, and the
estimated MR (a function of the ND-to-film spin angle) as a function of an exter-
nally applied magnetic field. For the simulations we chose a 200 nm diameter,
5 nm thick film element, with a 1 nm3 mesh size. Bulk Co saturation magnetiza-
tion, Ms = 1.25 · 106 A/m, and exchange stiffness A = 3 · 10−11 J/m were used. The
stress was taken to fall off symmetrically away from the PC core, with a Gaussian
profile of different decay lengths, as shown in Fig. 2.22(a). This profile can be char-
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Figure 2.22: Stress anisotropy energy Ku(r) profile as a function of distance r from
the PC center (a). Vertical red line denotes the chosen radius of PC. Effective do-
main wall angle θ as a function of K0/Kd for three profiles, Kpc = 0.5K0, 0.9K0 and
0.99K0 (b).

acterized by the value of the anisotropy energies in the center Ku(r = 0) = K0 and
at the distance equal to the radius of the PC Ku(r = rpc) = Kpc (red vertical line in
Fig. 2.22a). The typical value used in the simulations, rpc = 10 nm, corresponds to
the size of our larger contacts (R ≈ 3 Ω). The direction of the anisotropy easy axis
was taken perpendicular to the film plane since the easy axis of stress anisotropy
in Co is known to be parallel to the direction of the compressive stress.

The simulations results for three stress profiles with Kpc = 0.5 · K0, 0.9 · K0,
and 0.99 · K0 are presented in Fig. 2.22(b). θ is defined as the angle between the
magnetization vectors M0 and M1 averaged across the PC region (r ≤ rpc) and its
periphery (rpc < r ≤ 2rpc), respectively, as shown in Fig. 2.23 inset. Since the cur-
rent density is high only in the close vicinity of the PC the analysis of the spin
distribution is limited to the region of ≈ 2rpc. For Kpc = 0.5K0, 0.9K0 and 0.99K0, θ
reaches a maximum at energies 0.71Kd, 1.07Kd and 2.5Kd, respectively. This means
that a stable out-of-plane ND corresponds to the magneto-mechanical equilibrium
configuration in the system.
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Figure 2.23: Cross section of a model magnetic PC. An out of plane anisotropy
in the contact region is caused by a mechanical stress. The distribution of the
magnetization M is shown by the small arrows, the Mz component is represented
as a color gradient (simulated). The current I injected into the PC (red arrows)
flows through two regions with dissimilar magnetizations: the PC center (2rpc in
diameter) with M0 and the PC periphery with M1 (rpc in width).

For further analysis we choose the medium value with Kpc = 0.9K0 (black solid
line in Fig. 2.22). At low energies K0 ≪ Kd, θ is zero since the stress anisotropy
is much weaker than the shape anisotropy of the film, and no ND can be formed.
On the other hand, if K0 ≫ Kd then the size of the ND is much grater than the
PC size. Here again, M0 ≈M1, however the direction is out of the plane. When
K0 ∼ Kd, the ND size is comparable with the size of the larger contacts (&20 nm),
θ 6= 0, M0 6= M1, and current flows through an effective domain wall producing
magnetoresistance.

Our model can be used to obtain the hysteretic MR dependence on the mag-
netic field. Using K0 ≈ 1.07Kd = 1.5 · 106 J/m3, Kpc = 0.9K0 and choosing rpc =

10 nm we compute θ(B). Since MR ∼ sin2(θ/2) the hysteretic dependence of MR
on B is qualitatively similar to θ(B) shown in Fig. 2.24(a). In this particular case,
the maximum θ is≈ 20◦. Some contacts we have measured, such as the one shown
in Fig. 2.24(b), exhibit hysteretic MR loops in excellent qualitative agreement with
the simulated ones (Fig. 2.24(a)).

An important conditions for observing MR is that the current must flow through
the DW, which is on the periphery of the PC, and the density of the current should
be high enough to perform the current-induced magnetization reversal of the ND.
A numerical simulation of the current flow injected through a PC into a Co(5 nm)/Cu(20 nm)
bi-layer shows that the current density j in Co is about 10–20% of the current at the
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Figure 2.24: Simulated θ versus B applied in the plane of a 5 nm thick Co film
(a). Measured MR of a PC with R = 3.25 Ω (b). Arrows and corresponding color
indicate the field sweep directions.
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Figure 2.25: A numerical simulation of the current flow in a Co(5 nm)/Cu(20 nm)
film, injected through a PC (a). The current density j is shown as a color map. In
the limit when the mean free path l is comparable with the PC size, a j a is function
of the distance r from the PC center (b). Results are shown for a/l equal to 0.1, 0.2,
0.5, 1.0, 2.0 and 10.0, after [70].

N/F interface, as shown in Fig. 2.25(a). In these simulations the ratio between the
resistivities of the two metals is assumed10 to be ρCo/ρCu = 5. From the figure we
see that most of the current will traverse the Co layer and enter the Cu buffer layer.
Thus, the DWMR is sensed by a small fraction of the longitudinal current flowing
in the Co layer nearly parallel to the film. This fact can be used to explain relatively

10At liquid He temperatures this ratio can be 5-10 for our Co/Cu films.
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low MR observed on the experiment, though the actual current density at the PC
periphery can be somewhat higher, as was shown by MacDonald and Leavens
[70]. If the contact size is smaller or comparable to the elastic mean free path in the
metal (Sharvin limit) then the current density increases with distance r from the
PC center an reaches its maximum value at r = rPC, as shown in Fig. 2.25(b).

Noticeable quantitative differences (Fig. 2.24) between the experimental data
and the results of the micromagnetic simulations can be due to the uncertainties
in the geometry and material parameters of the PC’s, as well as small but nonzero
STT affects. Our micromagnetic model provides a microscopic explanation of the
observed effect for larger point contacts (&20 nm). Hysteresis in smallest contacts
(1–10 nm range) may require invoking other mechanisms, since such volume-like
nano-domain states on this scale are highly unlikely.

2.3.2.2 Spin valve surface effect (paper III)

A large number of magnetic point contacts we have measured resulted in a
large library of magnetotransport data. Processing these data, in particular small
PCs which exhibit current- (CDHS) or field-driven (FDHS) hysteretic switching,
revealed few different types of the either characteristics.

The FDHS shown in Fig. 2.26(b, d) cannot be exaplined within the stress
anisotropy model presented in section 2.3.2.1. The first distinctive characteris-
tic of this field-induced switching is that the hysteretic loop is qualitatively simi-
lar to the typical hysteretic switching for a typical F/N/F spin-valve device (see
Fig. 2.8(inset)). Intuitively, this fact suggests that thin ferromagnetic films can be
split into two magnetically decoupled (or weakly coupled) layers. We assume that
spins at the surface and the interior spins in the ferromagnet can be considered as
such layers. An experimental support of this assumption comes from the recent
studies of surface and interface magnetism in Co and Fe [71, 72]. It is believed
that the difference in magnetic anisotropy and/or exchange coupling is due to the
reduced site symmetry and the different atomic coordination at the surface with
respect to the bulk.

Another interesting property of the two aparently similar11 contacts in Fig. 2.26
is that the hysteretic R(V) dependence can be inverted in resistance, switching
into the high–R state (AP) for positive current bias12. Thus, the hysteresis shown
in Fig. 2.26(c) is inverted with respect to the typically observed normal hysteresis
shown in Fig. 2.26(a), where the AP state is produced by negative current bias.
Such inverted hysteresis we will refer to as anomalous.

In point contacts to bulk or thick film ferromagnets it is natural to observe nor-
mal CDHS. The reason for that is because there is only one active N/F interface,
as shown in Fig. 2.27(a). When the electron current flows from thick F to N (posi-
tive polarity), it is spin-polarized and any DW or nanodomain near the N/F point

11In PC size and film thickness.
12Here, the negative polarity of I or V corresponds to the situation when the electrons flow from N

to F at the N/F interface.
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Figure 2.26: Current- (a) and field- (b) driven normal hysteresis for a
Cu(30 nm)/Co(5 nm)-Ag(tip) PC. (c, d) same for a similar contact exhibiting
anomalous hysteresis.

contact is suppressed if the current, and therefore the STT, is strong enough. In the
case of CDHS this corresponds an AP-to-P switching at approximately +2.5 mV in
Fig.2.26(a). For the negative polarity of the current the unpolarized electrons flow
from N to F. As described in sec. 2.3.1 (paper I), efficient spin-dependent electron
scattering on impurities near the N/F interface causes STT acting on the interface
spins, which are shown by red arrows in Fig. 2.27(a). The STT may lead to the a
reversal of the surface magnetization P-to-AP seen in the data at approximately
-11 mV (Fig. 2.26(a)).

The normal hysteresis is observed in our PCs to bulk Co as well as Co thin films
(see Fig. 4(a) in paper III). In contrast, the anomalous hysteresis is not observed for
bulk Co, but is observed for thin films with thickness of the F film smaller than the
PC diameter (tF . d). Our explanataion of this anomalous effect is given by the
following model.

The geometry of a N1/F/N2 point contact can be such that the F layer can be
located in the bottom (Fig. 2.27(b)) or top (Fig. 2.27(c)) half of the PC core. As
illustrated, either interface (N1/F or F/N2) can be in the middle of the PC core
(dashed circle) and therefore subject to a higher current density than the other
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Figure 2.27: Schematic of three PC
types. The electrodes are separated by
a non-conductive surface layer (dark
gray). Red arrows illustrate spin
switching of the interface spins with
respect to the interior spins (black ar-
rows) by high density e− current (green
arrows). The polarity of the current
in (b) and (c) illustrates the cases of
the maximum current density in the
PC core (dashed circle), and hence
strongest STT, at the top and bottom F
surface respectively.

interface. In these two cases most of the PC core volume will be filled predomi-
nantly by N1 or N2 metal. Fortunately, PCS can help to determine which N metal
is dominant in the PC core, and correlate that with the two types of the observed
CDHS. In Fig. 2.28 the result of such an experiment is presented. For two similar
Cu(100 nm)/Co(3 nm)–Au(tip) contacts both CDHS in dV/dI (figures 2.28(a, c))
and d2V/dI2 spectra (figures 2.28(b, d)) were recorded. The first PC shows nor-
mal hysteresis and exhibits a pronounced phonon peak of Au, approximately at
10 mV. In contrast, the second PC shows anomalous hysteresis and, importantly,
has a pronounced phonon peak of Cu rather than Au, at 17 mV. The peak separa-
tion of about 7 mV between Au and Cu is large enough to distinguish them even
in the diffusive regime, where the peaks are smeared out. The choice of the non-
magnetic metals N1 and N2 for the electrodes in this experiment was aimed to
test our model. The spectroscopic data (d) provide a good explanataion. Namely,
the PC core with the highest current density is at the bottom (top) of the F/N2
(N1/F) interface, where the electrons flow from Cu (Au) electrode into Co. Thus,
transition to the high resistance state occures at positive (negative) polarity of the
current, and the reverse switching into the low resistance state occures at the neg-
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Figure 2.28: Normal hysteresis in dV/dI(V) for a Cu(100 nm)/Co(3 nm)-Au(tip) PC
(a). PC spectrum for the same PC showing a pronounced Au transverse phonon
peak (c). Anomalous hysteresis in dV/dI(V) for a nominally similar contact (c) and
its PC spectrum showing a dominant Cu phonon peak (d). The black arrows in
dashed circles in (a, c) schematically indicate the orientation of the surface and
interior spins. The red and blue arrows in (a, c) indicate the bias sweep direction.

ative (positive) side of the R(V) sweep.
The model and the spin transport effect discussed above is general in nature, it

can explain hysteresis in large structures as well as in PCs with very small lateral
size, of the order of 1–10 nm (as shown in Fig. 4c, paper III).

2.3.2.3 Magnetic vortex states in point contacts

A subset of hysteretic point contacts exhibit CIMS with three stable states in the
R(V). These measurements were done on thicker ferromagnetic films (tF ≫ dPC).
In contrast to the usual, bi-stable hysteresis (e. g. shown in Fig. 2.19, 2.20, 2.21
and 2.26), a third resistance branch appears between the maximum and minimum
resistance states. An example of the experimental tristable hysteresis is shown in
Fig. 2.29 [65]. The high and low resistances we denote as RAP and RP, respectively,
assuming that the AP and P states are realized between the surface spins and the
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Figure 2.29: Measured dV/dI(V) at T = 4.2 K and H = 0 T for
Cu(100 nm)/Co(100 nm)/Cu(3 nm)-Cu(tip) PC with total 6 cycles. Each cy-
cle is labeled by color. Only in cycle no. 2 the intermediate resistance state
is reached. Black arrows show sweep direction. AP, P, V and ”s“ represent
anti-parallel, parallel, vortex states and beginning of the the curve recording
respectively. The magnetic transitions between either states are shown in the plot
legend.

bulk. Exact 180◦ (AP) or 0◦ (P) alignment of the spins between the two regions is
not a necessity. Depending on the PC geometry and the strength of the exchange
coupling between the surface and the bulk spins, other angles can provide stable
configurations of the spins in the system. The middle resistance state we denote
as RV, suggesting that in this state the spins at the surface of the ferromagnet have
a vortex micromagnetic configuration.

Following the surface spin-valve interpretation discussed in previous section
(2.3.2.2 and paper III), we propose that vortex state can be formed at the surface
of F layer, at the top N/F interface (Fig. 2.27(a)), where the current density is the
highest. The bottom F/N interace is far from the PC core and plays no role in this
case.

A similar R(V) characteristics (Fig. 2.29 vs. 2.30(b)) was found in Fring/N/F
nanopillars [73], where one of the F layers has the shape of a circular ring, as
schematically shown in Fig. 2.30(e). Despite the fact that the rings in [73] had
lateral dimensions ⊘ > 100 nm (an order of magnitude larger than our PCs) re-
markable similarity is evident from the R(H) loops for some of our PCs shown in
figures 2.31(d–f) and 2.31(b). The middle resistance step in R(H), which has been
identified with a vortex state of the nanoring in [73], is apparently present in PC.

The R(V) dependence of the PC shown in Fig. 2.31(a) has three distinctive re-
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(e)

T. Yang et al.,
APL, 90, 022504, 2007

Figure 2.30: After T. Yang et al. [73], CIMS loops for ring-shaped nanopillars,
schematically shown in (e), with the sizes of (a) 155/60 nm and (b) 215/95 nm.
Illustration of the transitions between onion-AP and vortex states (c, d). M1 and
M2 (solid lines) are magnetizations of bottom fixed layer and Co ring respectively.
The Oersted field and DC current are shown by dotted and dashed lines respec-
tively.

sistance states. At the start of the sweep (s) the magnetic configuration of the PC
is P (black curve 1). At a rather large bias (∼ −65 . . .− 68mV) the magnetic con-
figuration changes to AP and remains in this state until it finally switches into
an intermediate resistance V state (green curve 3). The state switches again to
AP somewhere between −20 . . .− 40 mV. In the following half-cycle (blue curve
4) the state remains AP and at about +15 . . . + 20 mV becomes P. Then between
−20 . . .− 64 mV the magnetic configuration changes to V. Since in this sweep bias
> −64 mV is not reached, there was not enough current density and thus STT to
perform the P-AP transition. Therefore, when the voltage is decreased back to zero
the spins remain in the V state (pink curve 6). Using the fifth voltage sweep (cyan
curve) one can estimate the current required to form the vortex state (by means of
generated Oersted field), which is∼ 10 mA. As detailed below (Fig.2.33), this sug-
gests that the exchange stiffness at the surface must be two orders of magnitude
smaller than in bulk Co, if the PC diameter is ∼ 20 nm.

Micromagnetics of vortex nucleation and stability in thin disks

In our numerical model we study the nucleation as well as stability conditions
for vortex-like spin states in thin circular disks. We perform micromagnetic sim-
ulations using OOMMF [69]. The equilibrium magnetic configuration is obtained
by an energy minimization.

The computational volume is a 1 nm thick disk having the diameter of ei-
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(d)

(f)(e)

(c)

T. Yang et al.,
APL, 90, 022504, 2007

Figure 2.31: (a) Superimposed successive half-cycles of R(V). Curves 4–6 are offset
for clarity by 0.1 Ω. Transitions are labeled as in Fig. 2.29. R(H) dependence (b)
for the same PC as in (a). R(H) of nanorings with vortex magnetic configurations
(c–f), after [73].

ther 20 or 50 nm. The volume has discretized into a three-dimensional mesh of
0.5 × 0.5 × 0.5 nm3 cubic cells. We tookthe saturation magnetization of Ms =

1.25 · 106 A/m and the uniaxial anisotropy energy of Ku = 0 J/m3, which are typ-
ical for thin Co films. We varied the exchange energy up to JEX = 3 · 10−11 J/m
(bulk Co). Theoretical studies on the vortex stability [74] show strong dependence
on the L/LEX ratio, where L the size of the disk and LEX ∼

√
JEX is the exchange

length in the material. In ultra-thin magnetic films with thickness of the order of a
few atomic layers, the exchange energy is known to be lower than in the bulk.

To investigate the vortex stability in the PC we use two approaches. In the first
one, we determine the vortex nucleation probability P statistically from simula-
tions where in each run the initial magnetization is set randomly from cell to cell.
An example of the micromagnetic spin configuration equilibrated to a stable vor-
tex state is shown in Fig.2.32(a). The results of such computations for disks 20 and
50 nm in diameter are summarized in Fig. 2.32(b). Here we also present the results
for the case where a finite out of plane (OP) uniaxial anisotropy was added. As
can be seen from the plot this anisotropy does not affect the nucleation probability.

In the second approach we analyze the effect of the current induced Oersted
field HOe on the nucleation of the vortex. We assume that the current I is uniformly
distributed in the PC (magnetic disk) and the field is linearly increasing from zero
at the PC center as:

HOe(r) = H0r/RPC. (2.23)
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(a) vortex 3D view
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Figure 2.32: 3D view of the vortex spin distribution in a 1 nm thick magnetic disk
having a diameter of 50 nm, Ms = 1.25 · 106 A/m, and JEX = 1 · 10−12 J/m (a).
This distribution is a result of a micromagnetic simulation where the initial mag-
netization in each 0.5× 0.5× 0.5 nm3 cubic cell is set randomly. The cone-like
arrows represent M and the color depicts its normalized Mz component. Vortex
nucleation probability P as a function of the exchange energy JEX for 20 and 50 nm
diameter PCs (b).

Here H0 = µ0 I/(2πRPC) is the maximum value of the Oersted field at the PC pe-
riphery. We start our simulations with the uniform magnetization and the initial
HOe applied field defined by 2.23. After the energy minimization converges to the
equilibrium the Oersted field is set to zero and the magnetization state is deter-
mined. In Fig. 2.33 the resulting vortex phase diagram is presented for a PC with
RPC = 10 nm. From this diagram the critical Oersted field required to nucleate a
vortex states can be determined and, thus, the critical current can be estimated.

In conclusion, we have observed current- and field-driven hysteretic switching
with triple (P, V and AP) resistance levels in PCs to single F films. Qualitatively,
both CDHS and FDHS are similar to the STT effects found in spin-valve Fring/N/F
structures, where vortex magnetic states have been observed [73, 75]. The typical
dimensions of the measured PCs we estimated to be 10− 20 nm, which is very un-
usual for vortex magnetic states. However, our micromagnetic simulations show
that such states are possible in the case of the reduced exchange interaction be-
tween the spins at the surface. Our numerical studies also show that creation of
the vortex configuration in PCs is stimulated by the Oersted field produced by the
high density current.
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Figure 2.33: Vortex stability diagram, where the Oersted field HOe is the minimal
field required for the nucleation of a stable vortex in a disk with RPC = 10 nm.
HOe(r = 0) = 0 and is maximum at the PC periphery HOe(r = RPC), as described
in the text. Color diagrams show distribution of the magnetization’s angle in the
plane of the disk.

2.3.3 Spin dynamics in magnetic point contacts (paper V)

In the previous sections (2.3.1–2.3.2) we have studied STT effects in point con-
tacts to single ferromagnetic films. We learned that, similar to F/N/F multilayers,
single N/F interface can exhibit magneto-transport properties such as resistance
excitations and even hysteretic magnetization reversal caused by nominally unpo-
larized currents. Our experimental confirmation (paper I) of the predicted [61, 63]
STT mechanism for single N/F interface helped us to understand the nature of the
the magnetic excitations (paper II) and the origin of the current-induced hysteretic
switching (papers III, IV and [65]).

So far, the experimental studies we have presented were limited to static mea-
surements. By measuring such dependencies as dV(I, H)/dI (and R(I, H)) shown
in Fig. 2.34(a) and d2V(I, H)/dI2 we can characterize N/F/N point contacts by the
current flow regime, presence of magnetic excitations, and some additional details
on the magnetization reversal if the magnetic PC exhibits hysteretic switching.
By looking at the progress of the theoretical and experimental research on STT
in N/F multilayers or F/N/F spin-valve devices, we see that these studies were
accompanied by investigations of STT dynamics. In the phenomenological LLG
equation 2.19 the STT, defined by Eq. 2.20, is an additional term which depends
on the degree of spin polarization P and current density J. As discussed in section
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(a) (b)

Figure 2.34: Relative differential resistance for Co(100 nm)/Cu(tip) PC with R0 =

7.2 Ω with H⊥ = 4 T applied field (a). The schematics of the experiment is shown in
inset of (a). Excitation peak in dV/dI stimulated by 2 GHz irradiation of different
power P = 0, 2.4 and 3.6 µW (curves 1–3 respectively) for Co(100 nm)/Cu(tip) PC
with R0 = 5 Ω in H⊥ = 2.47 T field (b). Curves are shifted vertically by 1 Ω for
clarity. The amplitude of the induced peak as function of RF power is shown in
the inset of (b).

2.1.4.2, the STT is responsible for the magnetization excitations in ferromagnetic
free layers induced by the polarized current in the spin-valve. In fact, when J is
approximately equal to a certain critical value Jc, the STT causes a steady-state
magnetization precession, schematically illustrated in Fig. 2.7. This precession can
be indirectly observed as peaks in static resistance measurements. The direct ev-
idences of the STT-induced magnetization dynamics in F/N/F trilayers has been
obtained in [76]. For single F layers such direct measurements remain a challeng-
ing experiment. We point out that the first evidence that the magnetic excitations
in multilayers are oscillatory in nature was obtained using quasi-dynamic mea-
surements in [77]. Similar to this work, here we demonstrate STT-induced magne-
tization dynamics in single F layer.

The schematic of the experiment, shown in Fig. 2.34(a)(inset), is not very differ-
ent from the previous experiments with point contacts discussed in the previous
sections. The same four point measurement technique is used to inject high den-
sity current into F from a N tip and to sensitively measure the dV/dI characteris-
tics. The novelty with this experiment is that, a microwave radiation is supplied
via a coaxial cable to the tip. The DC and HF lines are decoupled by using a capac-
itor and low ohmic inductors, as shown in the figure. In this case the PC needle
plays the role of an efficient antenna at GHz frequencies, supplying a HF AC cur-
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rent to the PC. The maximum RF power in the PC region is estimated to be a few
tens of µW.

The main idea behind this RF irradiation experiment is to probe the HF fre-
quencies of the current-induced magnons. One expects expected to observe a
resonant amplification of the current-induced magnetization precession (peaks in
dV/dI) when the frequency ( fRF) of the externally applied RF coinsides with the
magnon precession frequency ( fm) - a function of the bias current through the PC,
the local magnetic anisotropy and externally applied field. When the resonant con-
dition is met a transition from predominantly stochastic oscillations to a stationary
precession occurs. The energy of the spin sub-system in the PC core increases with
respect to the spins in the bulk (film). This may lead to an abrupt change in the
DWMR seen as a peak in dV/dI. As an example, a stimulation of magnetic exci-
tation by RF is shown in Fig. 2.35(a), where the peak appeared first when the PC
was irradiated by RF of 3 GHz power of 4 dBm13. An increase of the frequency
caused a shift of the peak to a higher bias. Importantly, a shift towards a higher
bias is observed by increasing the external field (Fig. 2.35(b)).

In addition to the resonant absorption of RF discussed above, we also observe
off-resonance AC rectification. An example of this effect is shown in Fig 2.35(c)
where initially sharp peak in dV/dI (curve 1) is suppressed, broadened and then
even split in two with an increase of the RF. Such behavior can be studied theo-
retically by using the model given of Refs. 17 and 18 in the manuscript (paper V).
Since the total voltage over the PC is V(t) = V0 + V1 cos ωRFt, where V0 is the DC
bias and V1 is the amplitude of the RF with frequency ωRF, the time averaged IVC
characteristics is:

I(V) =
ωRF

π

Z π/ωRF

0
I0(V0 + V1 cos ωRFt)dt. (2.24)

Here I0(V0) is unperturbed IVC, which can be obtained by integrating the exper-
imentally measured dV/dI without RF applied (curve 1 in Fig. 2.35(c)). Eq. 2.24
requires that the RF frequency is low compared with the inverse of the character-
istic electron relaxation time producing nonlinearity. In other words, energy of the
photons must be lower than the width of the nonlinearity in the IVC. In our exper-
iments this requirement indeed holds, the energy of the RF photons is of the order
~ωRF ∼ 10−2 meV, whereas the half-width of the peak is about∼ 2 meV. Now, hav-
ing an unperturbed I0(V0) dependence and using Eq. 2.24 we can compute I(V) –
the IVC for different values of RF power (voltage amplitudes). The result is shown
in Fig. 2.35(d) (curves 2–5), which is in prefect agreement with the experimental
curves in Fig. 2.35(c).

In some contacts the amplitude of the peak was monotonously rising as RF

13Measured at the RF generator.
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(c)(a)

(b) (d)

Figure 2.35: Differential resistance for a PC with R0 = 6.7 Ω (a) and 18 Ω (b) ir-
radiated by RF of given frequencies, with power PRF = 0 and 4 dBm. dV/dI(V)
for a Co(100 nm)/Cu(tip) PC subjected to a 2 GHz RF irradiation with power of
P = 0, 12, 24, 36 and 48 µW marked as curves 1–5, respectively (c). Calculated
dependence according to Eq. 2.24 for V1 = 0.5 1, 1.5 and 2 µV, marked as curves
2–5, respectively (d). Curve 1 in (c) is the same as curve 1 in (d). Peak position as
a function of the external field (inset).

power increased, as shown in Fig. 2.34(b). Such behavior is expected for a tran-
sition from a low to a high angle precession with increasing RF power. As can
be seen from Fig. 2.34(b)(inset), for low RF power the amplitude of the induced
peak AAC depends on the power linearly. This is in agreement with recent mea-
surements on spin-transfer-driven ferromagnetic resonance in spin-valve devices
[78], where peaks have been well approximated by the Lorenzian shape14 (Eq. 3 in
[78]):

AC ∝
I2
RF/∆0

1 +
[
( fRF − fm)/∆0

]2 , (2.25)

14Our experimental AC( fRF) dependence is given in paper V. (Fig. 4(b)).
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where ∆0 is the linewidth of the peak. Since PRF ∝ I2
RF, we can rewrite 2.25:

AC ∝
PRF/∆0

1 +
[
( fRF − fm)/∆0

]2 . (2.26)

I. e., the peak amplitude scales linearly with the RF power when power is suffi-
ciently low.

Higher RF power results in a saturation of the precession angle. Driven by the
STT and the RF, the surface spins in the PC core form an effective precession an-
gle with spins outside the core, producing DWMR. This DWMR is measured as a
pronounced peak in dV/dI.



Chapter 3

Spin-Flop Dynamics in Toggle
MRAM (paper VI)

Toggle magnetic random access memory (TMRAM) has recently attracted a great
deal of attention from many research groups. Invented by L. Savchenko, TMRAM
has two antiferromagnetically coupled free magnetic layers separated by a non-
magnetic spacer. It has been shown [79, 80], that such a design makes the layers
insensitive to the disturbing half-select fields from either word or bit lines, and
the switching can be performed when a specific toggle sequence of the word and
bit line fields is applied. This resolves the problem of unwanted, variations in
switching fields. Furthermore, theoretical single-domain modeling [81–83] pre-
dicted enhanced activation energy when a half-select field is applied, and recent
experimental results confirmed this [84]. Other theoretical [85–87] as well as exper-
imental [88] studies were concentrated on quasi-static TMRAM properties, such as
dependence of the toggle critical switching curve (CSC) or the toggle criteria on
free layers geometry, thickness imbalance, intrinsic anisotropy, etc.

The magnetization dynamics of a single ferromagnetic nanoparticle induced by
external fields [53, pp. 84–103], [89, 90] and spin transfer torques [57, 58, 91–93] is
well understood. It is governed by the LLG equation (2.19), which describes a spin
precession with the resonance frequency determined by the effective anisotropy
field Heff of the particle.

The dynamics of two ferromagnets, coupled either by exchange or dipolar forces
or both, is however practically unexplored. In this two-particle case, one should
expect collective precessional modes to replace the single particle resonances when
the inter-particle coupling strength is comparable to the single particle magnetic
anisotropy energy.

In this chapter, we report real time measurements of the tunneling magneto-
resistance of spin-flop tunnel junctions in response to 100 ps range excitations. We
show that the two coupled nanomagnets, when dynamically excited by a magnetic
field impulse, resonate in a collective fashion with the two main eigen-modes cor-

51



52 CHAPTER 3. SPIN-FLOP DYNAMICS IN TOGGLE MRAM (PAPER VI)

responding to the collective azimuthal bodily rotation and the azimuthal bending
of the two macrospins. The presence of two precessional eigen-modes in the spin-
flop system is supported by a theory of its LLG dynamics in the macrospin ap-
proximation. We also present results from our micromagnetic numerical studies,
showing that the precessional spectra are rather complex and have transitional
features which single-domain model cannot explain. The results of high speed
measurements agree well with the micromagnetic simulations, and a good agree-
ment with the single-domain model is obtained for higher values of the magnetic
field, when the moments of the coupled layers are in the scissored magnetic state.

3.1 Theory

In this section we briefly review the basic idea behind toggle switching and
provide theoretical details required to understand how the toggle cell really works.
Hereafter toggle cell refers to two coupled ferromagnetic layers rather than a com-
plete memory cell. These two layers are the basic elements of the TMRAM. Most of
the magnetic properties of interest for memory can be well described by a single-
domain model (SDM). A good overview of the SDM for TMRAM has been recently
published by our collaborator Daniel C. Worledge [83].

Since our studies are focused on the fast magnetization dynamics, we also dis-
cuss below the analytic as well as numerical results obtained from SDM for the
time dependence of the magnetic moments in the system. Later, these results will
be compared with our micromagnetic simulations and high-speed measurements.

3.1.1 Toggle switching in spin-flop tunnel junctions

In any type of magnetic storage device a single bit of information, binary «0» or
«1», is stored as the magnetization direction aligned P (say for «0») or AP («1»)
with respect to some reference direction. The physical implementation of such
memory bit can be a magnetic domain as in hard drives or magnetic tapes, or a
uniform spin state of a nanoparticle in spin-valve devices. On the one hand, mag-
netic nanoparticles have to be stable against thermal fluctuations and parasitic
magnetic fields, which is achieved by selecting a proper magnetic material with
suitably high shape anisotropy. On the other hand, the shape anisotropy should
not be too high because otherwise the magnetic field required to perform the write
operation (magnetization reversal in the particle) is too high. Thus, the choice of
the magnetic material and the geometry, specifically the aspect ratio (AR) for ellip-
tical particles, is based on the compromise between the requirement for stability
and the need for low switching fields.

The basic MRAM cell consists of a several key elements: a free F layer hav-
ing elliptical shape, which can be switched in either direction along the length; a
non-magnetic insulating spacer separating the free layer from the reference (fixed)
layer. This F/I/F free layer is a tunnel junction with TMR ≈ 20% (for AlOx spac-
ers). For minimizing the fringing fields acting on the free layer and for a better
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thermal stability, the fixed layer is usually replaced by two AF coupled layers, as
shown in Fig. 3.1(a)(left). The magnetization reversal of the free layer can be per-

(a) (b)

Figure 3.1: Comparison of Stoner-Wohlfarth and toggle MRAM (a). The main
structural difference is the additional free layer in the toggle design. Word and bit
line alignment with respect to TJ easy axes in the toggle design (b) (top). Toggle
write BL, WL pulse sequence (b) (bottom).

formed by an externally applied field, which is a vector sum of the bit line (BL)
HBL and word line (WL) HWL fields, allowing to select a specific memory cell, as
shown in figure 3.1(b) top panel. Each BL (WL) is a conductor strip and is located
beneath (above) the MTJs. When current is sent through BL/WL a magnetic field
is created in the plane of the free layer at the BL-WL cross. This field is directed
along the easy axis (EA) of the ellipse. By simultaneously applying current in BL
and WL one can switch the direction of the M in the free layer. The reversal of the
free layer can be described by the Stoner-Wohlfarth (SW) model. For switching it
is sufficient to cross the SW astroid boundary shown, in Fig. 3.2(a).

The main disadvantage of such switching is that the other, not selected cells on
the same BL and WL experience so called half-select. The activation energy Ea, the
energy barrier preventing the free layer from the thermally activated switching,
decreases drastically at half-select (Fig. 3.2(c)). As a result, for half-selected bits a
weak thermal fluctuation can lead to a switching error.

The unwanted effect of the half-select described above is minimized in tog-
gle MRAM. In this design, a non-magnetic spacer and then second free layer
are added, as schematically shown in Fig. 3.1(a)(right). The critical switching
curve changes completely from the SW astroid to the L-shaped toggle boundary
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(c)

(d)(b)

(a)

Stoner-Wohlfarth
MRAM

Toggle MRAM

Figure 3.2: Illustration of the Stoner-Wohlfarth (a) and toggle (b) switching cri-
teria. Switching occurs when magnetic field crosses boundaries of astroid (a) or
L-shaped curve ( rectangular field excursion) (b). When field is applied along half-
select direction (either HBL or HWL), activation energy Ea decreases for SW particle
(c) and increases in the case of TMRAM (d). After D. C. Worledge [83].

(Fig. 3.2(b)). Now, half-selected bits can tolerate fields much greater than the typ-
ical toggle field. Moreover, the activation energy increases with field, as shown in
Fig. 3.2(d), making the half-selected cells more rather than less thermally stable.

The magnetization reversal in TMRAM is performed differently from that in
SW MRAM. Due to the dipole interaction, the two free layers prefer to stay in the
AP configuration at zero field. When a field is applied along the EA, as shown
in Fig. 3.3(a) by black dashed arrow, both magnetic moments remain AP until
a critical field, Hsf, is reached. At this field a spin-flop (SF) occurs and the mo-
ments discontinuously jump from AP into a scissored state (SS). Which moment
rotates clockwise and which counterclockwise is undefined (black arrows in the
same figure). Thus, application of the HEA does not change the state of the bit in
a controlable way. Upon a further increase of the EA field the angle between the
two moments decreases monotonically to zero at saturation field, Hxsat. In order to
perform a controlable magnetization reversal of two coupled layers, a rectangular
field excursion must be used, as shown in Fig. 3.3(b) by the green line. When such
a field excursion is applied, the two moments rotates gradually, toggling the state
of the bit. This rectangular field excursion is achieved by applying two pulses
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Figure 3.3: Illustration of a spin-flop transition when the field is increased gradu-
ally along the EA (black dashed line) (a). Black solid arrows denote moments in
the ”undefined“ configuration (either of the two scissored states). Blue and red
arrows denote well defined AP and SS. The BL-1st or WL-1st half-toggle field ex-
cursions are shown by brown and green dashed lines, respectively. A rectangular
(toggle) field excursion switches the bit in a controlable way (b). During the excur-
sion moments rotate gradually and the final AP state is the opposite of the initial
AP state.

along BL and WL separated by a time delay, as illustrated in Fig.3.1(b) (bottom
plot).

A single-domain model was developed to describe the magnetostatic proper-
ties of toggle cells, such as Hsf, Hxsat,ysat, etc. Here the total energy can be written
as [81]:

e(θ1, θ2) = −hx(z cos θ1 + cos θ2)− hy(z sin θ1 + sin θ2) +

+(nx − jz) cos θ1 cos θ2 + (ny − jz) sin θ1 sin θ2 +

+
z

2
(ny − nx + hi) sin2 θ1 +

1
2z

(ny − nx + hiz) sin2 θ2, (3.1)

where e = Eb/π2M2
s abt1t2, hx,y,i = Hx,y,ib/4πMst1, j = Jb/4πM2

s t2
1, z = t1/t2 1, E is

the energy, θ1,2 are the angles of the two moments with respect to x (EA) direction
shown in Fig 3.4(a), t1,2 are the thicknesses, and a and b are the length and width
of the ellipse in x and y respectively, Ms is the magnetization saturation, J is the
exchange coupling constant between the layers, and Hx,y are the applied fields in
x and y. Energy e and fields hx,y are given in reduced units. The expressions for
demagnetizing factors nx,y are given in [82] with a relatively weak dependence
on AR. Our typical samples have AR=1.2, which corresponds to nx ≈ 0.62 and
ny ≈ 0.82.
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Figure 3.4: The coordinate system used in the SD model (a). θ1,2 are the angles
between the layers moments M1,2 and the x direction. The critical switching curve
(CSC) calculated from the SD model for 420× 350 nm elliptical Py layers, 5 nm
thick (b). Hsf,r are the spin-flop and the return critical fields, respectively. Dis-
tinct regions of the magnetic phase diagram are labeled with corresponding stable
states. The direction of rotation of the moments during AP-SS transitions can be
clockwise (CW) or counterclockwise (CCW). The CSC astroid in figure (b) was ob-
tained numerically, courtesy of Erik Lindgren [94], while the schematics is drown
according to [87, Fig. 2(a)].

For simplicity one can assume that the two layers are identical, and that there
is no thickness imbalance, z = 1. Another important assumption is that the dipole
field outside one layer, acting on the other, is equal to the demagnetization field
inside the first layer. The latter assumption is justified in the case when the spacer
between the two layers is thin. As described in [81], the expression for energy
(3.1) can be used to obtain the SF critical field, at which, the system loses stability
and spin-flops into the SS from the AP states e(0, π) or e(π,0). Similarly, the sat-
uration field Hxsat can be derived from the energy for the P state e(0,0). The final
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expressions for the main critical fields, Hsf, Hr and Hxsat,ysat are [83]:

Hsf =

√

Hi

(

8πMsny
t

b
− 2J

Mst
+ Hi

)

, (3.2)

Hr =

(

8πMsnx
t

b
− 2J

Mst
− Hi

)√

Hi

8πMsny
t
b −

2J
Mst + Hi

, (3.3)

Hxsat = 8πMsnx
t

b
− 2J

Mst
− Hi, (3.4)

Hysat = 8πMsny
t

b
− 2J

Mst
+ Hi, (3.5)

where Hr is the so called return field. When an applied EA field is decreased
from some value (assuming saturation or at least HEA > Hsf) to zero, the mo-
ments do not spin-flop from SS back into AP at Hsf because of the hysteresis for
Hr < HEA < Hsf, where energy (3.1) has two minima1: one for the AP and the
other for the SS state. Hr however does not define the toggle criteria, Hsf does. In
order to toggle the field excursion box shown in Fig. 3.3(b) must contain the Hsf
point. Further analysis of the toggle criteria [85–87] shows that there is continuum
of critical points in the HBL,WL space, where Hr,sf are defined by expressions 3.2
and 3.3 for the easy axis only. If the field is applied off the EA then one has to
calculate the minima of (3.1) numerically. The result of such a calculation is shown
in Fig. 3.4(b) where a critical switching curve (CSC) has the shape of an astroid. As
was mentioned before, inside the CSC both AP and SS states can exist and, as ex-
pected, below the return point only, the AP state is stable while above the SF only
the SS is stable. Performing a field excursion such that it crosses the boundaries
of the CSC leads to discontinuous transitions AP⇔ SS. These transitions occur:
clockwise (CW) or counterclockwise (CCW) rotations of the moments, as shown
in the figure. A continuous state transition is possible outside of CSC, when a rect-
angular field excursion is applied.

The size and position of the CSC is determined by the ratio between the dipole
and demagnetizing fields as well as the physical dimensions of the layers. The
astroid shape of the CSC shown in Fig. 3.4(b) is for the case when both layers are
equal in thickness. If the thickness imbalance is present, then the CSC changes
into a heart-shaped figure [86]. The box field excursion is the most reliable way
to toggle spin-flop TJs, though there exist other types of switching, such as L- and
U-shaped field excursions which can cross the CSC. These types of switching and
the corresponding toggle conditions have been studied in [87].

3.1.2 Spin-flop dynamics: single domain model

The SDM extended to treat spin dynamics predicts two resonant modes, which
are collective modes of the coupled magnetic moments. The first, acoustical mode

1There are two additional degenerate minima due to the symmetry of the system.
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is associated with the restoring force coming from the intrinsic anisotropy Hi, act-
ing on both layers simultaneously (Fig. 3.5. Since the typical Hi values are low

∆θ = const ∆θ 6= const

fa fo

Figure 3.5: Illustration of the acoustical (left) and optical (right) spin precessional
modes. The acoustical mode corresponds to an oscillatory motion with frequency
fa, where the magnetic moments rotate in phase and the relative azimuthal angle
∆θ between moments is constant. The optical mode corresponds to the moments
oscillating with frequency fo, out of phase with ∆θ 6= const.

in TMRAM free layers, the resulting acoustical microwave oscillations have rela-
tively low frequencies. The second, optical mode is due to the strong demagnetiz-
ing force in the system, resulting in a relatively high frequency of this mode. The
AP eigen frequencies are [95]:

HEA = 0







fa ≈
γ

2π

√
4πMsHi,

fo ≈
γ

2π

√
4πMsHysat,

(3.6)

where γ = 175 GHz/Oe, HEA is an external field along EA, H{x,y}sat are saturation
fields defined by Eqs. 3.4 and 3.5.

In the SS, the frequencies of two eigen modes are intertwined and both depend
on the demagnetizing force in the system [95]:

HSF < HEA < Hxsat







fa ≈
γ

2π

√

4πMs

[
Hysat

H2
xsat

H2
EA − Hi

]

,

fo ≈
γ

2π

√

4πMs

[

Hxsat −
H2

EA

Hxsat

]

.

(3.7)

Expressions (3.6) are valid for the AP states where HEA = 0, whereas the (3.7)
was derived for the SS and non-zero field. These formulas are derived for the
case when the moments are subject to a small field perturbation from their initial
equilibrium state. The fa,o(HEA) dependence is plotted in Fig. 3.6 for 350 nm wide
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magnetic particles of 1.2 in aspect ratio, 10 Oe intrinsic anisotropy, and zero inter-
layer exchange coupling. As seen from the figure, the acoustical mode (blue curve)
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EA
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Figure 3.6: Theoretical fa,o(HEA) dependence from the SDM, Eqs. 3.6 and 3.7, with
b = 350 nm, AR=1.2, Hi = 10 Oe and J = 0.

increases with field whereas the optical branch (red curve) decreases to zero.
Expressions for the eigen frequencies (3.7) were further verified by numerical

simulations within the SDM: we solved the LLG equation (2.19 but without STT
term) for M1,2(t), as a response to a field impulse2. Angles θ1,2(t) between the mo-
ments M1,2(t) and the EA direction were computed. Then, from the Fourier trans-
form of θ1,2(t) we obtained fa,o(HEA) and compared the results with the analytical
formulas. An excellent agreement was obtained [95].

3.2 Experimental techniques

3.2.1 MRAM Samples

The samples used in this work were fabricated by methods similar to those
described in [96] and had similar multilayer structure and magnetic properties
as those described in [88]. The data presented in this chapter are for elliptical
tunnel junctions with lateral dimensions ranging between 350 × 420 and 400 ×
490 nm. The Py top and bottom free layers are 5 nm thick, separated by a 1 nm

2See also sec. 3.3.1.
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TaN spacer. The AlOx tunnel barrier separates the bottom free layer and the top
pinned (fixed) layer. In order to reduce the impedance mismatch between the
high resistivity TJ’s and the 50 Ω high frequency (HF) measurement electronics,
the AlOx tunnel barrier was made thinner compared to the samples used in [88].
The typical resistance of the spin-flop TJ’s used in this work was RTJ ≃ 2 kΩ and
TMR = 15− 20%.

Throughout this chapter the parallel (antiparallel) state of the spin-flop free
layers, and those of the bottom free and top fixed layers of the TJ are abbreviated
as P (AP) and PTJ (APTJ), respectively.

3.2.2 Measurement technique

3.2.2.1 Electrical measurements

Both quasistatic and high speed measurements were performed at room tem-
perature. The on-chip integrated write and read lines (RL) were contacted using
surface probes with DC–40 GHz bandwidth. 100 ps range field excitations (im-
pulses) were applied to the TJ’s through the word lines (WL), designed to have the
resistance of approximately 50 Ω for impedance matching purposes. The band-
width of the driving circuit was estimated to be higher than 6 GHz, the highest
frequency measured in this study. A 5 GS/s arbitrary waveform generator Tek-
tronix® AWG7052 was used to produce WL impulse signals with the rise time
of 100 ps. For quasistatic readout the TJ’s were current biased with 50− 100 µA
and the voltage across the junctions was measured using a multimeter for various
external static field configurations as shown by the circuit schematics in Fig. 3.7.
For reading out the dynamic contribution to the TJ voltage a bias tee was used to
separate the DC from the microwave signal, which was then amplified by +64 dB
and recorded on a 40 GS/s Agilent® DSO80604B real time oscilloscope with a
6 GHz bandwidth. A 5 ns real time traces were averaged 1024–4096 times to im-
prove the signal to noise ratio. A toroidal3 bi-axial magnet [88] oriented such that
H

magnet
x,y ‖ HBL,WL was used to produce various static parallel, antiparallel, and scis-

sor configurations of the spin-flop trilayer.
Beside the wideband noise in the system, the main experimental obstacle in the

measurements was an inductive pickup across the BL-RL circuit used for readout.
The WL impulses and the associated RF fields induced a voltage in the readout
circuit because of: the close proximity of the WL and BL-RL. The actual signal of
the magnetic origin from the SF TJ was two orders of magnitude lower than the
inductive pickup. Fortunately, during the first 5–10 ns right after the WL impulse
the pickup was a weak function of time. In order to subtract this voltage from
the total signal we used the following procedure. The total averaged TJ voltage
response to a WL field (impulse) can be written as:

〈Vtot(t, ITJ, Hext, H
imp
WL )〉 = 〈STJ(t, ITJ, Hext, H

imp
WL )〉+ 〈Sp(t, H

imp
WL )〉, (3.8)

3This magnet was made by Erik Lindgren, as part of his MS thesis [94, Ch. 13.0.4].
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Figure 3.7: Schematic of the electrical circuit used in high speed measurements of
the magnetization dynamics in spin-flop tunnel junctions.

where t is time, Hext externally applied field, H
imp
WL WL field excitation, ITJ DC bias

through the TJ, 〈STJ(t, Hext, H
imp
WL )〉 the signal of the magnetic origin coming from

the oscillations of the free layers, and 〈Sp(t, H
imp
WL )〉 is the inductive background.

〈. . .〉 means averaging, which reduces the noise. Each measurement was done
twice, once at a positive TJ bias, +ITJ, and once at −ITJ:

〈Vtot(t,+ITJ, . . .)〉 = 〈STJ(t,+ITJ, . . .)〉+ 〈Sp(t, H
imp
WL )〉 =

〈STJ(t, ITJ, . . .)〉+ 〈Sp(t, H
imp
WL )〉, (3.9)

〈Vtot(t,−ITJ, . . .)〉 = 〈STJ(t,−ITJ, . . .)〉+ 〈Sp(t, H
imp
WL )〉 =

−〈STJ(t, ITJ, . . .)〉+ 〈Sp(t, H
imp
WL )〉. (3.10)

Now, a subtraction of 3.10 from 3.9 leads to:

〈∆Vtot(t, ITJ, . . .)〉 = 2〈STJ(t, ITJ, . . .)〉. (3.11)

In principle, one can subtract 〈Vtot(t,+ITJ, . . .)〉 and 〈Vtot(t, ITJ = 0, . . .)〉, however
the advantage of 3.11 is that we get an amplification of the signal by a factor of
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two4. Our main assumption is that the background 〈Sp(t, H
imp
WL )〉 does not depend

on biasing current. Naturally, two measurements with ±ITJ must be performed
at the same external magnetic field and the amplitude of the WL impulse should
be small enough not to cause a magnetization reversal or change the state of the
spin-flop TJ

3.2.2.2 Data post-processing

The 〈∆Vtot(t, H j)〉 dependence, recorded when magnetic field, Hmin
EA < H j <

Hmax
EA , j ∈ [1, N] is applied, was used to compute spectrograms. For a better vi-

sual recognition of the peaks in the spectrum a Hann window [97, p. 553] was
applied for each 〈∆Vtot(t, H j)〉 data set prior to the computation of the power spec-
tral density (PSD) PH j

( f ). The PSD was computed by using a standard fast Fourier
transform. The amplitude of the acoustical and optical peaks in the PSD can vary
significantly. Therefore, some of the PSDH j

( f ) figures in this chapter are plotted in
logarithmic scale, to bring out as much details in spectral details as possible.

In order to minimize possible inconsistencies in data processing, the same pro-
cedure and code were used to compute the spectrograms from the micromagnetic
simulations data. Instead of a voltage time dependence, in the simulations we get
the magnetizations components M1,2

x,y,z(t, H j) as functions of time, for each layer.
Since we want to compare these results with the experimental data we have to
take into account the effect of the TJ conductance. Since the TJ resistance is well
approximated by 2.17, we can write the voltage (resistance) across TJ as:

V(θ) =
1

1 + P2 cos θ
(a. u.), (3.12)

where polarization P = 0.3, θ(t, H j) is the angle between either layer’s magnetiza-
tion vector M1,2 and x or EA, as shown in Fig.3.4(a). θ(t, H j) is first calculated from
the magnetization components for each layer. Then, from 3.12, we can compute
the PSD in the same way as for the experimental data.

A simple estimate using 3.12 of the voltage response δV due to a small magne-
tization rotation of the layer, δθ, shows that in the PTJ (say, θ ≈ 0) or APTJ (θ ≈ π)
states δV can be 101 − 102 times smaller than that for intermediate values of θ.
This results in poor voltage sensitivity for the PTJ and APTJ states, and fairly good
RF voltage response for the SS. Our experimental results confirm this considera-
tion (see sec. 3.3.2) – most of the HF data presented herein were measured in the
SS configurations, only weak traces of spin oscillations were detected in the AP
state.

4Though our measurements with zero bias gave essentially the same result.
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3.3 Results and discussions

3.3.1 Spin-flop dynamics: micromagnetic simulations

The main idea behind the micromagnetic simulations (µMS) we have performed
was to extend the theoretical study of the SF dynamics of two coupled ferromag-
nets beyond the single-domain model. µMS explained some spectral features
found on the experiment, which could not be understood within the SDM.

We use the micromagnetic framework OOMMF [98] developed by NIST. Since
we are interested in time evolution of the magnetic system we configure OOMMF
to solve the LLG equation for M(t), with material properties typical for Py: satura-
tion magnetization Ms = 8.4 · 105 A/m, exchange stiffness A = 1.3 · 10−11 J/m, and
damping constant α = 0.025. The intrinsic anisotropy Hi varied in our simulations
from a few Oe up to a few tens of Oe. We define the geometric volume as two
5 nm thick elliptical disks separated by 5 nm thick spacer6. The entire simulation
volume is discretized by a 5× 5× 5 nm3 rectangular mesh. The disks simulated
had the same lateral dimensions as those measured on experiment. To test our
micromagnetic model and compare it with SDM we also simulated 120× 100 and
60× 50 nm disks.

The initial magnetization of the system can be arbitrary. We set Minit
1 and Minit

2
at some angle to each other (neither 0 nor π). The first 6 ns of the simulation time
is typically more than enough for the system to equilibrate to a stable state. After
that we apply a field excitation, which is a Gaussian shaped impulse shown in
Fig. 3.8(a)(top). Since we are interested to study how the SF dynamics depends
on the magnetic field, the total magnetic field is a sum of the external DC field
components HBL,WL and the impulse field applied along the WL. In the example
in Fig. 3.8(a)(top) HEA = 80 Oe and the amplitude of the impulse is 20 Oe. The
impulse field shown in the figure is negative, however applying the impulse in
the positive direction does not change the dynamics of the system. The impulse
half-width was chosen to be 200 ps, which is the same as in our experiments.

As explained in sec. 3.2.2.2, instead of the magnetization components Mx,y,z,
we have to compute a quantity, with the help of which we can characterize the
magnetization oscillations and make a direct comparison with the experiment.
This quantity is the resistance (voltage) of the TJ, computed according to Eq. 3.12.
On the experiment, either of the magnetic layers can face the TJ, thus we analyze
spectrum for each layer.

The spectrograms obtained from four simulations for 60× 50, 120× 100, 450×
375 and 560× 400 nm elliptical bi-layers, excited by H

imp
WL = 20 Oe impulse, are

presented in Fig. 3.9.

5To speed up computations we used higher value of α than experimentally measured 0.013 [99]
6As mentioned in sec. 3.2.1 our samples have 1 nm TaN spacer. However, to get reasonable com-

putation time we used 5 nm spacer.
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Figure 3.8: A magnetization response (middle) of two 450× 375 nm coupled lay-
ers to a 20 Oe amplitude WL impulse excitation (top), at HEA = 80 Oe (a). The
TJ resistance (bottom) in arbitrary units computed for each layer according to for-
mula 3.12. Comparison of the SF critical field estimated from the micromagnetic
simulations (open circles) and theoretical HSF (solid line) calculated from Eq. 3.2
as a function of the intrinsic anisotropy field (b).
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Figure 3.9: Results of the µ-magnetic simulations for elliptical bi-layers with different lateral sizes. The magnetic pa-
rameters used in the simulations are given in the text. The top row is the TJ’s resistance R(t, HEA) in response (for the 1st

magnetic layer) to a 200 ps 20 Oe impulse applied on WL (45◦ to EA). The second (first layer) and third (second layer)
rows are the FFT power spectral density color maps of R(t, HEA).
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The first row in figure 3.9 shows the R(t, HEA) dependencies for one free layer.
The second and third rows show PSD spectra for the first and the second layer,
respectively. Due to the unequal field torques produced by the WL impulse on
each layer (see Fig. 3.10), the resulting spectra for the two layers can be slightly
different.

For HEA < HSF, i. e. when the moments are in the AP state, there are hardly

III

III IV

HBL

HWL
HEA > 0

HEA < 0

H
imp
WL

M1

M2

Mfixed

Figure 3.10: Illustration of the different magnetic force (gray and white thick ar-
rows) acting on moments M1,2 for both polarities of the HEA field. The force is
due to the field of the 200 ps WL current impulse, H

imp
WL . RTJ(±HEA, M1 ·Mfixed) is

therefore generally different for the two scissor configurations.

any excitations in the spectrum. We have to keep in mind that in the APTJ and
PTJ states, the TJ resistance is rather insensitive to small-angle oscillations, as ex-
plained in sec. 3.2.2.2. This consideration is confirmed by our experiments, where
the spectrum at HEA < HSF is essentially flat.

The interlayer exchange, J, between the layers is set to zero in all simulations.
The intrinsic anisotropy was set to 6 Oe in (c) and 5 Oe in Fig. 3.10(a,b,d). The
value of Hi does not affect the dynamics appreciably. However, a small change in
the intrinsic anisotropy results in a significant change of the SF critical field. The
comparison of the HSF estimated from the µMS and that calculated from the SDM
(3.2) is given in Fig. 3.8(b). This is the first indication that the SD approximation
does not model the spin dynamics in large junctions very well. Indeed, the spec-
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trum of the smallest particle in Fig. 3.9(a) exhibits almost prefect acoustical and
optical modes having narrow linewidth. The linewidths become a few hundreds
MHz for larger particles, suggesting that the oscillations of the magnetization con-
tain a rather broad range of modes. This is an indication that the magnetic layers
are behaving as nonsingle-domain particles. As we increase the size of the parti-
cles (b-d), the shape and the linewidth of the modes exhibit larger deviations from
the single domain case, which can be summarized as follows. First, the mi-
cromagnetic spectra, f (HEA), is more complex than the one predicted by the SDM
(Fig. 3.6) at low and intermediate values of the magnetic field. According to the
SDM, the optical branch goes down in frequency whereas the acoustical mode in-
creases as the field is increased, forming a characteristic X-shaped spectrum – an
optical-acoustical cross. In the spectra shown in Fig. 3.9(c,d) we can barely see
this cross. However, the region past the cross point, where fo decreases and fa

increases with field, is well recognized at high fields.
The second distinctive property of the micromagnetic spectrum is seen in Fig.

3.9(c) where the optical branch, fo(HEA), goes up with magnetic field after reach-
ing a minimum at 170 Oe. This behavior is observed in our experiments for some
TJs where the optical mode is pronounced. It was also observed in interlayer-
exchange studies [100]. The SD model can also describe this upturn in frequency
at high field if the expression for the optical frequency (3.7) is modified in the fol-
lowing way:

fo ≈
γ

2π

√

4πMs

∣
∣
∣
∣
Hxsat −

H2
EA

Hxsat

∣
∣
∣
∣
. (3.13)

The third characteristic feature of the spectrograms shown in figures 3.9(c,d)
is the presence of micromagnetic transitions at intermediate fields in the SS. These
transitions are similar to the spin-flop abrupt transition, AP⇒ SS, observed in
R(t, HEA) as a sudden appearance of oscillations at HSF. The transitions can be
seen in Fig. 3.9(c,d-top row) as vertical lines in R(t, HEA) plots. Some transitions
are accompanied by a reversal of the oscillation phase, while in others the fre-
quency of the oscillation shifts abruptly (Fig. 3.9(c,d) middle and bottom rows).
To understand the physical mechanism responsible for these abrupt transitions
we have performed a micromagnetic study of the spin distributions in the layers.

In the spectrogram for a 450× 375 nm bi-layer shown in Fig. 3.9(c), we identify
three micromagnetic transitions: the SF transition at HEA = 48 Oe, and two addi-
tional transitions at 113 and 136 Oe. A detailed micromagnetic analysis of these
transitions is illustrated in Fig. 3.11. Below the spectrogram (a) we plot angles of
the two layers θ1,2 between the EA and the averaged magnetization vectors in each
layer (b). When magnetic field is increased from 0 to 44 Oe, the magnetic system
remains in the AP configuration. The spin-flop transition at 48 Oe puts the mo-
ments into SS. Surprisingly, this SS is not symmetric with respect to the easy axis
along which the magnetic field is applied. As the field is increased θ1,2, shown
as blue and red lines in Fig. 3.11(c), decreases continuously until 110 Oe, where
an abrupt jump of the angle occurs. This is the first micromagnetic state transi-
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Figure 3.11: Micromagnetic analysis of the spin-flop dynamics for a 450× 375 nm
TJ: power spectral density spectrum vs. HEA and f (a); average angles of the two
magnetic layers (red and blue) vs. HEA (b); 3D diagram of the averaged mag-
netization vectors illustrating the spin asymmetry of the SS (c); non-uniform spin
distributions within the top and bottom ferromagnetic layers at critical HEA values
corresponding to micromagnetic transition between the C-, and S-shaped states in
the structure (d).

tion. As the field is increased further, the angles again change continuously until
134 Oe where another transition takes place. This time, the moments jump into a
symmetric scissored state with respect to the EA. When the field is increased fur-
ther, the moments saturate symmetrically into the P state. The symmetry is shown
in Fig. 3.11(b) by mirroring −θ2 (gray crosses), which coinsides exactly with θ1
(red open circles) for HEA ≥ 136 Oe.

Such behavior cannot be explained within the SDM, where there is no ener-
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getic reason for the two moments to be in a non-symmetric configuration with re-
spect to EA, in the case of identical and symmetric coupled layers. We clarify this
phenomena by studying the magnetization distribution in both layers, shown in
Fig. 3.11(d), where the color map represents the in-plane XY angles, θ1,2, between
M1,2 and EA. In the AP state (HEA ≤ 44), the magnetization is in a C-shaped state7.
In the SS (SF at 48 Oe), the magnetization is distributed non-uniformly forming
an S-shaped configuration noticeable already at 48 Oe. This S-state is well rec-
ognized at 108 Oe (3rd row of ellipses from the top in 3.11(d)). After the next
transition (113 Oe) and the following increase of the field to 132 Oe, the magneti-
zation is distributed non-symmetrically with respect to the EA and system jumps
into C-shaped state again. The magnetization bending at the ends of both ellipses
comes from the strong dipole interaction repelling the spins at the ends. Natu-
rally, upon a further increase of HEA more and more spins gradually turn toward
the EA direction (not shown in the figure). Here, after the last magnetization tran-
sition at 136 Oe, fo,a(HEA) dependencies are well defined as can be seen from the
spectrogram in Fig. 3.11(a). For higher fields, when both moments are symmetric
with respect to EA and magnetization forms S-state, we obtain a good agreement
between the SDM and the µMS predictions.

In conclusion, we have studied the magnetization dynamics in spin-flop tun-
nel junctions numerically by using micromagnetic simulations. We obtain similar
fo,a(HEA) dependencies from our µMSs and SDM in limited field ranges. µMS pre-
dict richer spectra, containing such features as micromagnetic state transitions at
intermediate values of the magnetic field. At higher fields characteristic frequency
modes are much better defined and are in good agreement with the SDM. The
spectral linewidth is strongly affected (broadened) by non-uniform magnetization
distributions in the layers. Our micromagnetic model shows that non-uniform
spin distributions can be C- and S-shaped states. We also learned that the magne-
tization oscillations at fields below HSF are weak when detected through magne-
toresistance, and so it can be difficult to detect them in typical experiments.

We have presented here the results of detailed micromagnetic analysis for 450×
375 nm coupled layers only. Slightly different sizes and some variation in AR of
the elliptical particles leads to similar results. We studied symmetrical particles
in geometry and identical in their magnetic properties. The case of a thickness
imbalance of the layers or a presence of an additional fringing magnetic field act-
ing on one of the layers (e. g. field originating from the fixed layer) has not been
studied, and remains a challenging and very interesting problem. We also do not
present here the results of the µMS with non-zero exchange coupling between the
layers, J. We note that the SF dynamics can be affected by the J 6= 0 in a non-trivial
way. These effects, however, are outside of the scope of this work. Theoretical
and experimental studies focused on dynamical properties of interlayer-exchange-
coupled Ni81Fe19/Ru/Ni81Fe19 films have been recently published [100].

7C-state is also known as ”buckle“ state [101].
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The results of the µMS will help us to understand the experimental data pre-
sented in the next section.

3.3.2 Spin-flop dynamics: experimental results

The results presented in this section have been obtained using the measure-
ment technique described in section 3.2.2.1. In order to excite the free layers in the
SF TJ by magnetic field, we use short (200 ps halfwidth) impulses applied through
the WL of the selected TJ cell. The amplitude of the impulse should not be too high
or too low. We have tried different impulse amplitudes in the experiment. We
learned that application of impulse fields larger than 30 Oe leads to appearance
of additional features, outside the range for small signal oscillations of primary
interest in this work. On the other hand, measurements with low impulse fields,
< 10 Oe, give poor signal-to-noise (S/N) ratio. By experimenting we found the op-
timal impulse amplitude to be 20 Oe, which has been used in the data presented
below. The measurements contained noise and possibly unidentified modes be-
low 1.5 GHz. This noise did not depend on the impulse amplitude. Therefore, we
conclude that it does not originate from the magnetic response of the TJ and we
discuss the data in 1.5–6 GHz spectral range.

The measured voltage response ∆VTJ(t, HEA) for a 490 × 400 TJ is shown in
Fig. 3.12(b). The calculated PSD of these data is the spectrogram presented in
Fig. 3.12(c). At low field, the optical branch fo is weak but is above the noise floor
and has a constant frequency of about 4 GHz unto SF transition at ∼ 45 Oe. After
the SF transition, the increase of the field leads to a decrease of fo. At approx-
imately 190 Oe the optical mode reaches its minimum frequency and, upon the
following increase of the field, tends to go up in frequency again. This behavior is
in good agreement with our micromagnetic model discussed in the previous sec-
tion (see Fig. 3.9(c) and Eq. 3.13).

The characteristic of this SF junction is the presence of the micromagnetic tran-
sitions predicted by our micromagnetic model (sec. 3.3.1). Figure 3.12(a) clearly
shows resistance jumps at approximately {80; 145; 150} Oe. The real time data
(b) and spectrogram (c) also show micromagnetic transitions at the same critical
fields. fo,a at these critical fields experience shifts and abrupt changes in intensity.
This fact confirms our findings that at intermediate fields the spins are distributed
non-uniformly across each free layer. This favors a non-symmetric configuration
of the averaged magnetization vectors with respect to the EA direction, which can
change abruptly at certain critical transition fields.

In Fig. 3.13 we compare experimental (a) and simulated (b, c) spectrograms
for a 450× 375 nm TJ. Unfortunately, the S/N ratio in this measurement is not
very high. However, the fo,a(HEA) X-shaped dependence can be recognized and
it agrees well with the micromagnetic model. Despite the high noise in the mea-
surement, even the optical mode at ≈ 4 GHz and HEA < HSF is clearly seen. We
show two µMS spectra for comparison because the first one, having the Hi = 2 Oe,
shows a weak optical mode in the AP state, while the second spectrum with
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Figure 3.12: Measurement results for a 490× 400 nm TJ. Static TJ resistance (a).
The voltage response (b) is averaged 1024 times and is measured in mV. Spectrum
(c) is the PSD of (b), in linear scale (a. u.). The bit is excited with a H

imp
WL = 30 Oe

impulse, applied every 10 µs.

Hi = 6 Oe exhibits no optical mode in the AP state but a rather sharp SF transition
at the same EA field as in the experiment (a). The main difference between the
experiment and the micromagnetic results is that the measured acoustical branch
seem to be split in two subbranches. This is not the case in the micromagnetic sim-
ulations where we assumed that both layers have the same magnetic properties
and geometry. However, in the real TJs there might be present thickness imbal-
ance leading to an unequal effective fields in free layers.

In conclusion, we studied the SF dynamics in TMRAM experimentally. The
optical and acoustical modes, predicted by the single-domain model, have been
detected in our experiments. We observed additional spectral features in excellent
agreement with our micromagnetic simulations. The broadened linewidths and



72 CHAPTER 3. SPIN-FLOP DYNAMICS IN TOGGLE MRAM (PAPER VI)

1.5

2

2.5

3

3.5

4

4.5

5

0 50 100 150
fr

eq
ue

nc
y 

(G
H

z)
H

EA
 (Oe)

 

 

1

2

3

4

5

6

7

8

9

(a) experiment

1.5

2

2.5

3

3.5

4

4.5

5

0 50 100 150

fr
eq

ue
nc

y 
(G

H
z)

H
EA

 (Oe)
 

 

2

4

6

8

10

12

14

x 10
−4

(b) µMS, Hi = 2 Oe

1.5

2

2.5

3

3.5

4

4.5

5

0 50 100 150

fr
eq

ue
nc

y 
(G

H
z)

H
EA

 (Oe)
 

 

2

4

6

8

10

12

14

16
x 10

−4

(c) µMS, Hi = 6 Oe

Figure 3.13: Comparison of the experimental (a) and simulated spectra (b,c) for
the 450x375 nm bit with following parameters: H

imp
WL = 20 Oe, 4096 averages in (a),

intrinsic anisotropy is 2 and 6 Oe in (b,c) respectively. All three spectra are shown
in linear scale. The AP part (HEA < 45 Oe) of the spectrum in (a,b) is multiplied by
factor of 2 for clarity.

micromagnetic state transitions were measured and are explained using detailed
micromagnetic simulations.



Chapter 4

Conclusions

In the first part of this work we studied STT effects in point contacts to single
ferromagnetic films. We learned that, similar to F/N/F multilayers, single N/F in-
terface can exhibit magneto-transport properties such as resistance excitations and
even hysteretic magnetization reversal caused by nominally unpolarized currents.
The experimental confirmation (paper I) of the predicted [61, 63] STT mechanism
for single N/F interface helped us to understand the nature of the the magnetic
excitations (paper II) and the origin of the current-induced hysteretic switching
(papers III, IV and [65]).

The investigations mentioned above involved static measurements on mag-
netic PCs. When looking at the progress of the theoretical and experimental re-
search on STT in N/F multilayers or F/N/F spin-valve devices, we see that these
studies were accompanied by investigations of STT-induced magnetization dy-
namics. It was an important and very tempting experiment (paper V) to probe spin
dynamics at single N/F interfaces. By irradiating magnetic PCs with microwaves
we observed a resonant stimulation of spin-wave modes. A direct detection of the
magnetization oscillations at GHz frequencies in PCs to single F films remains a
chalanging experiment.

* * *

The second part of this thesis (paper VI) focused on the spin dynamics in spin-
flop tunnel junctions used in toggle MRAM.

The single-domain model of two coupled nanomagnets [95] predicts two char-
acteristic resonant modes. Our real-time measurements on spin-flop TJs, excited
by 100 ps rise time impulse fields, confirmed this prediction. In addition, we found
that the spectrum of the observed GHz oscillations contains magnetic transitions
which we explain with the help of micromagnetic simulations.

Our results should be useful for understanding the limitations on the operat-
ing speed of toggle magnetic tunnel junctions and designing new types of related
magnetic storage elements.
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