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This dissertation describes a new kind of effect that results from passing a
spin-polarized current perpendicularly through a thin ferromagnetic film. Due to
exchange-based spin-dependent scattering between the conduction electrons and the
spin moments of the magnet, a torque can be generated on the moments. This
so-called “spin-transfer” torque can, for sufficiently large (> 10° A/cm?) current
densities and at sufficiently small (< 200 nm) size scales, measurably alter the mag-
netization direction of a small magnetic domain.

I present data supporting this notion in two device geometries, both of which
allow me to inject large spin-polarized current densities into sub-100 nm magnetic
domains. At low magnetic fields, the domains can be controllably switched between
two stable configurations simply by sending a current of the appropriate magnitude
and sign through the magnet. If a large magnetic field is applied, the switching can
be suppressed, and instead the current excites a dynamical state in the magnet.

I explore the microscopic origin of spin-transfer by showing how the torques are

related to the spin-dependent scattering properties of the magnet. From calculations



of the torque within a scattering formalism, I make predictions that, depending on
the kind of magnetic materials system, the torque can point in different directions
and have different symmetries with respect to current direction.

I also look at the role that thermal fluctuations play in current-induced magnetic
reversal. Using data on the statistics of reversal in the presence of both a current and
a magnetic field, [ show that spin-transfer torque operates in a qualitatively different
manner than a magnetic field. This demonstrates that spin-transfer provides an

independent means of studying and controlling small magnetic systems.
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Chapter 1

Current-Induced Excitations in
Ferromagnetic Nanostructures:

Some Background

1.1 Ferromagnetism and Spin-Polarized Electron

Transport

Electron transport in materials involving ferromagnetic metals is an interesting sub-
ject for condensed-matter physicists, because it explores the close connection be-
tween material properties traditionally associated with the charge of the electron,
(currents), and those associated with the electron spin (ferromagnetism). The role
that ferromagnetic ordering plays in transport can most easily be seen by consid-
ering the band structures of these materials. The modern understanding of ferro-
magnetism in transition metal elements such as Co, Ni and Fe tells us that the net

magnetic moment in these materials arises from their partially-filled 3d orbitals. For



a single atom, this results in a net number of unpaired spins, due to a combination
of the Pauli Exclusion Principle and Coulomb repulsion (Hund’s rules). In the bulk,
these influences still exist, but are now spread out over the entire material due to
the overlap of electron wavefunctions on adjacent atoms. The Stoner picture of fer-
romagnetism [1] models this physics by a spin-split energy band (Fig. 1.1), in which
a Hund’s Rule-type exchange coupling lowers the energy of one spin relative to the
other. As each spin band is in equilibrium filled up to the Fermi energy, this results
in a greater number of electrons with one spin direction than the other, and thus a
net spin moment for the material. At the same time, this exchange splitting creates
an asymmetry in the densities of states at the Fermi level. Since it is the electrons
at the Fermi level that determine the transport properties of a metal, we can im-
mediately surmise that there is a spin-imbalance in the conduction electrons of the
ferromagnet; in other words, the current within a ferromagnet is spin-polarized.

To be sure, the Stoner picture of ferromagnetism does not make a proper dis-
tinction between the d-orbital electrons and those from the sp orbitals, which are
less localized and thus less influenced by exchange interactions. A true quantitative
picture of ferromagnetic metals must consider the full band structure of the material
[2]. However, the Stoner picture does capture the important notion that the spin
polarization of the current is a Fermi-surface manifestation of the magnetism of the
electronic system as a whole, so that the two properties are closely intertwined. Yet
we can clearly separate out the two properties, simply by driving a current through
the magnet via metallic leads. In this situation, the Fermi-surface electrons will
freely enter or leave the magnet, while the bulk of electrons that make up the net
spin moment will remain within. If this spin-polarized current enters a metal with

no intrinsic exchange coupling, such as a paramagnet, it becomes an interesting



question to see how the spin-polarization survives.

The first theoretical investigation of current across the interface between a ferro-
magnet and a paramagnet was undertaken by Aronov [3], who, by solving the diffu-
sion equation across the interface, found that a spin-polarized current can indeed be
injected into a paramagnet. However, since the density of states of the paramagnet
is equal for each spin, this nonequilibrium polarization manifests itself as a spin-split
Fermi energy in the paramagnet that survives over a length scale equal to the spin-
diffusion length, L, = v/D7,, where D is the paramagnet’s diffusion constant and 7,
is the spin relaxation time. We can thus think of the polarization as a consequence
of an effective spin-dependent interface resistance, caused by the different levels of
scattering for each spin to satisfy the diffusion equation [4]. This spin-dependent
scattering will equivalently cause a buildup of spins in the paramagnet if a current
of opposite sign is applied.

The existence of a spin-polarized current was confirmed experimentally in 1985,
in the work of Johnson and Silsbee [5]. Here an interface was formed between a thin
patterned Permalloy (= Py = Fesi Nijg) film (called the injector electrode) and
a thick Aluminium block (Fig. 1.2a). A voltage was applied across this interface,
driving a spin-polarized current into the aluminium. The polarization was then
detected by using a second patterned Py film (the detector electrode), placed on
the aluminium less than a spin-diffusion’s length away from the injector electrode.
When a current was driven across the injector interface, an open-circuit voltage
developed across the detector interface, whose sign depended on the polarization
direction of the current relative to the magnetization direction of the electrode (Fig.
1.2b). The origin of the voltage was explained as a consequence of the excess spins

in the Al modifying the relative chemical potential of the detector electrode [6].



} Exchange energy
splitting

D(E)

Figure 1.1: Schematic of Stoner picture of itinerant ferromagnetism. An electron
band is shown here as density of states D(F) on the horizontal axis and energy F
on the vertical axis. A Hund’s Rule-type exchange coupling lowers the energy of
one spin relative to the other. As both spin bands are filled up to the same Fermi
energy K, both a net spin moment and a spin asymmetry in the density of states
at Fr is created.
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Figure 1.2: The initial experiment of Johnson and Silsbee [5]. (a) Schematic of ex-
perimental setup. A spin-polarized current is injected into an Al block by applying
a voltage across an Al-Permalloy (=Py=F'es1 Nijg) interface (injector), and is de-
tected, due to the nonequilibrium buildup of spin-polarized electrons in the Al, as a
voltage across a second (detector) Al-Py interface. (b) As a magnetic field is swept,
the two Py electrodes switch between parallel and antiparallel alignment, which cor-
responds to a switch in the sign of the detector voltage (from [5]). The inset shows
that the voltage is sensitive to the angle between the Py electrode moments.



The Johnson and Silsbee experiments clearly demonstrate that charge and spin
are coupled in transport through ferromagnets, and, perhaps more interestingly, that
spin information about one magnet can be transmitted to and detected by a second
magnet, through the nonlocal nature of currents. However, the efficiency of such
information transmission is quite low in these experiments: for a injector current
in the 10’s of mA, the typical detector voltage signal is in the 10’s of picoVolts.
A far more dramatic effect of spin-polarized currents was observed in 1988, with
the discovery of giant magnetoresistance (GMR) [7, 8]. The geometry here consists
of an alternating sequence of ferromagnetic and nonferromagnetic (spacer) layers
stacked on top of one another, so-called a multilayer; the initial experiment utilized
iron and chromium, but the effect has been extended to a wide variety of materials
combinations, of which the most relevant to this project is cobalt and copper. If the
layer thicknesses are chosen appropriately (in the few-nm range), the spin moments
in successive magnetic layers align themselves so that they are antiparallel to one
another (AP configuration). It was found that, as a magnetic field is applied to
reorient the moments so that they lie parallel to one another (P configuration),
the overall resistance of the multilayer drops dramatically, to as little as half of its
zero-field value at room temperature [9].

There are two bits of new physics involved here. The first (although the sec-
ond to be elucidated) is the source of the antiferromagnetic coupling between the
layers. This has been explained as an interlayer exchange interaction mediated by
conduction electrons in the spacer layer, somewhat in analogy to the RKKY model
of metallic spin glasses [10]. As it involves electron wave interference within the
spacer layer, it is highly sensitive to the exact thickness of the layer and disappears

if the layer is more than a couple nanometers thick for most materials [11, 12]. In



fact, it has been shown [13] that this interaction can be understood as the zero-
current, thin-layer limit of the spin-transfer effect, which is the central focus of this
dissertation.

The second important aspect of GMR is, of course, the strong dependence of the
resistance on the orientation of the magnetic moments. GMR has been observed
both for currents applied in the plane of the layers (so-called CIP geometry) [7] and
currents applied perpendicularly to the layers (CPP geometry) [14, 15, 16]. In the
interests of focusing on the experimental geometry most relevant to this disserta-
tion, I limit discussion of the effect to just two magnetic layers in the perpendicular
configuration (Fig. 1.3). Experimentally, such two-magnetic-layer systems are called
spin-valves. The following explanation is called the two-channel series resistor model
[17], and involves assigning to each magnetic layer the spin-dependent resistances Ry
and Ry [18]; in this model, as long as there is no spin relaxation during the electrons’
journey across the layers, spin-up and spin-down electrons travel within two sepa-
rate, independent conduction channels. In the high-field configuration (Figs. 1.3a
and 1.3b), where the moments are parallel to one another (P configuration), the
spin-up electrons see a combined resistance 214, while the spin-down electrons see a
resistance of 2R|. The overall resistance is thus Rp = 2Rt||2R, = 2R+ R, /(R++ R)).
If the field is lowered so that the magnetic layers assume an antiparallel (AP) con-
figuration (Figs. 1.3c and 1.3d), then the resistances for the second layer essentially
become inverted; “spin-up” for the first layer becomes “spin-down” for the second,
etc. Here the total resistance is Rap = %(RT + R}), which in general is higher than
Rp.

The series two-channel resistor model of GMR captures the qualitative features

of the effect, but it has the unfortunate property of being, at best, misleading, and at
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Figure 1.3: Two-channel series resistor model of the giant magnetoresistance ef-
fect, in a ferromagnetic/nonmagnetic/ferromagnetic (F/N/F) trilayer (adapted from
[16]). (a) When the magnetic moments in adjacent F layers are parallel (P config-
uration), the equivalent resistor circuit (b) gives Rp = 2R+R/( Ruparrow + R),
while in the antiparallel (AP) configuration (c), the resistor model (d) gives
Rap = (RT—I_ RU/Q > Rp.



worst, wrong. One issue this model conceals rather than illuminates is how best to
think about the spin-dependent scattering at the heart of the effect. While the layer
thicknesses (a few nm) are well below the spin-diffusion length, they are also below
the typical mean free paths in these materials (~ 20 nm in Cu at room temperature).
As a result, it is likely not appropriate (especially in the CPP geometry) to treat
each magnetic layer as an independent diffusive resistor, generating simple spin-
dependent chemical potential drops across the magnetic layers as in the Johnson-
Silsbee experiments. Instead, it is safer to take a more microscopic viewpoint, in
which individual electrons are tracked as they scatter around the multilayer. In
the limit that the layers are defect-free and the interfaces between layers perfectly
smooth, electron transport within the layers is ballistic. In a purely ballistic theory,
spin-polarization is generated by the coherent scattering off of potential steps at
the layer interfaces generated by mismatch between the electron bands of the two
materials [19]. Real multilayers are certainly full of defects and rough interfaces,
however, and actual electron transport in these magerials involves a combination of
coherent scattering, diffuse interface scattering, and scattering from bulk impurities
and defects; the relative importance of each effect is still a matter of debate [20, 21,
22]. 1 will not dare to resolve that debate here, but instead mention it to emphasize
that a truer understanding of giant magnetoresistance comes from a focus on the
types of scattering in electron transport. Taking this more microscopic approach
yields possibilities not covered by the two-channel series resistor model, such as:
nonlocality, in which electrons scattered by one layer return to previous layers,
changing their effective resistance [23]; and mixing between the two spin channels
[24, 25]. As we will soon see, we will need to treat these possibilities seriously to

understand the the spin-transfer effect.
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1.2 Spin-Transfer: The Flip Side of GMR

While our understanding of GMR through the resistor model is in many respects
oversimplified, it at least suggests an interesting line of thought to pursue. The
size of the GMR signal shows that the coupling between the spin-polarized con-
duction electrons and the spin moments of the magnetic layers can be made to be
quite strong. As the Stoner picture makes clear, however, this current-moment cou-
pling is more fundamentally an electron-electron coupling, so we might expect some
symmetry in the interaction. We may then ask the question: If these conduction
electrons can be so strongly scattered by the moment electrons, can, under some
circumstances, the moments themselves be scattered by the current?

This question was first explored theoretically in the 1970’s, in papers by Zaitsev
[26], and, more extensively, by Berger [27], who found that a spin-polarized current
can exert an effective torque on the moments of domain walls in thin ferromagnetic
films via the exchange interaction, moving the walls around. More recent papers
by Berger [28] and Slonczewski [29] have shown that torques are also generated on
the moments of magnetic multilayers in the CPP geometry. To understand how a
torque comes about from spin-dependent scattering, we adopt the analysis of Berger
and Slonczewski and consider how a single electron interacts with a magnetic layer.
Consider the thought experiment of Figure 1.4. An electron is traveling along the
x-direction (as, say, a plane wave), and is incident upon a magnetic layer lying in
the y-z plane, whose spin moment lies along the z-axis. As we know, the electron
will be scattered differently depending on its spin. For simplicity, we will take the
clean ballistic limit, and will assume that the layer is a perfect spin filter, meaning
that all currents that emerge from it are completely spin-polarized [30]. Thus if the

incident electron is spin-up (S, = +1/2) then it will pass through the layer with no
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scattering (Fig. 1.4a), while if it is spin-down (S, = —1/2), no current will flow and
the electron will be reflected (Fig. 1.4b).
An arbitrary electron, however, need not be polarized along the z-axis; a general

spinor state can point anywhere along the unit sphere. Let us consider, then, an

cos(0/2)

electron spinor state of the form , which describes an electron polar-
sin(0/2)
ized in the x-z plane at an angle 6 to the z-axis (Fig. 1.4c). When this electron

hits the layer, the spin-dependent scattering properties of the layer demand that

a quantum-mechanical separation of the electron occur, with the spin up compo-

cos(0/2)
nent, propogating through the layer, and the spin-down component,

0

0

reflected off the layer. The large number of degrees of freedom in
sin(0/2)

the magnetic system, however, strongly suggest that this coherent separation can-
not last for long after the scattering, and so the electron wavefunction is quickly
collapsed into either a transmitted spin-up electron with probability cos?*(/2), or
a reflected spin-down electron with probability sin?(6/2) before it leaves the mag-
net. By inspection, however, we note an interesting consequence of the scattering;
the scattered electron is either completely spin-up or spin-down, while the incident
electron wavefunction is neither. To be more precise, if we compare the angular
momentum S carried by the incident electron with the average angular momentum

carried away by the electron, we find

—

h
Sincident = 3 (sin 0% + cos 0y), (1.1)

» . h h
<Stmmmmed> + <5mf,ected> = 5 (cos?(6/2) — sin?(6/2)) = 5 (cos 0) . (1.2)

Thus the condition of perfect spin-filtering (combined with charge conservation, of

course) demands that the component of the electron’s angular momentum trans-



12

- ] - os(e/zﬂ
| sin(6/2)

Figure 1.4: Schematic of spin-transfer effect. An electron isincident upon a magnetic
layer which operates as a perfect spin-filter, so that spins aligned with the moment
of the layer (spin-up) are transmitted completely (a), while spins aligned oppositely
to the moment (spin-down) are completely reflected (b). If an electron that is a
superposition of up and down spins is incident on the layer (c), the coherent spin-
dependent scattering of the electron removes its component of angular momentum
transverse to the layer moment, which is thus taken up by the moment itself. For a
steady current of electrons I, this transfer of angular momentum can be thought of
as an effective torque proportional to [ and to sin(6).
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verse to the spin moment axis of the magnetic layer be removed, with an average
momentum change of AS, = —% sin §.

This in and of itself is not noteworthy; the change in spin-polarization of a current
as it passes between magnetic and nonmagnetic metals necessarily implies a change
in the spin ngular momentum. However, the type of scattering considered above
involves only the coupling between the current and the magnetic moment (as in [19]),
and not interactions like spin-orbit coupling, which can channel spin momentum to
the lattice [31]. In our thought experiment, then, any spin momentum lost by the
electron must be taken up by the magnetic moment alone. For individual electrons,
the total angular momentum transferred to the moment will vary depending on
whether it is transmitted or reflected. If however a steady current [ is sent through
the layer, the probabilities of scattering can be treated as a true average, and the
rate of angular momentum transfer to the momentis dS/dt = gAS = g% sin ¢, which
has the units and symmetry of a torque that favors a parallel alignment of the layer
moment with the incident current polarization [32]. This process of transfering spin
angular momentum from the current to the moment is known as spin transfer, and
the torque generated is called spin-transfer torque. This is the central phenomenon

studied in this dissertation.

1.3 Spin-Transfer With Two Magnetic Layers

To perform the above kind of thought experiment in reality, one of course needs
a source of the spin-polarized electrons that are sent to the magnetic layer. Al-
though experiments have indeed been performed injecting an external beam of spin-
polarized electrons generated by a photocathode into a magnetic layer [33], it is

simpler, and closer in analogy to the magnetic multilayer experiments, to use a sec-
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ond ferromagnetic layer as a source. When a second layer is added, however, an
interesting asymmetry of spin-transfer torque arises with respect to the direction
that electrons are sent through the layers, due to multiple scattering events between
the layers. Consider the magnetic trilayer device of Figure 1.5, where two magnetic
layers, which we will continue to treat as perfect spin-filters, are separated by a
nonmagnetic spacer [28, 29]. The ferromagnetic layer thicknesses, {7y and ¢y, are
chosen so that tpy >> tpy, while the normal metal spacer layer thickness ¢y is kept
thinner than the spin-diffusion length. When a current is run through the layers,
spin-transfer torques will be generated within both layers; however, since the total
spin moment of layer F'1 is much larger than that in layer F'2, the fractional effect
of any torque generated in F'1 is comparatively much smaller. We may thus take
layer F'1 to be essentially fixed, and consider only the torques that are exerted on
layer F2. We consider the case that the moments in layer F'2 are aligned in the
+z direction, while the F'1 moments lie at an angle § to the z—axis in the z — «
plane. First consider a left-going current, which is a right-going electron flow (this
will be known as negative current in our experimental sign convention) (Fig. 1.5a).
Electrons emerge from F'1 polarized along its moment direction, and scatter off of
F2. This is precisely the situation of the single-layer scattering of Fig. 1.4, so we
conclude that the torque (in the —x direction) favors parallel alignment of F'2 with
the spin polarization, and thus parallel alignment with F'1. I should note that the
magnitude of the torque here is different than that in the single-layer case, as there
are further scatterings of the electron between the magnetic layers; however, the
fundamental symmetry of the torque is unchanged. 1 take a more quantitative look
at spin-transfer torque in the trilayer system in Chapter 3.

Now let us consider what happens when the sign of current is reversed (made
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Electron Flow
(a)

(b) -< Electron Flow

“Q
O~

Figure 1.5: Spin-transfer effect with two ferromagnetic layers, one thick (F}) and
one thin (F3y), with a normal metal spacer layer (N). If current flow is from F to
F5 (a), the electrons polarized by Fy exert a torque on Fy which favors a parallel
alignment of the layers. If the current is reversed (b), electrons that are initially
polarized by F, get partially reflected by F; and return to F;. Since these are
reflected electrons, their spin-polarization is opposite to the transmitted electrons
in (a) and thus the torque they exert is opposite. For this current direction, then,
an antiparallel alignment of the layer moments is favored by the torque.
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positive). In this case, the electrons are first polarized by layer F2 (Fig. 1.5b). This
initial act of polarization generates no net torque on F2 in this model. We can
see this by noting that the torque generated by two oppositely-polarized electrons
(to represent an unpolarized current) in the single-layer case of Fig. 1.4, added
incoherently, is zero. However, once the current is polarized, it subsequently scatters
off of layer F'1, and some of the current is reflected back to F2. In the perfect spin-
filter limit, this portion of the current is polarized exactly oppositely to the moment
of F'1 (since it is reflected), so that it subsequently generates a torque on F'1 that
is opposite (in the +x direction) to the earlier (negative current) case, and thus
encourages the moments of layer F'2 to align antiparallel with layer F'1. The overall
effect of using a second, fixed, magnetic layer as a polarizer is thus to generate a
torque in the original magnetic layer whose magnitude and sign are governed by,
respectively, the magnitude and sign of the current passing perpendicularly through
it. Following Slonczewski [29, 44], the symmetry of this torque can be expressed in

coordinate-free form as
[ — — —
torque o< —Sp; X <SF2 X SF1> , (1.3)
e

where §F172 are the spin moments for layers F'1 and F2.

1.4 Spin-Transfer and Magnetic Instabilities

The above picture, first established by Slonczewski and Berger, suggests that spin-
transfer torques, if large enough, can alter the magnetization state of a thin magnetic
film. But exactly how much is “large enough”? To answer that question, spin-
transfer torques have to be placed in the context of all the other influences on the

spin moments of magnetic layers, which on the whole will oppose spin-transfer-
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induced deviations from magnetic equilibrium. The most straightforward way to
accomplish this is to incorporate spin-transfer into the Landau-Lifschitz-Gilbert
(LLG) equation[34, 35], a 3-component differential equation that describes magnetic
dynamics semiclassically. In words, the LLG equation simply expresses Newton’s
Second Law in angular form: the rate of change of angular momentum of layer ['2’s
spin moment, dgpz/dt, must be equal to the sum of all the torques on it. Typically

the equation takes the form

=~vSpe X Hopy — a8pe X , 1.4
o = 19F2 X Hepp —adpy X — (1.4)
where v = —%£2 is the gyromagnetic ratio. Figure 1.6 depicts this equation graph-

ically. The first term is the net torque exerted on the moment by conservative
influences, which are incorporated into a total effective field H.ss. By conservative
influences [ mean any effect that can be expressed in terms of a potential energy U
which can be written as U = ’ng . F[eff. An external magnetic field most clearly
falls under this category, but other magnetic influences such as magnetic anisotropy
or exchange can be written in terms of an effective field (which may depend on gM)
[36]. The torque in this first term thus drives the moment to precess along an equipo-
tential orbit, so that the moment neither gains nor loses energy during its motion.
The second term on the RHS of Fig. 1.4 is a phenomenological term that describes
the dissipative processes that drive the moment towards its stable energy minimum
direction, which is aligned with F[eff. There are a variety of processes which con-
tribute to the decay of a magnetic excitation, including eddy currents generated
by the time-varying moment, magnon-magnon couplings, and magnon-phonon cou-
plings via the spin-orbit interaction [37, 38]. The overall strength of these dissipative
processes is parametrized by the dimensionless constant «, called the Gilbert damp-

ing parameter, which can be thought of as the inverse of the quality factor of the
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magnetic oscillations sustained by the precession torque term. Typically o << 1,

so to a good approximation equation (1.4) can be rewritten

dS 5 = . S
d? = ySp2 X Hepp — yasps X <5F2 X Heff> : (1.5)

The damping torque thus acts perpendicularly to the precession torque and tends
to damp out any magnetic excitations.

If we now include spin-transfer torque in the LLG equation, it becomes

dg s — N — — C[—» N —
dfz = ’)/SFQ X Heff — |:’)/OéSF2 X <SF2 X Heff> + ;SFQ X <SF1 X SF2>:| R (16)

where ¢ is a proportionality constant (that may depend on the spin moment direc-
tion) and $pq is a unit vector in the direction of §F1. In situations of high symmetry
(such as if both magnetic layers have aligned anisotropy axes), §F1||F]eff, in which
case the damping term and the spin-transfer term lie along the same axis. The
threshold for magnetic excitations is thus set by the damping. Depending on the
sign of the current, spin-transfer will either pump energy into or draw energy out
of the magnet by changing its angular momentum. If the current has the right sign
and is large enough, the amount of energy pumped into the system will overcome
the dissipative processes and a magnetic excitation will occur.

In parallel to the work reported in this dissertation, there have been reports
of current-induced magnetic switching in manganite nanoparticles [39] and nickel
nanowires [40], as well as switching [41] and spin-wave excitations [41, 42] in mag-
netic multilayers. However, the torque model as I have presented it in this chapter is
not the only accepted approach to interpreting these observations. Indeed, theorists
have taken various approaches to describe how spin-transfer torques translate into
magnetic excitations [28, 43, 44, 45, 46]; within each approach the type of excitation

depends on the geometry, material properties, and external parameters set by the



19

=

eff damping

torque

cececPp

/

orbit induced
by precession torque

spin-transfer

- torque
Sk

Figure 1.6: Semiclassical depiction of torques exerted on the spin moment of a mag-
netic layer. Conservative torques such as magnetic field, anisotropy, and exchange
cause the moment to precess around an effective field H.;;. Dissipative couplings
of the moment to the environment are expressed as a damping torque, which causes
the moment to rotate towards its energy minimum. The symmetry of spin-transfer
causes it to point along the damping torque axis. If the current has the right sign,
it can generate a torque which will overcome the damping and cause a magnetic
excitation.



20

experimentalist. This is to say nothing of more recent models [47, 48, 49, 50] that
consider an additional interaction between the current and magnetic moments which
operates as an effective magnetic field, with a qualitatively different symmetry than
spin-transfer torque. This dissertation does its best to use the data within to ad-
dress these differences; in particular, a considerable part of Chapter 5 will consider
the torque model vs. effective field models. Primarily, however, Slonczewski’s torque
model will be used to interpret the data, for the simple reason that, apparently, it
works the best.

It suffices to conclude this chapter by noting that all models of spin-current-
induced magnetic excitations, regardless of their origins, are bound by this fact:
in order to change the magnetization in some particular way (such as magnetic
reversal), a finite, known amount of angular momentum must be imparted to the
magnet, an amount which scales with the cross-sectional area of the magnet. The
models thus all speak of an intrinsic critical current density that is required to
generate an excitation; taken in the aggregate, the models predict values for this
current density in the range of 10° — 10 A/em?®. This corresponds to a 1 mA current
being confined to a cross-sectional width of 10-300 nm. In the following chapter I
will describe one method used to inject currents at these densities into a magnetic

trilayer, and will compare the results to the predictions for spin-transfer torques.
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Chapter 2

Current-Induced Excitations in
Magnetic Trilayers Using the

Nanoconstriction Geometry

As mentioned at the end of the previous chapter, it is predicted that, if large cur-
rent densities (in the range of 10° — 10°A/cm?) are sent perpendicularly through
magnetic/nonmagnetic/magnetic trilayers, spin-dependent scattering will generate
torques on the magnetic layers (spin-transfer) large enough to measureably alter
the magnetization state of the layers. Fortunately for the young experimentalist,
there is a point-contact geometry quite well established at Cornell that can send
very large current densities through metallic trilayers in a nondestructive manner.
This is the so-called “nanoconstriction” technique [1], and this chapter will focus on
studies of spin-transfer using magnetic trilayer devices fabricated in this manner.
We will find that, although the nanoconstriction geometry makes a full quantitative
analysis difficult, the data confirm the basic predictions of the spin-transfer torque

model.
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2.1 Fabrication Overview

2.1.1 Forming the Nanoconstriction Mold

As its name suggests, the nanoconstriction technique involves confining the metal
of a magnetic trilayer system at a particular point to nanometer size scales, thus
naturally increasing the current density through this point. This is achieved by
creating an insulating mold in the shape of the device (the nanoconstriction), and
then filling the mold with metal. A considerable amount of work on nanoconstriction
fabrication precedes my own [1, 2, 3, 4, 5] and my devices do not provide significant
deviations from these previously-established recipies. In Appendix 2.A I provide a
detailed description of the current nanofabrication steps, adapted from a recipe that
has been the standard in the Ralph group for the past few years, for anyone who
wishes to make these (quite useful) devices. Here I present a short overview of the
fabrication of the nanoconstriction mold, and then a more detailed look at how the
magnetic trilayer system is filled into this mold.

We begin with a double-polished (100) Si wafer approximately 500 ym thick, on
both sides of which a thin layer of low-stress amorphous silicon nitride approximately
100 nm thick has been grown. A combination of photolithography and reactive ion
etching (RIE) is then used to open a window ~ 80 ym wide in one of the nitride
layers to expose the silicon below. In practice, an array of 9 x 9 windows are opened
in the nitride, so that a total of 81 nanoconstriction devices can be made in parallel
per wafer. The nitride etch is followed by a wet etch in a heated KOH solution
which preferentially etches the exposed Si along the (111) planes until it reaches the
other nitride layer, leaving it a suspended membrane. Since the (111) planes sit at

an angle to the (100) face of the Si, the suspended membrane is smaller than that
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defined by the photolithography, roughly 50 ym (Figure 2.1a).

After the suspended membrane has been thinned to a controlled thickness of 50
nm, the next, crucial, step is to effectively drill a small hole through the membrane;
this hole is the nanoconstriction and defines the region of highest current density in
my devices. The hole is formed by performing electron beam lithography to clear an
opening 20-50 nm wide in the electron beam resist. After that, a special isotropic
RIE is performed which etches through the nitride in a bowl shape (Fig. 2.1b and
2.1¢). If the etch is timed correctly, the opening in the membrane at the bottom of
the hole will be much narrower than that defined by e-beam lithography at the top;
holes with diameters less than 10 nm can be regularly achieved. The size of the hole
can be characterized by direct imaging via transmission electron microscopy (TEM)
(Fig 2.1¢) [6]. More typically, the hole size is inferred by measuring the resistance of

homogeneous metallic point contacts made from the constriction (See section 2.2.1).

2.1.2 Creating the Magnetic Trilayer

Once the hole is formed, we can fill it with our magnetic heterostructure, created
by depositing metal directly onto both sides of the membrane with thermal evapo-
ration. We start by taking a fraction of the processed wafer, typically two or three
columns of the 9 x 9 array of constrictions, and place them in a UHV evaporation
chamber with base pressure of 5 x 1078 torr. The samples are mounted onto a special
rotating stage in the chamber so that metal may be deposited on both sides of the
constrictions in situ. This helps to ensure that few contaminants are incorporated
into the metal as it is deposited around the constriction region. One particularly
troublesome contaminant is water, which becomes adsorbed onto the membrane in

air, and will remain even at low pressures. To drive moisture off the membrane, it is
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heated to approximately 100° C at low pressure in the evaporator for 30-45 minutes
prior to metal deposition. Also, when initially mounting the nanoconstrictions, it is
important to ensure that no samples that may be at the edge of the wafer portion
are visible to the evaporation source, or else a metallic connection may form around
the edge and short out the connection through the constriction. To avoid this, a
glass slide can be mounted that overlaps the edge of the sample.

Although this dissertation will describe nanoconstriction devices with a number
of different configurations of the metals, the canonical set-up, and the configuration
[ will focus on for most of this chapter, is that depicted in Figure 2.2. First, the bowl
side of the membrane (top side in Fig. 2.2) is filled with a nonmagnetic electrode,
usually copper. In order to help make sure that the bowl is thoroughly filled by
the metal, the device is tilted with respect to the evaporation direction by a small
amount (say 10 degrees) from normal incidence for the first 25 nm of deposition.
It is then tilted a similar amount in the other direction from normal incidence for
the next 25 nm, and finally returned to normal incidence for the rest of the lead
deposition. Equivalently, the sample can be continuously rocked back and forth
during this deposition. I estimate roughly 50 nm of Cu is needed to fill the bowl
(since the nitride membrane is 50 nm thick), but because I want to ensure that the
bulk of the lead contributes little to the overall resistance of the device, I usually
deposit 150 nm in total.

Next, the sample is flipped over, and construction of the magnetic trilayer be-
gins. The layers are deposited in the sequence Fy/N/Fy, with respective thicknesses
tia/tn/trr. On top of this, a capping layer of 50 nm copper is deposited to prevent
oxidation of layer Fi; this completes the device. I have tried to test whether con-

taminants that may adsorb on the interface between the first Cu lead and layer F;
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Figure 2.1: Schematic of a nanoconstriction. (a) A freely suspended silicon nitride
(S13N4) membrane is formed, and a combination of electron-beam lithography and
an isotropic reactive ion etch form a bowl-shaped hole through the membrane. (b)
The bowl shape allows the smallest part of the hole (< 10 nm) to be smaller than that
defined by lithography (20-50 nm). (c) Scatting transmission electron microscope
(STEM) image of a nanoconstriction, from [6]. Light areas indicate thinner parts
of the membrane, with the center white the hole itself.
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between their depositions affect the transport properties of the device by inserting
a small amount (few nm) of Cu before depositing layer F, effectively moving this
interface away from the constriction. This does not systematically alter the observed

results, so in most cases I grow this interface right at the constriction, as in Fig. 2.2.

Most of my nanoconstriction devices are fabricated with Fy, [y = Co, and N =
Cu; due to the relative lack of intermixing between Cu and Co [7] and their well-
established use in GMR multilayers, they provide a good model system for the study
of spin-transfer in a magnetic trilayer. I have also made devices employing Fe, Ni,
and Py as the ferromagnetic layers, and Ag and Cr as the spacer. As this chapter is
focused on the fundamental signatures of spin-transfer, I will discuss the Co/Cu/Co
combination as an example system almost exclusively here. In Chapter 3, where |
discuss a more microscopic theory of spin-transfer, the intrinsic electronic properties
of the materials becomes a more important issue; I examine my work on different
materials combinations there. In order to conform to the geometry of Slonczewski
and Berger, F} is made much thicker than Fj; typically {7y = 100 nm, while ¢
ranges from 2-10 nm. The normal layer thickness {5 is made of sufficient thickness
(4-6 nm) that the quantum interference effects which give rise to interlayer exchange
coupling are negligible [8]. My labeling convention is as follows: a trilayer with, for
example, 4 nm of Co, 6 nm of Cu, and 100 nm of Co is called a (C'o4/Cug/C 0100)nm
device in this dissertation. I will also use the formal device name (e.g., CD05R32)

in the figure captions for identification purposes.
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Cu
Cu cap Si,N, lead

Positive Current Flow

Figure 2.2: A typical nanoconstriction magnetic trilayer device. The layer thick-
nesses are typically chosen so that tpy >> tpa. A Cu cap on layer F) prevents
oxidation of the magnet.
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2.2 Experimental Set-up

A schematic of the circuit used to measure the transport properties of the devices
is shown in Figure 2.3. As the impedence of these devices range from 10-50 (2,
it 1s most straightforward to send in a controlled current I, which is made up of
a large DC component and a small AC component, through the device. The DC
voltage V' and the differential resistance dV/dI, determined from the AC signal via
a lock-in amplifier, are then measured across the device. The devices are mounted
on a spring-loaded contact holder which makes two connections each to top and
bottom of the device, so that a four-probe measurement can be performed. This
holder can be affixed either to a simple dipper for quick measurements at room
temperature, nitrogen temperature (77 K) and helium temperature (4 K), or to a
more sophisticated dipper made by Desert Cryogenics that includes a 3 T supercon-

ducting magnet and a heater for measurements over a large range of temperatures.

2.2.1 Advantages of the Nanoconstriction Technique

Before delving into the measurements I have made on nanoconstriction devices, it is
useful to pause here and consider exactly what this point-contact geometry allows
us to measure, and why. Let us first consider the issue of high current densities. A
typical measurement may involve sending 2 mA through a constriction 10 nm across;
this corresponds to a current density of about 2.5 x 10° A/em? at the constriction. A
reasonable question to ask is how such a current can be sustained without melting
the device, since typical maximum current densities in larger diffusive wires are
orders of magnitude smaller. The key comes in the extreme narrowness of the

constriction; 10 nm is narrower than, or on the order of, typical inelastic mean
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Figure 2.3: Block diagram of measurement apparatus. A DC (slow sweep) signal
from a function generator and an AC lock-in reference signal are sent through the
large (relative to the device) resistors Rpc and Rac and combined as currents. The
DC current [ is determined from the voltage drop across a small known resistor R;.
The DC4+AC current is sent through the device, and the DC voltage V' and differen-
tial voltage dV/dI are measured. The gray circles represent the three quantities——
I,V and dV/dI——that are simultaneously sent to a computer system for collection.
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free paths in most of the materials studied here at low temperatures. As a result,
electron transport in the immediate vicinity of the constriction can, in the absence
of additional sources of scattering, be thought of as ballistic or near-ballistic. For an
electron to give its energy to the metallic lattice and heat the device, it must travel
on average an inelastic mean free path’s distance away from the constriction, where
the current density is much lower. Thus the heating that we would expect at high
current densities is spread out far beyond the constriction, and we can effectively
generate higher current densities in the device than would be possible in purely
diffusive devices.

One might think that if transport is essentially ballistic through the constriction,
there should not be any measurable resistance associated with current flow there.
However, the small size of the constriction provides an intrinsic resistance to current

flow. An approximate expression for the resistance that applies for a large range of

hole sizes is [9, 11]

h 8 3rd
R=— 1+ T'—- 2.1
62(de)2< * 16[)’ (21)

where d is the constriction diameter and [ and kg are, respectively, the mean free
path and the Fermi wavenumber of the material in the constriction. I' is a slowly-
varying function of d/l that lies roughly between 0.7 and 1. The first term is the
Sharvin resistance [13] that arises from the limited number of electron states (on
the order of krd) that can fit through the constriction. For constrictions where [ is
not many times larger than d (certainly true for our devices), there is an additional
resistance term coming from scattering events. Equation (2.1) can be used to self-
consistently determine the diameter d of the hole, by filling the constriction with a
homogeneous metal with a known kr and [, such as Cu, and measuring the low-bias

resistance [2]. This is the primary method by which I characterize the sizes of the
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constrictions [ create.

The dependence of the second term in Eqn. (2.1) on the mean free path [ demon-
strates that transport through the device is sensitive to small deviations from pure
ballisticity, i.e., individual scattering events near the constriction. When a voltage
is applied, a current of electrons is driven through the constriction. Due to the
small size of the hole, only the electrons that are near the constriction and have the
correct momentum direction can pass through at any time. If an electron that has
passed through is scattered by an energy-dependent process such as the creation of a
phonon or magnon, there is some probability that it will be scattered back through
the hole to the original side. It will then effectively get stuck on this side, as it will
take many further random scatterings on average to restore the proper position and
momentum needed to get through the constriction. Thus this backscattered electron
is effectively removed from the current and the resistance of the sample rises due to
a single backscattering event. In this way the nanoconstriction is a sensitive probe
of microscopic scattering processes, and how these processes depend on the energy
of the electrons and external parameters like magnetic field. If the constriction was
much larger than the mean free path, then backscattered electrons could more easily
return through the constriction and the effect on the resistance would be blurred
into a more general diffusive rise due to heating.

The point contact geometry, first achieved by Yanson in the early 1970’s [9, 10],
has long been used for spectroscopic studies of scattering processes at the nanometer
scale; see [11, 12] for reviews. At Cornell nanoconstriction spectroscopy has been
applied to a variety of physical phenomena, including (but not limited to) 1/f noise
[14], thermoelectric effects [4], the Kondo effect [16, 17, 18], and Andreev reflection

as a probe of spin-dependent scattering in ferromagnets[19, 20]. However, it is not
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necessary to have good ballistic transport in the point contact to observe effects
in magnetic trilayers induced by a spin-polarized current [4]. Indeed, in Chapter 3
we will find theoretically that even highly diffusive devices can exhibit spin-transfer
torques, and in Chapter 4 I will discuss devices far larger than the ballistic limit
in which spin-transfer signals are clear, and in fact easier to understand than in
the nanoconstriction geometry. The primary signal we measure in order to track
spin-transfer effects is simply that from the giant magnetoresistance effect, in which
the device resistance is sensitive to the relative angle between the moments of the
two magnetic layers. Since the main types of current-induced magnetic excitations
I have measured involve a change in the magnetization angle of the excited magnet,
the GMR effect straightforwardly connects these excitations to the resistance sig-
nal of the nanoconstriction. A number of previous GMR measurements have been

performed in point-contact geometries [4, 21, 22, 23, 24].

2.3 Magnetoresistance of Trilayers

At last we have arrived at the point where we can discuss actual measurements [25].
Nearly all the measurements on Co/Cu/Co trilayers were taken at liquid helium
temperature, T' = 4.2 K. Let us first look at the magnetoresistance of these devices.
Figure 2.4 shows magnetoresistance loops for two devices chosen for illustration,
a (Coy/Cug/Co0100)nm (Fig. 2.4a) and a (Cos/Cus/Co100)nm (Fig. 2.4b) trilayer,
near zero current bias. Here the magnetic field field is swept in the plane of the
layers. The resistance is at a minimum at a large magnetic field H, and is the same
value for both signs of field. Since the device resistance is a measure of the relative
alignment of the two magnetic layers via the GMR effect, this minimal resistance

indicates that the two layers in each device are in parallel alignment, as expected at
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high fields. As the field is reduced, the layers deviate from parallel alignment and
the device resistance increases. Typically this occurs before the field reaches zero.
The rise in resistance can take many forms, involving continuous transitions, abrupt
jumps, or both. The resistance of the devices in this field region also is hysteretic,
in that it depends on the direction in which the field is being swept. Eventually,
as the field changes sign and increases in magnitude again, the resistance returns
to its minimum value, as the two layers reorient themselves to the opposite field
direction. The devices in Fig. 2.4 are representative of the data I have taken in
the sense that there are wide sample-to-sample variations of the shape and size of
the magnetoresistance loop, and that even within each device there can be quite
complicated behavior. As the devices are all fabricated in a similar manner, it may
at first seem troubling that there is such wide variation among devices. However,
it must be remembered that, since the resistance measured in the nanoconstriction
geometry is sensitive only to scattering events near the constriction, we are probing
the properties of the magnetic trilayer only very locally. Typical domain structures
in Co/Cu multilayers exist on size scales on the order of 100 nm [26], far larger
than my constriction sizes; thus, unlike all GMR measurements on bulk devices, the
micromagnetic, multidomain variations that occur in magnetic films do not average
out. Consequently, we must interpret the magnetoresistance data (and, later, the
current-induced resistance changes) as a measure of the relative orientations of single
domains or small groups of domains between the two magnetic layers [23].

In this context, much of the magnetoresistance data, at least qualitatively, makes
sense. Domains in magnetic materials are set by competitions between exchange
and local anisotropy forces, which include crystalline, dipolar, and defect-driven

anisotropies and are set by the microstructure of the material [27]. As a result,
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Figure 2.4: Differential resistance dV/dI vs. applied magnetic field H for two devices,
(a) a (Cos/Cug/C0100)nm (CDO5M62) and (b) a (Cos/Cus/Co0100)nm (CCO9IR61)
trilayer, at T' = 4.2 K. The field is applied in the plane of the layers.
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while a film will on average have a nonzero remanent moment at zero magnetic
field, the microscopic domains will be oriented roughly randomly. As we reduce the
field from large values towards zero, the domains probed by the nanoconstriction
will relax to their equilibrium positions, which, assuming no intrinsic interlayer
coupling, will in general have some relative angle; this explains the rise in resistance
as we take H to zero. This relaxation can involve domain growth or rotation,
and may be continuous or abrupt, depending on the local anisotropy fields felt by
the domain. Since the two layers have different thicknessses, the domains probed
by the two layers will experience different local couplings and will have different
reorientation behaviors as a function of magnetic field, contributing to the structure
in the magnetoresistance. Also, although the magnetization hysteresis loop for a
bulk magnet is in general highly reproducible, there is no reason to expect the same
for a single domain. As the exact behavior of a domain depends sensitively on what
neighboring domains do, and as there are a huge number of degrees of freedom in
the magnetic system as a whole, there are many ways that a domain can evolve
as the field changes. Thus we do not always see the same reversal features if we
change the direction of magnetic field sweep, and in some cases we observe highly
asymmetric magnetoresistance loops (Fig. 2.4b).

Although we can largely explain away the complicated features we see in mag-
netoresistance, there are two aspects that demand closer inspection. One is the size

of the magnetoresistance ratio, which I will define as

MR(%) = w % 100, (2.2)

where R, and R,,;, are the largest and smallest resistances measured during a
hysteresis loop. This differs from the typical definition of the magnetoresistance

ratio, where the large field resistance is compared with the zero field resistance.



39

That definition is more appropriate for multilayers with strong zero-field antifer-
romagnetic coupling. As I use only two layers and the domains in the layers are
randomly oriented at zero field, the definition above gives a better idea of the max-
imum magnetic contrast signal possible by manipulating the layers with a field.
Typical measured magnetoresistance ratios for Co/Cu/Co trilayers are in the range
of 2-5%. This is smaller than the maximum ratios measured in larger spin-valves
in the current-in-plane geometry [28], which is contrary to expectations that the
perpendicular-to-plane geometry should result in higher MR ratios.

The main source for the reduction in the MR ratio comes from the ballistic
character of my nanoconstrictions. From Equation (2.1), we can see that when [
is larger than the constriction diameter d, the majority of the nanoconstriction re-
sistance comes from the Sharvin term. This term comes entirely from the confined
geometry of the constriction and does not depend on any kind of scattering process;
thus the fractional contribution of spin-dependent scattering to the total resistance
is reduced. In addition, the constriction geometry effectively reduces the role of spin-
dependent scattering by limiting the fraction of back-scattered electrons that return
to the original side of the constriction and thus contribute to the resistance. For
example, if an up-spin electron backscatters from a down-oriented magnetic layer,
it requires a specific momentum direction to return through the hole. If it is not
scattered in this direction, it will remain on the trilayer side of the nanoconstriction
until a spin-flip process changes it into a down-spin electron, and it can pass through
the down-oriented magnetic layer more easily. This reduces the dependence of the
overall resistance on spin. Point-contact measurements on magnetic multilayers [24]
have shown that a ballistic geometry can in certain cases enhance the magnetoresis-

tance, with observations of MR ratios above 200%; however, these effects can largely
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be attributed to magnetostriction affecting the contact shape (and thus the Sharvin
resistance), rather than a strong change in the spin-dependent scattering.

The MR ratio I observe certainly cannot be called “giant” (although I still call
the associated effect the “GMR effect”), and it is even small enough that the effects
of anisotropic magnetoresistance (AMR) cannot be ignored. Anisotropic magne-
toresistance is a transport effect in homogeneous ferromagnetic metals where, due
to spin-orbit scattering, the resistance of the magnet depends on the relative orien-
tations of the current and the magnetization; typically (as with Co), the resistance
is highest when the current is parallel to the magnetization, and lowest when it is
perpendicular [29]. This effect can be as high as a few percent. I have checked the
AMR contribution by measuring magnetoresistance for a device both with the field
parallel and perpendicular to the layers; the resistance of the device at high fields
in these two configurations differ by much less than 0.1%, indicating that the AMR
contribution to the resistance is extremely small relative to the GMR contribution.

The second aspect of the magnetoresistance that must be discussed is the size
of the hysteretic region, which is much larger than expected. Although I cannot
assign a well-defined coercive field H. to the domains I am probing, as would be
possible for a bulk film or an isolated single-domain magnet, I can approximate
this quantity by defining an effective saturation field H; as the point at which the
resistance is independent of sweep direction, as it is this point that the domains in
both layers have settled into their minimum energy configurations and will follow
the field at larger magnetic field. For these devices H is on the order of several kQOe,
with some reaching as high as 9 kOe. This is far larger than is expected from the
coercive fields of either of the films. For the thick layer, I have grown 100-nm-thick

Co films under similar conditions and measured their coercive fields using vibrating
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sample magnetometry (VSM)——the coercive fields are at most several 10’s of Oe.
For the thin layer, the net moment is too small to measure with VSM. However, it is
expected that the coercive field in magnetic films increase with decreasing thickness
[27]. Studies of coercive fields in magnetic trilayer spin-valves [23, 30] indicate that,
even for a Co layer as thin as a few nanometers, the coercive field does not increase
to more than a few hundred Oe, an order of magnitude smaller than the saturation
fields I observe.

The discrepancies observed above can be understood if we take into account the
actual structure of the magnetic thin films, and the effect that the nanoconstriction
geometry may have on the growth of the films. The real layers in my trilayer devices
are not the perfectly smooth slabs depicted in Fig 2.2. Deposition of Co and Cu by
evaporation onto insulators like Si3 N4 involves growth of films by surface nucleation
of grains, which are oriented randomly and will have varying shapes and sizes [31].
AFM studies of my deposited Co films indicate that they have surface roughness of
several nm, which for the thin layer is on the order of the film thickness itself. As a
result, the domains in this thin film may not be strongly coupled, which will inhibit
domain reversal due to domain wall propagation across the film at the bulk coercive
field. In addition, if the bowl is not completely filled with Cu during the formation
of the first lead (Figure 2.5), then there will effectively be a dimple in the first Cu
electrode, which may be filled up by the first Co layer. This might cause a significant
deformation in the film at the location of the constriction if the dimple is more than
a couple nm deep, which will further decouple the domain at the constriction from
the rest of the film. This deformation essentially acts as structural disorder, and
will result in enhanced spin-independent scattering at the constriction——one can

think of it as a reduction in the mean free path [ for both spins in Eqn. (2.1)——and



42

consequently a reduced MR ratio. In addition, the dipolar fields and the strain
induced on the constriction domain by the dimple may contribute to a high coercive
field. Enhancements have been seen in the coercive field, as well as reductions in
the magnetoresistance ratio, in point-contact measurements of magnetic multilayers
by driving an STM tip down into the layers and inducing a deformation [24].

I have made attempts to fill in any dimple which might be present by depositing
several nanometers of Cu before growing the first, thin Co layer, but it has not
qualitatively changed the data. The deformation of the film at the constriction also
appears to be insensitive to the manner of film growth. I have made devices both by
thermally-evaporating and sputtering the films; in both cases the magnetoresistance
curves show coercive fields in the range of several kOe, significantly higher than that
of an unperturbed film. We are thus forced to reluctantly admit that, as useful as
the nanoconstriction technique is, it may significantly perturb the magnetic trilayer,
given the film growth method I have used. So, rather than two homogeneous films
as assumed by the spin-transfer models, we likely have one thick film and a thin,
rough film with a strong deformation at the constriction. As it turns out, however,
this occurence is in one way fortuitous. The weak coupling of the domain at the
constriction allows it to be more freely manipulated by spin current-induced torques,

which has made the identification of spin-transfer much easier to achieve.

2.4 Low Field Current-Induced Excitations: Hys-
teresis

Now that I have established how these devices behave when only a magnetic field is

applied, I can turn on the current and see if similar reorientations of the magnetic



43

Figure 2.5: Perhaps a more realistic depiction of the thin magnetic layer than that in
Fig. 2.2. Film growth during thermal evaporation is by crystalline grain nucleation
and growth; this makes the layers rough. Also, a bowl partially filled with Cu can
leave a dimple in the top Cu electrode, causing the domain grown at the constriction
to be unusually strained and separated from the rest of the film. This may explain
the high saturation fields observed in the magnetoresistance data.
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moments can be induced. I will first discuss devices where the thin layer is less
than 4 nm thick, and where any magnetic fields I apply are within the hysteretic
region defined by the magnetoresistance data. In this regime the domain at the
constriction in the thin layer can have more than one stable equilibrium point.

Figure 2.6 shows a curve of differential resistance dV/dI vs. current [ for a
(Co4/Cug/Corg0) trilayer at zero applied field and T' = 4.2 K, for both directions of
current sweep. The magnetoresistance curve for this same device is that depicted
in Fig. 2.4a. Positive current bias corresponds to electrons being injected from
the Cu lead in the bowl into the trilayer (see Fig. 2.2). The data in Figure 2.6 are
representative of many Co/Cu/Co trilayer devices with similar film thicknesses. The
most prominent feature in these curves is the rise in dV/dI with increasing current
bias for both signs of bias. This rise reflects the spectroscopic sensitivity, discussed
previously, of the nanoconstriction geometry to voltage-dependent scattering events,
and is common to all of my devices. Also, there is a dip in the signal at positive
current bias. This dip, also seen in many of my devices, is better understood after
the origin of the other signals in the dV/dI curves has been explained, so I will save
discussion of it for later.

For now, I focus on the hysteresis in the resistance signal as a function of current
sweep direction. Starting at negative current bias and moving towards more positive
bias (the thin line in Fig. 2.6), the device follows one spectroscopic curve until a
particular positive current value. At this point the differential resistance abruptly
jumps, and dV/dI follows a similar-looking, but higher-resistance, spectroscopic
curve. This jump is irreversible, as can be seen by reversing the direction of current
sweep (thick line). As the current is made more negative, the device stays along

the higher-resistance state until a particular negative current value is reached, at
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Figure 2.6: Differential resistance dV/dI vs. applied current for a (Coy/Cug/Co0100)
trilayer device (CD05M62) at T' = 4.2 K and zero applied magnetic field, for both
directions of current sweep.
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which point the resistance jumps downward to the original spectroscopic curve. In
a survey of this and many similar devices that exhibit hysteresis, the currents at
which the resistance switches range in magnitude from 0.5 —3 mA. Similar features
have been seen in multilayer nanoconstriction devices, at similar current levels, by
Richard Louie [4].

If a magnetic field larger than the effective saturation field H; is applied, the
hysteresis disappears and only the lower resistance state is stable at zero current
bias. I will discuss the field dependence of the hysteresis in more detail later, but
for the moment this evidence immediately suggests that the hysteresis is connected
to a change in the magnetic state of the trilayer. Moreover, as the GMR signal is
the strongest magnetic signal in my device resistances, the hysteresis loop describes
a situation in which domains in the two magnetic layers switch from a relatively
parallel (lower resistance) configuration to a more antiparallel (higher resistance)
configuration at positive current, and switch from a relatively antiparallel to a more
parallel configuration at negative current. The two resistance states seen at zero
current bias happen to correspond to the high and low resistance states seen in the
magnetoresistance for this device (Fig 2.4a). It should not be surprising, however,
that such correspondence is not a universal feature for my devices, due to the differ-
ent reversal processes induced by a current and a field. While the current, due to its
localized nature, primarily affects only the domain directly under the constriction,
the magnetic field affects the thin layer as a whole. Thus the domain evolution seen
in the magnetoresistance curves is typically more complex than the simple switching
seen in the current sweeps, with the resistance levels often corresponding to slightly
different magnetic configurations than is achieved with a current.

The symmetry seen in the hysteresis loop of Fig. 2.6 is precisely that described by
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spin-transfer, in which a positive (in our sign convention) current generates a torque
which favors an antiparallel alignment of the two layers, while a negative current
favors a parallel alignment. However, this kind of clear symmetry is seen in only
about 50% of the Co/Cu/Co devices I have made. The rest show a wide variety of
more complicated current-induced effects, e.g., multiple switching events, multiple
peaks and dips at zero applied field, and enhanced noise. I attribute the behavior of
these devices to a magnetic structure more complex than a single relatively uniform
domain sitting at the constriction in the thin layer. Such micromagnetic variations
are to be expected in my growth process, which, as I have discussed previously, re-
sults in rough and disordered films. For clarity, I focus my discussion and analysis on
those devices that exhibit simple current-induced features, e.g. two-level hysteretic
switching. When such a device exists, it invariably exhibits a symmetry consistent
with the spin-transfer model.

Before we can definitively associate these observations with spin-current-induced
effects, we need to first rule out other influences that might reorient the domains
in the magnetic layers. The most obvious of these is the self-field generated by the
current. Indeed, transport studies of magnetic layered pillars [33, 32] have shown
that, if a current is sent perpendicularly through a magnetic layer, the circumfer-
ential Oersted field can be made large enough to reorient the layer into a vortex
state. However, the current-induced changes in the magnetic domains we observe
are likely not due to the Oersted field, for two reasons. First, the magnetic fields
generated by the current are too small to orient the domains. We can approximate
the field generated at the constriction as that at the surface of an infinite cylindrical

wire of radius d,
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where p1g = 47 x 1077 N/A? is the permeability of free space. For a current of 1 mA
and a constriction diameter of 10 nm, the maximum field is Hoepseq = 200 Oe, an
order of magnitude smaller than the fields needed to align the layer moments in the
magnetoresistance measurements. It is conceivable that a field of this magnitude
could reorient the low-coercivity thick layer while the high-coercivity thin layer
domain remains fixed, but it is important to note that, unlike the pillar experiments
[32, 33], the current density distribution is not uniform——it falls off roughly as
1/1? with distance [ from the constriction [11]. As a consequence, the fields in the
thicker layer are smaller by approximately a factor of 4 for the sample in Fig. 2.6
and are mostly concentrated at the interface nearest the constriction, quickly falling
to negligible levels across the 100-nm thickness of the film. There is thus insufficient
field energy to induce a vortex state in the thicker layer, despite its low coercive
field [34].

More fundamentally, the symmetry of the current-induced switching that I ob-
serve is different from Oersted field-induced switching. Consider the field-induced
vortex generation of [33] (Fig 2.7a). Since the layers have different thicknesses, they
respond differently to the Oersted field. In general, the thicker layer develops a vor-
tex domain first due to its lower coercive field, which generates a rise in resistance
as the field is increased from zero. At higher magnetic field, a vortex with the same
generated in the thin layer, lowering the resistance as the magnetization in the two
layers become more uniformly aligned. A symmetric rise and fall in the resistance
is observed for the opposite current sweep direction. By contrast, once the trilayer
has switched into an antiparallel configuration in my devices, increasing the current
further does not cause the resistance to drop. Figure 2.7b demonstrates this for a

(Coy/Cug/Corgo) trilayer device. This kind of symmetry is more consistent with
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spin-transfer torques than Oersted fields.

2.4.1 Comparing Hysteresis Data to Spin-Transfer Models

We have thus established that the current-induced switching has the symmetry
of spin-transfer torques, but it is important to compare the currents involved more
quantitatively with the torque model. To do this, we return to the modified Landau-
Lifschitz-Gilbert (LLG) equation of Chapter 1:

dSp,
dit

— — N — — C[A N —
= ’)/SFQ X Heff — |:’)/OéSF2 X <SF2 X Heff> + ;SFQ X <SF1 X SF2>:| R (24)

where §F2 is the spin moment in the excited domain of layer I'2, and Spy(py) a unit
vector in the direction of the spin moment in layer F'1(F2). As detailed in Chapter
1, the first term represents the torque contributed by energy-conserving processes,
which are expressed in terms of an effective field F[eff. The second term (the first
term in square brackets) represents energy dissipation processes with magnitude set
by the dimensionless Gilbert damping parameter o« << 1, while the third is spin-
transfer torque. It is the balance between the damping and spin-transfer torques
that determines the current threshold needed to generate an excitation. Slonczewski

gives an expression for the proportionality constant ¢ in the spin-transfer term [35]:

c= h|%€j)|7 (2.5)
o(0) = |4+ (1 4 ppBEes@]™ (2.6)

4 P3/2 ’
where # is the angle between the moments in the two layers, and P is the polarization

factor of the magnet, defined as

P = M7 (2.7)
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Figure 2.7: (a) A plot of differential resistance dV/dI vs. current [ for a trilayer pillar
device from [33], showing the signatures of Oersted field-induced vortex formation
in the two layers. As the current increases, the low-coercivity film forms a vortex,
raising the resistance; at higher currents, the high-coercivity film forms a vortex
of the same helicity, and the resistance drops again. (b) dV/dl vs. I hysteresis
loop for a (Coy/Cug/Co100)nm trilayer device, demonstrating a different switching
symmetry from Oersted field effects. Once the current has switched the layers into
an antiparallel configuration, additional current does not cause the device to drop
back into the low resistance state.
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where 14, Ngownarrow are the numbers of spin-up and spin-down electrons at the Fermi
level that are transmitted through the magnet. These numbers can be determined
from band-structure calculations [36], or from measurements of the spin polarization
via Andreev reflection [20].

In order to compare the damping and spin-transfer terms of Equation (2.4)
quantitatively, the total effective field F]eff that is felt by the domain in layer F2
must be determined. The effective field can be written in full generality as
1 0o <§F2>

Hepy = — =
Y 0Ske

b (2.8)

where Ey,; <§F2> is the total energy of the domain and the derivative is with respect
to the three components of the spin moment Spa. Determining the total configu-
rational energy of the domain is a formidable task, however. In addition to any
external fields we may apply (which can trivially be incorporated into F[eff), there
are a host of contributions to the energetics of a thin magnetic film. These include
anisotropies from the crystal lattice and strain fields, magnetostatic (dipolar) field
energy (both from within the thin layer and from the thick layer), and interlayer
exchange. These can have complicated symmetries and, in some cases, are not even
uniform over the extent of the domain. It is thus highly questionable whether the
single-moment LLG equation can even be applied to the nanoconstriction system,
much less whether an effective field can be determined for it. A rigorous application
of the LLG equation to this geometry should probably be micromagnetic, in the
sense that the film should be simulated as a grid of spins, each obeying the LLG
equation and each coupled to one another. Such numerical calculations incorporat-
ing spin-transfer have only recently begun to be performed on small collections of
spin moments [37].

I thus will not attempt an exact correspondence between these data and the
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Slonczewski torque model. However, an estimated comparison between theory and
experiment can provide insight into the microscopic workings of the thin-layer do-
main in the presence of a spin-polarized current. I will begin by assuming that F]eff
takes the simplest possible form that can describe the data, i.e., the observation
that the domain switches between two stable states. This is the form of a uniaxial

anisotropy, which in terms of energy is
E, = K,sin*(9), (2.9)

where K, is the uniaxial anisotropy energy. 6 is the angle of the moment from the
direction of minimum energy, which is called the easy axis. Directions perpendicular
to this are called the hard axes. Substituting Eqn. (2.9) into Eqn. (2.8) yields
2K,

= " cos(0) = H, cos(0), (2.10)
Y ‘SF2

—

U

where points along the easy axis. The two energy minima defined by i, will
in general be at different levels due to local field couplings, so I add another degree
of freedom in the form of an offset field F]Offset, pointing along the easy anisotropy
axis in one particular direction. This approach neglects the easy-plane anisotropy
of the thin-film geometry, from the large dipolar demagnetizing fields generated
when the moment points out of the plane. The demagnetizing field is in fact crucial
to a quantitative understanding of the spin-transfer effect in nanopillars, which I
discuss in Chapters 4 and 5. For the more general estimate here, I assume that
the effect of this and other local fields can be represented in some averaged way
by the uniaxial and offset field terms alone. Also, I assume that the definition of
“parallel” and “antiparallel” states is strict, so that the polarization direction of the
thick layer §p is along the easy axis of the domain. This is likely not true generally,

as the magnetoresistance data show that the zero-field orientation of the domains
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in the two layers often lies somewhere between parallel and antiparallel. For an
order-of-magnitude estimate, however, such a simplification is reasonable.

Inserting these assumptions into Eqn. (2.4), I find

ds - -
sz — ’YSFZ X <Hu + Hoffset)
t
— {—oz’y ‘gpg <§F2 X <<[‘_ju + ﬁoffset) X <§F2>} (211)
cl|=z |, . .
+ [? ‘SF2 Sp2 X (81 X 5F2)] .

Suppose that Sp1 and Spo begin nearly parallel (the low resistance state), that
Ijloffset is parallel to the two spin moments, and that the current I is positive. Then
the two terms in square brackets are pointed in opposite directions. If angular
fluctuations are small (6 close to 0) before the switching event, we can rewrite the
LLG equation in a form where there is no current and the damping constant « is
replaced with an effective constant o', where

hg(0)1
(Hu + Hoffset) a”y

!
o=all-—

(2.12)

—
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We immediately see that the effective damping is reduced as [ is made more positive,

and that it in fact becomes negative when I crosses the critical value

—

Oé(Hu + Hoffset) v SF?

hg(0)

€
It >

C

(2.13)

Similarly, if Spy and Spy begin in a nearly antiparallel configuration (high resistance

state and 6 near ), the effective damping o will become negative when

€

a(Hu - Hoffset) v ‘§F2
I < —
hy(r)

(2.14)

A negative damping constant implies that, over time, the magnet spirals away from

the energy minimum. As it approaches the other stable direction, the damping and
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spin-transfer terms now are of the same sign, so that o/ > a and the magnet settles
in this new direction. It is convenient to subtract out the offset field by taking the

difference in critical currents:

aHy,y ‘§F2 e

1>

—g(m) (2.15)

We can immediately substitute numbers into Eqn. (2.17), using the nanocon-
striction of Figure 2.6 as an example. The factor ¢(#) depends on the polarization
P of the material. From spin polarization measurements [20], I use P = 0.35 for
Co. This yields ¢g(0) = 0.13 and g(m) = 0.52. 1 should point out that ¢(0) and
g(m) are really generic quantities representing the efficiency with which the current
transfers angular momentum to the magnetic layers; the values given are specific
to the model employed by Slonczewski [35], in which electrons travel ballistically

S

through defect-free layers. The magnetization of the domain M = ~ =mV,

where m = 1400 emu/cm? for Co and V' is the volume of the domain. Substituting

these numbers into Eqn. (2.17) yields
0.13 x | IF| =052 x |I7| = If =42 x 107* (aH,V) mA, (2.16)

where H, is in kOe and V is in nm?®. The volume V of the domain is difficult to
determine precisely, but as an order of magnitude I will take it to be a disk of the
diameter of the constriction, approximately 10 nm, and of the same thickness as the
thin film, 4 nm. This yields V' & 300 nm?.

This leaves the anisotropy field H, and the damping a. The magnetoresistance
data provides us with an estimate of H, from the saturation field field H,, as this
is the external magnetic field required to overcome the local field on the domain
and align it with the field direction. From Figure 2.4, the saturation field for the

device in question is approximately 4 kOe. However, this should be taken as a lower
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bound on the effective H,,, as current-induced reversal involves an additional effect
from the demagnetizing field that does not come into play in field-induced reversal.

[ explore this role more explicitly in Chapter 4. This leaves Eqn. (2.14) as

1>

0.13 x —0.52 x

[-I-

= a x 0.5 mA, (2.17)

However, if T substitute the measured values of I = 40.65 mA and I7 = —2.8 mA
into this equation, I run into a major problem: order-of-magnitude agreement with
the Slonczewski model only occurs if I assume a damping constant o > 1! This
is an unphysical result, since the above analysis relies on the LLG equation, which
assumes a << 1. If more reasonable values of « are used, the predicted critical
currents are much smaller than the ones actually observed. Results using my other
nanoconstriction devices show similar discrepancies, with the critical currents far
larger than predicted by this single-domain torque model.

What’s going on here? The main failing of the discussion above is that it does
not fully take into account the unique nature of the excited domain——namely, that
it is exchange-coupled to an extended film. Slonczewski has explored this situation
theoretically, by considering the case of a current of finite diameter d injected into
a uniform magnetic trilayer of unbounded width [49]. A continuum version of the
LLG equation was solved in this geometry, and a critical current [..;; for magnetic

excitations was found. The current took the form

[Lerit (0 =0,7)] = Laamping (0 Heps) + Leven (2.18)
etr 2

_ d/2)2amH. A) 2.19

0] (erm(d/2) amH.gs + 2 A) (2.19)

where ¢; & 1 and ¢; = 23.4 are constants, and § depends on whether the transition
is from an initially parallel or antiparallel configuration of the two magnetic layers.

A is the exchange stiffness of the material, which is a kind of spring constant that
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describes the strength of exchange coupling between local spin moments in the
magnet. The first term 14,500y comes from the same single-domain physics as that
in my initial discussion and essentially is Eqn. (2.13), with the domain size equated
to the size of the constriction. The second term [I..., comes from the coupling
of this domain to the rest of the film. When the local moments (those within
the current diameter) begin to move as a result of spin-transfer, the neighboring
moments coupled through exchange move in response. In this way a disturbance at
the current source propagates out through the magnetic layer. We can consequently
think of the extended film as a sink for angular momentum; a transient excitation
caused by the current will eventually die out even if the damping is zero, due to this
propagation, whose efficiency is governed by the exchange stiffness A.

The geometry in my devices is not precisely that which Slonczewski has de-
scribed, since my films are decidedly not uniform, and the domain at the constric-
tion may not be maximally exchange-coupled to the rest of the film due to the
deformation of the film there. The local environment of a domain which can freely
switch between two stable states is decidedly different from a similar-sized region
that has only one stable configuration within a uniform magnet, and so the details
of how angular momentum is propagated away from the domain are likely not well
described by Slonczewski’s model. However, the idea that the exchange coupling
allows the film to act as an angular momentum sink still probably applies to my
geometry. I therefore write modified versions of Eqns. (2.13) and (2.14) that incor-
porate both the damping and the propogation mechanisms of angular momentum

dissipation from the domain [38]:

arn(d/2)*tpame
hg(0)

el

he

[C—I— = (Hu + Hoffset) + cexchA7 (220)
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[
(Hu - Hoffset) - eﬂcexchA, (221)

B arn(d/2)*tpame
[ = —
he

‘ hg()

where ¢...;, i1s a geometric factor that represents the degree to which the excited

domain is exchange-coupled to the rest of the film Using Slonczewski’s value ¢.pp, =
23.4 as an initial estimate, and the exchange stiffness of Co A = 1x107° erg/cm, the
magnitude of the exchange term is ..., &= 11 mA, much larger than the transition
currents actually seen. This suggests that the actual contribution of the exchange
coupling in my devices is smaller than that in ideal uniform films, a reasonable
conclusion considering the structure of my trilayers.

It difficult to go further and determine the relative contributions of the damping
and the exchange terms of Eqns. (2.20) and (2.21) in my devices from the switching
data alone, since they each have a free parameter (o and c.cp, respectively). In
Section 2.5 I present data on spin-transfer excitations induced at high magnetic field,
which provides further information about the damping constant «. At the moment,
though, we can still gain some insight by studying the relative magnitude of Eqns.
(2.20) and (2.21). Slonczewski has argued [35, 49] that |IF]| > |I7], as expressed
through the ¢(#) factor. This imbalance comes from the increased scattering, and
thus more efficient spin-transfer, that occurs in the trilayer in the antiparallel state,
reflected in its reduced conductance. However, the case for most (but not all) of
my devices is that [/F| < |I7|, which can be interpreted as an antiferromagnetic
coupling between the layers generating an offset field H,sr,¢ < 0 in the above sign
convention. Such a coupling can also explain the rise in resistance that is often seen
in magnetoresistance sweeps (e.g., Fig 2.6) as the field is reduced to zero. As my
spacer layers are too thick to mediate a significant interlayer exchange coupling, the
source of the coupling is most likely dipolar. It has been shown [39] that surface

roughness can generate a dipolar coupling between magnetic layers; depending on
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the correlations of the roughness between the two layers, the coupling can be either
ferromagnetic or antiferromagnetic.

To conclude, the equations (2.20) and (2.21) establish general bounds for the ex-
pected switching currents in the nanoconstriction geometry. The observed critical
currents fall between the lower bound set by the damping mechanism alone, and
the upper bound set by damping plus a maximally-efficient exchange propogation of
momentum. The observations are thus generally quantitatively consistent with the
predictions of the spin-transfer torque model. In Chapter 4 I explore the nanopil-
lar geometry, where greater quantitative agreement with the torque model can be

achieved.

2.4.2 Temperature Dependence of Hysteresis

All of the measurements I have discussed so far take place at liquid helium tem-
perature, T' = 4.2 K. In principle, spin-transfer effects should still be observable at
higher temperature. However, this is not always the case in the nanoconstriction
geometry. Figure 2.8 shows plots of dV/dI vs I for a (Coy/Cug/Co100)nm trilayer
for both current sweep directions, at 7' = 4.2 K and T = 295 K (room temper-
ature). The room temperature curves were taken after warming the sample up
from liquid helium temperature. The overall resistance of the device is significantly
higher at 7" = 295 K than at T" = 4.2 K, due to increased electron scattering by
thermal phonons and magnons. In addition, the rise in resistance at both biases at
low temperature has become more rounded at room temperature, indicating that
the spectroscopic information about inelastic electron scattering provided by the
nanoconstriction geometry has been smeared out by thermal broadening. The de-

vice has also become much more sensitive to the current sweeps; the two sweeps at
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room temperature do not lie on top of each other because the resistance of the device
jumped after it was swept to large biases. Subsequent sweeps at room temperature
show additional irreversible jumps in resistance. These most likely correspond to
voltage-dependent electromigration events, which can be assisted by thermal fluc-
tuations at room temperature and therefore are far more common there. For this
reason I have only studied devices at room temperature after the low-temperature
data have been acquired.

The most significant change in terms of spin-transfer is that the hysteresis at
low temperature is no longer present at room temperature; instead, there is a re-
versible peak roughly at the location of the parallel-to-antiparallel transition at low
temperature. The DC resistance change associated with this peak is approximately
the same as the difference in resistance levels of the hysteresis at low temperatures.
This suggests that the thin layer domain still flips into roughly antiparallel align-
ment with the thick layer at a certain positive current, but if the current is reduced
below this level, the domain immediately flips back. The obvious culprit encour-
aging this instability is temperature. Although both moment orientations may still
be metastable at room temperature, the barrier to reversal (set by the anisotropy
energy) may not be large enough to prevent thermal fluctuations from driving the
moment from one stable point to the other. The fact that only the parallel con-
figuration is stable at low current bias indicates that the barrier to switching from
parallel to antiparallel is much higher than switching from antiparallel to parallel;
in other words, the current can switch the domain into antiparallel alignment with
the thick layer, but once the current is reduced, the moment can be driven over
the relatively shallow barrier via thermal fluctuations and switch back into parallel

alignment. This is borne out by the low-temperature data. The hysteresis loop
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Figure 2.8: Differential resistance dV/dI vs. current for a (Coz/Cug/C0100)nm device
(CDO5R32) at T' = 4.2 K and T = 295 K (room temperature), for both sweep

directions.
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Figure 2.9: (a) Differential resistance dV/dI vs. current for a (Pys/Cus/C0100)nm
device (CE11R83) at temperatures ranging from T' = 4.2 K to T' = 295 K (room tem-
perature), for both sweep directions. (b) Magnetoresistance ratio (Rap — Rp) /Rp,
where Rap(p) is the high (low) resistance state at zero current bias for this device,
vs. temperature.
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for this device at 4.2 K lies entirely at positive bias, which suggests that the two
magnetic layers are coupled ferromagnetically——in other words, there is an effec-
tive offset field that makes the parallel configuration more thermally stable than the
antiparallel configuration. In Chapter 5, I study similar phenomena in nanopillar
devices and describe the effects in terms of a more rigorous spin-transfer model, one
that more formally takes into account the role of thermal fluctuations.

Not all devices show changes with temperature that can be understood merely
as a thermally-fluctuating thin-layer domain. Others show abrupt modifications
of the resistance, indicating that microstructural changes occur as the device is
warmed. Of the several Co/Cu/Co devices | have measured at room temperature,
none have hysteresis which persists at that temperature. However, I have measured
a Py/Cu/Co (Py=Permalloy=81% Ni, 19% Fe) trilayer device in which hysteresis
is present at temperatures up to and including room temperature. The hysteresis
loop in current at various temperatures for a (Pys/Cus/Co0100)nm device is shown
in Figure 2.9a. In Figure 2.9b I plot the ratio (Rap — Rp) /Rp, where Rap, Rp are
respectively the high and low resistance states at zero current bias, as a function
of temperature. This number drops as the temperature increases, showing that the
difference in spin-dependent scattering for the two states decreases with increasing
temperature. The magnitude of the drop is consistent with previous measurements
of the temperature dependence of the GMR in Py/Cu multilayers [40]; these data
were explained as a consequence of thermally-induced spin fluctuations in the mag-

netic films [41].
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2.4.3 Suppression of Hysteresis

The data above show that, in certain cases, the hysteresis of a Co/Cu/Co trilayer can
be suppressed via thermal fluctuations. Equations (2.20) and (2.21) suggest other
ways that the hysteresis can be eliminated even at low temperatures. For instance,
the critical currents as described by these equations scale with the thickness of the
thin layer tp9. A similar trend can be seen in the data; the average critical currents
are smaller in devices made with thin layer thickness ¢t = 2 nm than in devices
with g5 = 4 nm, by about 50% [42]. However, if the thin layer is made thicker, a
qualitatively different variation is seen, one that highlights the special nature of the
domain that is excited by spin transfer.

Figure 2.10 is a plot of a (Co7/Cuy/Co100)nm trilayer device at zero field and
T = 4.2 K. Hysteresis is observed with respect to the direction of current sweep,
but the hysteretic region, spanning about 0.1 mA, is much smaller than that seen
in devices with thinner F'2 layers. Also, both switching transitions occur at positive
current bias. If the layer is made even thicker (= 10 nm), then the hysteresis
disappears entirely. This initially seems to be in conflict with Eqns. (2.20) and
(2.21), which predict that the transitions move away from each other as the domain
is made thicker. However, the observations are more reasonable from the point
of view of the Slonczewski model if we consider the effect that an increased layer
thickness has on the structure of the domain and its environment. For very thin
layers (Figure 2.11a), the excited domain is a grain or small group of grains near the
constriction that, due to the thickness variations of the film (and possibly the dimple
at the constriction), is not strongly exchange-coupled to the rest of the film. This
exchange coupling, in addition to providing the angular momentum propagation

mechanism described earlier that results in higher critical currents, also affects the
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offset field F]Offset, as exchange favors a particular direction——one that minimizes
the angular deviation between the domain and its neighbors. As the layer is made
thicker (Figure 2.11b), both the thickness of the domain, and the exchange coupling
to the domain, increase. If the domains in the two layers that contribute to the GMR
signal are stable at zero field in roughly parallel alignment, then this exchange field
will shift both IF and I to more positive values. At a certain thickness (occuring
somewhere between tpy = 7 nm and tp2 = 10 nm in my devices), the exchange field
overcomes the effective uniaxial anisotropy field, and there remains only one stable
orientation of the domain, set by the competition of exchange with the other local
fields. The large reduction in I} — I for layers not quite thick enough to fully
suppress the hysteresis is less understandable, although it may be indicative of the
large offset field making the energy well associated with the antiparallel state shallow
enough that it is susceptible to thermal fluctuations, even at low temperatures.
The observed current-induced hysteresis can also be suppressed by applying a
magnetic field H > H,. Below this field, the critical currents that make up the
hysteresis loop have a field dependence that varies widely from device to device,
and bears little relation to the linear dependence predicted by Eqns. (2.20) and
(2.21). Figure 2.12 shows the field dependence of the critical currents I and I for a
(Coy/Cug/Co100)nm device as a function of magnetic field applied in the plane of the
layers. As can be seen, I varies strongly but nonmonotonically as the field varies,
while I appears to have little to no field dependence. At a field of approximately
1.1 kOe, the hysteresis abruptly disappears. Similar complex behavior is seen in the
other devices that exhibit hysteresis. The field dependence of my devices in general
also depends on the field history; different variations of the critical currents with

field are seen if the field is increased from zero as opposed to decreased from a large
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Figure 2.10: Differential resistance dV/dI vs. current for a (Cor/Cus/C0100)nm de-
vice (CCO9ER21) at T = 4.2 K and zero applied field, for both current sweep

directions.
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Figure 2.11: Schematic of domain evolution as the thin layer is made thicker in
a nanoconstriction device. (a) For thinner layers, the domain at the constriction
may be loosely bound to the rest of the layer. It is therefore more free to point in
multiple directions. (b) As the layer is made thicker, the exchange coupling to the
domain grows. The domain at the constriction thus feels a stronger exchange field
that favors one particular direction.
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field to zero. None of this is especially surprising, considering that the external field
is not only applied to the excited domain, but also to all of the domains in the
thin film, which will consequently reorient and change the local field F]eff that the
excited domain feels. As a result, the local field will vary in a very complex way
with the external field. In addition, the size of the domain may change with F]eff in
a complicated manner, affecting the measured critical currents. If the field is kept
below the coercive field and varied between positive and negative values, nearly all
of the devices can be put into a state where features appear at negative current
bias; Figure 2.13 shows an example for a (Co4/Cug/C 0100 )nm device at a field of 2.8
kOe, below its saturation field of H; ~ 4 kOe [43]. This indicates that the domain
structure around the constriction has been rearranged so that the total local field,
and thus the thin layer domain, is not aligned with the external field alone. Since
the thick layer is aligned with the external field, the symmetry of spin-transfer (set
by the thick-layer moment direction) favors some sort of realignment of the thin
layer domain for both signs of current. At the field shown in Fig. 2.13, the hysteresis
has largely been extinguished, and the features seen at both signs of current bias
are different from what has been considered up to this point. I discuss these new

kinds of excitations in the next section.

2.5 Excitations for Thick Layers and High Fields:
Dynamical Excitations

A large magnetic field and a thick excited layer both have similar effects on spin-
transfer, in that they both favor a single direction for the excited domain moment.

This is in opposition to anisotropy forces, which, at low fields and for thin layers,
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Figure 2.12: Critical currents I (squares) and I (upside-down triangles) vs. ap-
plied field for a (C'og/Cug/C 0100 )nm device (CDO5R12) at T' = 4.2 K. The field, less

than the saturation field Hy, was varied from positive field down to zero.
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Figure 2.13: Differential resistance dV/dI vs. current for a (Cos/Cug/C0100)nm de-
vice (CDO5M41) at T = 4.2 K and a field H = 2.8 kOe applied in the plane of the

layers, for both current sweep directions.
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provide the moment with multiple stable orientations. If the field is large enough
or the excited layer thick enough, the bistable state is eliminated, and hysteretic
changes in the magnetization direction are no longer observed. What, then, is
seen in these devices? As it turns out, I still observe features that are consistent
with spin-transfer-induced magnetic excitations. However, these excitations are
qualitatively different from what has been discussed so far. Unlike the switching
between static states observed previously, the excitations at high fields are likely
dynamic excitations.

It is far easier to explore this new regime for a given device by varying the field
than by varying the thickness of the thin layer, so I will focus on the excitations
observed when a large magnetic field is applied. Figure (2.14) is a plot of differential
resistance dV/dI vs. current [ for the same (Cuy/Cog/Cuioo)nm trilayer device as
shown in Fig. 2.6, at magnetic fields of 10 kOe, 20 kOe, and 30 kOe. The field is
applied perpendicular to the layers. Both sweep directions are shown, indicating
that all hysteretic features are gone. Instead, there is a series of peaks in dV/dI,
all occuring at positive current bias. These peaks are continuous and reversible, in
the sense that the AC excitation of the lock-in measurement follows the change in
resistance with current. The peaks change with magnetic field, following a general
trend of moving to larger current bias with increasing field. Peaks with similar
qualitative field dependences are seen at large magnetic fields in essentially all of
my devices, with the features only appearing for positive currents. This is true even
for devices which do not show clear hysteretic switching at low fields.

The strong field dependence of these features suggest that they, like the low-field
switching, are related to changes in the magnetic state of the trilayer. It is somewhat

misleading, however, to compare these features to those at low field simply by looking
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Figure 2.14: Differential resistance dV/dI vs. current for the same device depicted

in Fig. 2.6 (CD05M62), at various applied magnetic fields, for both current sweep
directions. The field is applied perpendicular to the layers.
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at the differential resistance. My measurements of the switching data were taken
using the differential lock-in signal dV/dI, because it provides a high signal-to-noise
ratio. However, the phenomenon as described by the spin-transfer model really is
a change in the overall DC resistance V/I of the device. A lock-in measurement in
fact does not give the true resistance derivative at the switching transition points,
since the AC excitation cannot follow the hysteretic switch in V/I. If it could, there
would be delta-function peak at the P to AP transition, and a similar dip at the
AP to P transition. However, at low bias, dV/dl — V/I, and so the zero bias
resistance states that I measure with the lock-in are effectively the values of these
DC resistances. If the high-field excitations also correspond to GMR-like changes in
the DC resistance signal, then they are more properly understood in terms of V/I
rather than dV/dI.

Figure 2.15a shows the same data as in Fig. 2.14, but now integrated over current
I and replotted as DC resistance V/I. The field-dependent features are somewhat
obscured by the spectroscopic background, which is largely due to scattering that is
symmetric in voltage. This background can be subtracted by plotting the resistance
difference between the device at a current [ and the device at a current —1/, as a
function of I. This is done in Figure 2.15b. For each field, the additional resistance
at positive current increases in an irregular fashion as the current increases. Each
of these features individually move to higher current with increasing magnetic field.
The overall resistance change is approximately 300 — 400 ().

Assuming that we can read this resistance change as a GMR signal, then these
measurements show that the two magnetic layers, initially both in parallel alignment
with the magnetic field at low positive currents, deviate from that alignment in an

irregular but continuous manner with increasing current. This sign of current is also
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Figure 2.15: (a) DC resistance vs. current [, found by integrating the data in Fig.
2.14. (b). DC resistance with the background subtracted by taking the difference
R(I) — R(—1I), and plotting vs. I. The horizontal dotted line is the maximum
resistance difference seen in the magnetoresistance data for this device, AR, 4.
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the current direction for which, as described by the torque models, spin-transfer fa-
vors an antiparallel alignment of the domains in the two layers. The symmetry of
these features is thus consistent with an instability in the thin layer induced by
spin-transfer, although the kind of excitation allowed in a system with only one
stable state at zero current needs to be developed further. For the moment, we can
compare the resistance change to that seen in other measurements. From magne-
toresistance measurements, the largest resistance difference observed in this device
is approximately 420 p€). This is plotted for comparison as the horizontal dotted
line in Fig. 2.15b. Due to the complex domain motion that undoubtedly occurs in
the two layers during a magnetoresistance sweep, it is difficult to say whether full
antiparallel alignment is achieved at any field, so the maximum resistance difference
quoted above may not be the maximum difference possible in principle. However,
the comparison shows that the current-induced resistance change at high fields is
close to but less than the maximum measured resistance difference. Analyses on
similar devices show resistance changes that are a significant fraction of, and oc-
casionally slightly exceed, the maximum change in resistance. This suggests that
the thin-layer moment has been rotated from parallel alignment with the field by a
significant fraction of 180 degrees.

I need to sound several notes of caution here in this discussion of the high-field
features, as the resistance increase may not be entirely due to the GMR effect.
For example, thermoelectric effects may also give asymmetries in dV/dl with re-
spect to the sign of I; however, such models typically merely shift the resistance
curve and do not predict the complicated peak structure that is observed [44]. As
these features persist only at finite bias, another contribution to the changes in

dV/dI may come from energy-dependent scattering (to which the nanoconstriction
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geometry is uniquely sensitive). Any large spectroscopic contribution to the peaks
from scattering that obeys electron-hole symmetry can be immediately ruled out,
as there are no features at the corresponding negative current (or, more properly,
voltage) bias. For energy-dependent inelastic scattering mechanisms that could in
principle be bias-sensitive, such as magnon scattering, the spectroscopic nature of
the nanoconstriction generally yields a signal in d*V/dI?* that is proportional to
the density of states of the scatterer [45]. It is then highly implausible that such a
signal would give the kind of peaks seen in dV/dI, with regions where the slope of
dV/dI is negative. I can thus with some confidence rule out a large spectroscopic
contribution to the measured rise in DC resistance.

Recent theoretical predictions also suggest another possible contribution to the
resistance change. As mentioned earlier, the excitation predicted by most spin-
transfer theories at high magnetic field is a dynamic spin-wave, in which the excited
magnet precesses uniformly. In Berger’s model of spin-transfer [46], these spin-waves
are driven by inelastic spin-flip processes at the normal metal-ferromagnet interface.
The energy for the spin-waves comes from a spin-split chemical potential in the
normal metal. This results in an effective voltage AV across the interface, where
eAV is proportional to the energy fw of the spin-wave. More recent theoretical
work on precessing magnets in multilayers [48] also predicts an imbalance in the spin
chemical potentials near the magnetic layer due to the precession, with a splitting
similar in magnitude to Berger’s model. The maximum voltage predicted by these
models [46, 47, 48] is approximately hw/e; with w/27 &~ 10 GHz, this is on the
order of 10 pV. By contrast, the resistance change in Fig. 2.12 corresponds to an
increased voltage AV ~ 300 pV, demonstrating that Berger’s voltage, if it exists at

all, is a small contribution.
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The preceding discussion has given us some confidence that we can interpret the
high-field features as continuous and reversible deviations of the thin-layer domain
away from parallel alignment with the thick layer and the field. We have also seen,
though, that the angular deviation is probably less than a full 180 degrees away from
the field axis. A simple look at the Landau- Lifschitz-Gilbert equation (Eqn. (2.4))
tells us that this kind of situation cannot be static; the first term of Eqn. (2.4) will
generate a large precessional torque on the spin moment, causing it to rotate around
the total effective field. As a result, it is natural to conclude that the excitations
I observe at high field consist of a dynamical state, with the thin layer domain
tilted far from its energy minimum and precessing around the applied field. The
main spin-transfer models come to similar conclusions about the kind of excitation
possible at high magnetic field [46, 49]. My measurements do not provide direct
confirmation of a dynamical state, as they only provide a GMR signal averaged over
timescales much longer than typical magnetic precession periods (sub-nanosecond).
However, a group at Michigan State has seen similar asymmetric high-field peaks in
the differential resistance when sending current through a mechanical point-contact
into a magnetic multilayer [50], and have performed further measurements that may
be interpreted as demonstrating the coherent AC nature of the excitation [51]. By
bathing the device in RF radiation of the appropriate frequency, a rectifying DC
voltage can be generated across the point-contact as the external radiation and the
radiation from the precessing moments mix. With this technique, the frequency of

the spin-waves can be measured, and was found to be in the 10’s of GHz.



77

2.5.1 Field Dependence of Dynamical Excitations

The current threshold for dynamical excitations is determined within the torque
model in exactly the same way as it is determined for the hysteretic switching,
since both depend on a small-angle instability criterion. The qualitative difference
between the two kinds of excitations is set by the large-angle stability properties of
the magnetic system once this threshold has been reached. We can therefore apply
the results derived previously for the low-field switching to the high-field dynamics.
I will only apply the model to the initial threshold for excitation; the additional
features at higher currents are more complicated, and will be discussed in a later
section. Since at high fields the two layers begin in a parallel configuration, the

appropriate current threshold expression is that for I7:

arn(d/2)*tpame
hg(0)

t
(Heff) —I_ cr cexchA7 (222)

It =
¢ he

where d is the constriction diameter and m the magnetization density. Since the
external field H enters linearly into H.sr, the dependence of Eqn. (2.23) on H
should be linear. However, as we have seen in Section 2.4.3, the other local fields
also implicitly depend on H when H is less than the saturation field H;. Although
this may not strictly be true, for simplicity I will assume that for H > H, these other
fields remain constant with H, as the thin film has settled into relatively uniform
alignment with H. I therefore rewrite Eqn. (2.22) in a form linear in H but defined

over a more restrictive range:

arn(d/2)*tpame
hg(0)

I+H(H > 1) = (H — H,)+ [ (H = H,). (2.23)

The intercept I (H = H;) contains information about both the effect of exchange

coupling and the other contributions to the local field.
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Even though the peaks correspond to changes in the DC resistance, it is still
ecasiest to track their field dependence by measuring dV/dI. Figure 2.16 shows
a series of dV/dI vs. I traces for a (Cos/Cug/Co0100)nm device, at various constant
magnetic fields applied in the plane of the layers. The initial threshold current for the
dynamical excitation increases approximately linearly with increasing magnetic field.
The slope of the variation is dI} /dH = 35 A /kOe. Using the values g(0) = 0.13,
d = 10 nm, {p; = 4 nm, and a magnetization m = 1400 emu/cm® for Co, the
prefactor to the term in Eqn. (2.24) proportional to H becomes

dIt
d[f[ = o x 0.47 mA/kOe, (2.24)

which, for good agreement, yields o = 0.07. Analyses on similar devices give fitted
damping constants o = 0.05 —0.2. While these numbers are small enough that they
do not grossly violate the small-o assumption implicit in the LLG equation, they
are still significantly larger than damping constants measured in FMR experiments
on macroscopic Co samples, o & 0.007 [52].

The difference in values for the damping can be ascribed to the different natures
of the excitations in the two experiments; here I provide a very hand-wavy (but
hopefully suggestive) argument. In most FMR measurements, a spin-wave is excited
by applying a DC magnetic field H and a smaller AC field at the frequency of a spin-
wave resonance, set by the dispersion relation unique to the material and geometry.
However, the wavelength of the AC radiation is many orders of magnitude larger
than typical spin-wave wavelengths, so the radiation couples most strongly into the
uniform (infinite-wavelength) spin-wave mode. By contrast, the excitation generated
by the current coming from a narrow constriction into into an unbounded magnet
is decidedly not uniform; it is made up of a continuum of spin-wave modes, from

the uniform mode up to modes of wavelength of order d, where d is the current
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Figure 2.16:  Plots of differential resistance dV/dl vs. current for a
(Co4/Cug/Co100)nm device (CHO3EL62) at T = 4.2 K, at various magnetic fields
applied in the plane of the layers.
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diameter. Each of these modes is individually coupled to other degrees of freedom
in the system, such as phonons and conduction electrons, and, in time, will dissipate
energy to these degrees of freedom via scattering events. Thus there are many more
channels through which this kind of excitation can give up energy than there is for
a uniform mode alone (as long as the excitation power is not too large; see [53]).
Some of the energy is propagated away from the constriction and no longer plays
a role in local dynamics; this is the the exchange propagation term of Slonczewski,
which does not make a distinction whether the energy is dissipated a certain distance
away from the constriction or is carried away to infinity. The rest of the energy is
dissipated right at the constriction; this portion, since it does depend on the local
magnetic dynamics, is incorporated as an enhanced local damping parameter. Large
damping constants similar to my own have been invoked [49] to explain the field
dependence of the current-induced features seen by the Michigan State group [50].
In other experiments, magnetic reversal in small individual regions of large magnetic
films has been induced via local field pulses; damping constants o ~ 0.05 — 0.2 were
required to explain the reversal dynamics [54]. In each case the highly nonuniform
nature of the excitation couples to a larger manifold of spin-waves than the FMR
AC excitation, resulting in a greater degree of dissipation [55].

It is a good time to perform a consistency check on how the high-field data
compare to the data for the same device at low field. T use the device of Fig. 2.16
as an example. If the measured damping constant o = 0.07 is inserted into the
expression for the scaled critical current difference that comes from the damping
term alone, Eqn. (2.15), the predicted value is 35uA. This is only approximately
4% of the actual measured value for this device, which is about 1 mA. Thus the

vast majority of the contribution to the zero-field critical currents must come from
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the exchange term. However, if an equivalent scaled critical current difference is
calculated just using the ideal Slonczewski exchange term, a value of about 7.5 mA
is predicted, which suggests that the efficiency of angular momentum propagation
due to exchange is only about 15% of the ideal uniform film case. This finding is
consistent with the picture of the thin-layer domain being loosely coupled to the rest
of the film. We can also compare the intercept of the high-field data to the low-field
data. The intercept I (H = Hy) is not strictly equal to the zero field critical current
Eqn. (2.21), but since both are dominated by the exchange term, they should be
similar in magnitude. In general this is found to be true, although the intercepts
are usually slightly smaller than the zero-field critical current.

In summary, I find that the field dependence of these excitations provides us with
insights into the microscopic dynamics of domains within extended films, showing
that they are highly damped processes. It is a testament to the uniquely localized
nature of the spin-transfer effect that individual domains can be manipulated in a
(mostly) otherwise static magnetic film, and suggests that spin-transfer is a useful

tool for studying and controlling the local dynamics of magnetic systems.

2.6 Other Current-Induced Features

I conclude by discussing features in the data that do not fit cleanly into the previous
two categories, although they can also be understood in terms of spin-transfer.
Let us first return to the low-field switching data. As I noted upon introducing
Figure 2.6, there often is a dip in the differential resistance at positive currents
beyond the hysteretic region at zero applied field. Occasionally there also is a
companion peak at negative current bias; Figure 2.17 shows a hysteresis loop for a

(Coy/Cug/Co100)nm trilayer device that exhibits both features. Within the simplest
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torque model, these features do not make sense as excitations in the thin layer
domain, since the additional current beyond the switching transitions should merely
enhance the stability of the state into which the thin layer domain has switched.
Instead, they indicate that some other part of the trilayer is being excited.

The only other major suspect is the thick layer. Looking at the symmetry
of the high-current features, this suspicion seems to be borne out. In my initial
discussion of the torque model in Chapter 1, I noted that torques appear on both
magnetic layers of the trilayer, but since the threshold for exciting the thick layer
is much higher than it is for exciting the thin layer due to its much larger spin
moment, the thick layer can effectively be treated as fixed. However, if we relax
this assumption, then it becomes important what the symmetry of the torques are
on the thick layer. This is easy to figure out; reversing the sign of current has the
same effect on the system as switching the positions of the thin and thick layers.
If so, then the symmetry of the torque felt by the thick layer for a given sign of
current is that felt by the thin layer for the opposite sign of current. In other words,
the current that tries to move the thin layer into parallel (antiparallel) alignment
with the thick layer simultaneously tries to move the thick layer into antiparallel
(parallel) alignment with the thin layer. The observed features are consistent with
this picture. At a certain positive current beyond that which switches the thin layer
domain into antiparallel alignment with the thick layer, there is an excitation which
causes the thick layer to deviate from antiparallel alignment; thus there is a dip in
differential resistance, corresponding to a drop in the DC resistance. Similarly at
negative current, after the thin layer has switched to be parallel to the thick layer,
there is an instability which drives the thick layer away from parallel alignment; this

causes a rise in the resistance.
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Figure 2.17: Differential resistance dV/dI vs. current for a (Cos/Cug/C 0100)nm de-
vice (CD05R31) at T'= 4.2 K and zero field, for both sweep directions.
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Although a thick-layer excitation is allowed by the Slonczewski model, the pre-
dicted currents at which this happens are much higher than what are actually ob-
served. The threshold currents for excitations within the Slonczewski model typ-
ically scale with the layer thickness; thus the thick-layer threshold current should
be 50 times that of the thin layer. Moreover, the current density is lower in the
thick layer than the thin layer due to current spreading, raising the current thresh-
old even higher. However, these excitations are occuring at currents only 3-5 times
larger than the hysteretic switching events. One possible explanation may be that
the excitations are not occuring throughout the thick layer, but only near the in-
terface closest to the constriction. Slonczewski’s approach cannot describe such
excitations, as he considers only dynamics that are uniform throughout a layer’s
thickness. Bazaliy [56] has considered the effect of a spin-polarized current on the
magnetic moments at the magnetic-nonmagnetic interface. Due to rapid precession
of the spins as they enter the magnet, the layer absorbs all of the transferred angular
momentum from the spins within approximately 10 nm of the interface. This will
tilt the moments in this region relative to the rest of the layer. At a current density
of approximately 10® — 10° A/em? for transition metal ferromagnets, the moments
near the layer become unstable to spin-wave excitations. Since the effective volume
of the excited region in the thick layer is much smaller than the total volume, the
threshold currents are much smaller, and are within reach in my geometry.

In discussing the high-field dynamical excitations, most of the torque models
only treat the initial instability, and do not discuss what happens when the current
is increased further. As a result, I have only considered the first peak in differential
resistance when comparing my data quantitatively to the model. However, as can

be seen in Figs. 2.14-2.16, there are multiple excitations as the current is increased.
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While these seem similar in nature to the initial excitation, their field dependence
can be very complicated.

Figure 2.18a is a plot of dV/dI vs. [ for a (Co4/Cug/C 0100)nm trilayer device at
a field of 20 kOe applied in the plane of the layers. Four peaks can be distinguished.
Although their precise nature cannot be determined from the data, it may very well
be that each peak corresponds to a specific threshold for a new kind of dynamical
excitation. The fact that they occur at discrete current levels is somewhat surprising,
as the spin-wave spectrum is typically continuous once the lowest-order mode is
excited. However, Slonczewski has found [49] that the symmetry of the geometry
defines a set of discrete excitations, with the second threshold a few times larger
in current than the initial one. Also, defects in the thin layer may inhibit further
spin-wave generation until certain energy thresholds are reached. The complex
nature of these additional excitations is made apparent when their field dependence
is studied; a plot of the threshold current for the four excitations as a function
of field H applied in the plane of the layers is shown in Figure 2.18b. While the
first two features move roughly linearly to higher currents with increasing field, the
higher-bias features move in a much more erratic fashion, even at times going to
lower currents. In the Slonczewski model, the damping scales with the spin-wave
frequency w ~ vH, and so the threshold current should normally increase with
field. There may be more complicated interactions occurring between the spin-
waves that are not treated by the Slonczewski approach, such as direct scattering
between spin-waves, or perhaps an indirect effect that arises from the spin-waves
at lower currents changing the torque thresholds for the higher-current spin-waves.
An AC measurement that could measure the frequency of the excitations would

provide insight into their high-frequency nature and how they fit into the spin-wave
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Figure 2.18: (a) Differential resistance dV/dI vs. current for a (Cos/Cug/C 0100)nm
device (CC09R22) at T'= 4.2 K and a field H = 20 kOe applied in the plane of the

layers. Four distinct features are seen. (b) Field dependence of the four features in

(a), with the field applied plane of the layers and varied from 30 kOe to zero.
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spectrum of the thin film.

2.7 Final Thoughts

The nanoconstriction geometry has allowed me to confirm the basic prediction of
spin-transfer theory: that a spin-polarized current, if large enough, can alter the
magnetization state of a small ferromagnetic system due to the exchange coupling
between them. At low magnetic fields, a domain with two stable directions can be
controllably switched between those directions by applying a current of the appro-
priate magnitude and sign. If the field is large enough that only one direction is
allowed, then the current will cause the moment to precess around the field. These
phenomena suggest new ways of exploring and controlling the physics of magnetic
systems at the nanometer size scale. However, to truly gain a quantitative under-
standing of spin-transfer, we need greater control over the properties of the physical
system than is possible in the nanoconstriction geometry. In Chapters 4 and 5 1
tackle this issue experimentally, by moving to a device geometry in which the ex-
cited domain is created with greater precision. In the next chapter, I proceed from a
more theoretical perspective, by connecting spin-transfer torque to the microscopic

properties of the magnetic trilayer system.
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Chapter 3

Deriving Spin-Transfer Torques
from the Spin-Dependent
Scattering Properties of Magnetic

Layers

In the previous chapter, I presented data demonstrating that spin-polarized currents,
at large current densities, can controllably reverse magnetic domains or generate dy-
namical excitations in magnetic trilayer systems. The symmetry and magnitude of
the currents required to generate these excitations were consistent with predictions
of models in which spin-polarized electrons exert torques on the moments of the
magnetic layers through spin-dependent exchange scattering. However, the only
discussion of how such scattering generates a torque was in Chapter 1, where an
idealized thought experiment involving perfect spin-filters was used as a simple il-
lustration. In this chapter, I finally roll up my sleeves (and button up my shirt,

as [ will be discussing theory) and discuss spin-transfer torques in more imperfect
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systems. In work done with colleagues [21], I employ the Landauer-Biittiker for-
malism of scattering in mesoscopic systems to relate the spin-dependent scattering
properties of magnetic layers to the torques that are generated within them. The
formalism we develop is very general, allowing us to explore a wide range of trans-
port regimes, from fully ballistic to diffusive scattering. Although we will find that
the torques in my Co/Cu/Co devices are best described in the ballistic limit of our
model, spin-transfer torques survive even if transport between magnetic layers is
diffusive, so that we may treat a wide array of magnetic systems. We also find
that, by choosing materials with different scattering properties, the torques on the
magnetic layer can be of either sign for a given current. Finally, I apply this formal-
ism to my experimental data to attain a deeper understanding of the microscopics
of spin-transfer, and find that a rigorous treatment of the scattering properties of
magnetic-nonmagnetic interfaces over the full Fermi surface is required to properly

explain the data.

3.1 Spin and the Landauer-Buttiker Scattering
Formalism

My initial illustration of spin-transfer in Chapter 1 treats a magnetic layer as a
perfect spin-filter. This means that, in a transport experiment where electrons
are sent perpendicularly through the layer, only electrons with spins aligned with
the magnetic spin moment (spin-up) can pass through the film; those electrons
with spins antialigned with the moment (spin-down) are completely reflected. If the
electron is polarized in some direction between these two extremes, the wavefunction

is split by the layer into transmitted spin-up and reflected spin-down components.
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This quantum-mechanical splitting gives rise to a transfer of angular momentum
from the current to the moment, which for a steady current of electrons acts as an
effective torque.

The limit of perfect spin-filtering allows us to translate this transfer of angular
momentum into simple visual terms as in Figure 1.4, where the torque can be
read directly from the difference in directions between the spins of the incoming and
outgoing electrons. However, with the possible exception of half-metallic oxides such
as LSMO [1] and CrO; [2], most materials (e.g., transition metal ferromagnets) do
not polarize currents with 100% efficiency; in other words, both spin-up and spin-
down electrons can pass through a magnetic layer, albeit with different degrees of
success. If quantitative comparison is to be made between the predictions of the
spin-transfer model and the observed current-induced excitations, it is therefore
important that the simple scattering picture of Chapter 1 can be extended to treat
imperfect spin-filters.

This can be achieved by employing the Landauer-Biittiker formalism [3, 4], which
connects the microscopic scattering properties of small systems to macroscopic trans-
port properties, i.e., currents and voltages. Consider a system connected to two large
electron reservoirs via narrow one-dimensional leads (Figure 3.1). The reservoirs are
taken as macroscopic, so that each have well-defined chemical potentials, uy and pg.
If ur, # pg, then a current will flow through the system. The system itself can be
of arbitrary shape and extent, but I will assume that it has some characteristic size
[ < liper, where [, is the inelastic scattering length of the material. The leads are
assumed to be ideal, meaning that electrons pass ballistically through them with-
out any scattering. Consequently, all of the inelastic electron scattering occurs only

within the reservoirs, and we can define chemical potentials only there. Electron flow
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in the leads and the system is consequently nonequilibrium, and can be thought of
as a superposition of ballistic electron states, with the appropriate momentum-space
Fermi distributions, injected from each reservoir.

These electrons, once they enter the system proper, will scatter elastically. As a
result, only a certain portion of the entering electrons will be transmitted through
the system from one reservoir to the other, while the rest will be reflected back into
the original reservoir with reversed momentum. Choosing plane wave states in the
lead ~ €**_ where x is distance along the system and k the wavenumber, we will in
general have incoming and outgoing waves in both directions, with amplitudes A,
A’ B, and B’, as defined in Fig. 3.1.

Given the incoming wave amplitudes A, A’, we can calculate the outgoing wave
amplitudes B’, B using the reflection and transmission properties of the system.

This can be written in matrix form [5, 6]:

=5 S = . (3.1)

Here S is called the scattering matrix; its components, r, ¢, ', ¢’ are, are, respectively,
the complex reflection and transmission coefficients (to be distinguished from the
probabilities R = |r|*,T = |t|*) for states incident from the left, and the coefficients
for states incident from the right. Although the microscopic origins of the scattering
in the system may be in general quite complicated, the Landauer-Buttiker formalism
allows us to express the transport properties of the system entirely in terms of the
scattering matrix S.

The transport formalism described above is strictly one-dimensional. It can be
extended to more realistic systems by treating the leads as a superposition of one-

dimensional channels, with the number of channels set by the quantization condition
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Figure 3.1: Schematic of Landauer-Bittiker scattering formalism. A system is at-
tached to two macroscopic electron reservoirs, with chemical potentials uy, g, via
ballistic one-dimensional leads. Electrons enter the system through channels in the
leads; scattering in the system causes electrons to be reflected back through the
initial lead or transmitted through the other lead. The outgoing amplitudes B’, B
can be related to the incoming amplitudes A, A’ through the scattering matrix S
associated with the system. For the general case of 2NV, channels, the amplitudes
are 2N.,-long vectors and S a 4N, x 4N, matrix.
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transverse to the conduction direction. For example, an ideal box extended in the
x-direction but restricted to a square of length 2a in the y and z directions would

have single-electron eigenenergies

I Rk,

E(kyyny,n,, )= (nyz—l—nzz)—l—

, (3.2)

8ma? 2m
where n,,n, > 0 are the quantization numbers in the y and z directions, respectively,
k, the (continuous) wavenumber in the x direction, and m the electron mass. The
number of channels is determined by the number of choices of (k;,ny,,n,) which set
the above expression equal to the Fermi energy F;, as only Fermi-surface electrons
participate in conduction at low biases. For this square geometry the number of
channels 1s 2N, ~ 8((1:—;)2, with N, momentum channels multiplied by a factor of
2 for spin.

For multiple channels the four elements of the scattering matrix are themselves
generalized into 4N, X 4N, matricies:
T11 T1(2N.p)

ete.

7 (3-3)
T2Nep)1 -+ T(2Ne)(2Nen)

where, for example, r;; is the coeflicient for incident electrons in the j-th channel
on the left side which are scattered into the i-th outgoing channel on the left side.
Although the Landauer-Biuttiker formalism can be useful in systems where quantum
confinement makes the number of channels small [7], there is no formal limit to the
number of channels that it may treat. As a result, we may freely apply it to both of
my device geometries: the nanoconstriction, where 2N, ~ 3600, and the nanopillar,
where 2N, ~ 300, 000.

The great utility of this formalism for our purposes is that it allows us to describe

spin-transfer torques in terms of the generic scattering properties of the magnetic
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trilayer system. Slonczewski [8] solved a one-dimensional version of the scattering
problem for the trilayer geometry by treating the magnetic layers as square spin-
dependent potential barriers; the difference between the barrier heights for spin-up
and spin-down electrons was set by a mean-field approximation of exchange. How-
ever, more rigorous treatments of the spin-dependent scattering that occurs when an
electron crosses a magnetic-nonmagnetic interface show that exchange energy alone
does not determine transport; rather, transmission across an interface depends on
the specifics of how the detailed band structures of the two materials match at the
interface [9, 10]. The reflection and transmission coefficients which result from the
band structure calculations can be used directly as inputs into the Landauer-Buttiker
formalism. This is essentially a “black box” approach to the scattering problem,
which allows us to incorporate the results of full ab initio calculations without hav-
ing to perform the calculations ourselves. In addition, the scattering coefficient
approach allows us to express the scattering in a more quantum-mechanically ac-
curate manner than Slonczewski. His barrier calculations only treated electrons as
being either completely transmitted or completely reflected from the magnetic layer;
the polarization of the layer was expressed in terms of the fraction of the total num-
ber of electrons that were transmitted. Our approach allows for partial reflections
of single coherent electrons, which is likely more valid for electrons that maintain

their phase across the layer.
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3.2 Warmup Case: Single Magnetic Layer as Non-
ideal Spin Filter

As a simple example of the Landauer-Buttiker scattering approach applied to mag-
netic systems, I return to the initial case of Chapter 1, where a single electron is
incident perpendicularly on a magnetic layer (Figure 3.2). The layer lies in the y — =
plane and has its spin moment along the z-axis, while the incoming electron, travel-
ing in the +x direction, is polarized in the z — x plane at some angle 8 to the z—axis.
The layer, rather than being a perfect spin-filter, now has generalized scattering co-
efficients associated with it. To write down the scattering matrix S, we first need to
determine how many channels are involved in the problem. For an incident electron
at the Fermi energy with wavevector kp = (ky, Eky, k) that only undergoes elastic
scattering, the channel is set by the momentum Etmmveme = (0, ky, k. ) transverse to
current flow. If the magnetic interface is rough, electrons can be randomly scattered
into a new direction E}? = (k;, Ky, k;), which constitutes a different channel. Thus
the full number of channels 2/N.;, must be considered when the interface scattering
is diffuse. However, if the interfaces are very smooth and the materials are well
lattice-matched, such as Cu and Co [10], then we may expect the scattering to be
specular, meaning that Etmmveme is conserved during the scattering process. In this
case the channels that are each associated with a single momentum l;tmmveme can be
treated separately, greatly simplifying the problem. I discuss the problem of diffuse
scattering later on.

Assuming specular scattering, then, the scattering matrix S for the magnetic

layer is block diagonal, with each 4 x 4 block consisting of 2 x 2 reflection and
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Figure 3.2: Scattering of an incident spin-polarized electron by a single magnetic
layer, for the case of general spin-filtering. The total electron wavefunction is com-
posed of a two-component spinor and a spatial wavefunction .., dirans, dref. The
transmitted and reflected waves are determined by the scattering matrix of the layer.
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transmission matrices, e.g.,

B ,ete., (3.4)
it TH

where up (“1”) and down (“]”) are defined relative to the direction of the spin
moment of the magnetic layer. The coefficients with 11, || subscripts are associated
with transmission and reflection within each spin channel; 1 call these the spin-
filtering coefficients. The off-diagonal elements with 1|, |1 subscripts are the spin-
flip coefficients, describing scattering processes within the layer that do not conserve
spin. The coefficients themselves follow charge conservation laws, e.g., |r4]*+|r+|*+
[ttl* + [Eig]? = 1, ete.

Spin-flip processes may be important in magnetic multilayers, both with re-
spect to the giant magnetoresistance effect [11] and with respect to spin-transfer
torques [12]. However, the off-diagonal elements add a complication to the determi-
nation of spin-transfer torques beyond the increased calculational complexity. Due
to spin-orbit coupling, processes that are normally independent of spin, such as
electron-phonon scattering, can result in a spin-flip [13]. As a result, the total spin
angular momentum of the conduction electron-plus-moment system is not conserved,
making it more difficult to determine the torques on the moments. Also, these pro-
cesses can often be inelastic, violating the assumption of phase coherence implicit in
the Landuaer-Biittiker formalism. However, current-perpendicular-to-plane (CPP)
transport measurements on magnetic multilayers [14, 15] have found that typical
spin mean free paths in Co (6 — 15 nm) are larger than the typical thickness of the
thin layer in my devices (2 — 4 nm), suggesting that spin-flips due to bulk scattering
processes should not have a great effect on the spin-polarized current. For certain

special materials combinations (e.g., Nb/Cu), there have been reports of enhanced
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spin-flip interface scattering due to alloying at the interface [16], but no specifically
interfacial contribution to spin-relaxation has been observed for the materials com-
binations discussed in this dissertation [15]. As a result, for the rest of this chapter |
will neglect explicit spin-flip processes and assume that the magnetic layers scatter
electrons via spin-filtering processes alone [17].

With this restriction, S becomes

TT 0 t/T 0
0 r, 0 ¢
= ! Y. (3.5)
tT 0 T/T 0
I 0t 0 r ]

where I have made the notation changes r4 = r44, etc. The wavefunction of the

incident electron in Fig. 3.2 can be written as

cos (68/2
sin (6/2)

—

where ¢, (7) is the spatial part of the wavefunction and ;. is written in two-
component spinor notation. Applying S to this incident state yields the reflected

r4cos (0/2) .
77Z)7’ef = ! Qbref (T) ) (37)
rysin (0/2)

and the transmitted wave on the other side

tycos (6/2
77Z)757’ans = ! ( / ) thrans (F) : (38)
I tysin(0/2)

How do we proceed to relate these scattered waves to the torque generated by
the scattering process? As I mentioned earlier, I have restricted my focus to spin-

filtering scattering events that directly involve the exchange coupling between the
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conduction electrons and the spin moment of the magnetic layer. Thus any spin
angular momentum that leaves the current must be taken up by the layer. As a
result, we can determine the rate of angular momentum deposited in the layer — the
torque — by examining how the angular momentum in the current differs on either
side of the layer. The quantity that provides us with this information is the spin flux,
which is a tensor that is defined in analogy with probability flux (number current
density), a vector [18]. For a current in the z-direction (translational symmetry along
the y and z-directions), the spin flux can be projected onto the number current
direction to get a vector d = (®,,P,,P.). This is the density of vector angular

momentum that crosses the y — z plane at a particular z-value per unit time. Given

Pt

a spinor wavefunction of the form ¢ = , the spin flux can be written as [8, 19]

¥y

S R? 0
- Tz 2
CI)—Qm]m [¢ 08:1; ], (3.9)

where & is the set of Pauli spin matrices. The torque is then simply the difference
between the spin flux on the left side of the magnetic layer and that on the right
side.

In general any Bloch wave could be used for the spatial components of the waves

¢. For simplicity I choose plane wave states, so that ¢ine = Grrans = =% f(y, 2),

Var
Oref = \/%e_““”f(y, z), where f(y,z) = e*¥*%:* The phases of the incoming and

transmitted waves may of course be different, but this information is contained in
the scattering coefficients. Combining this with Eqns. (3.6)-(3.8) and inserting into

Eqn. (3.9), the torque 7 = (7,7, 7.) is calculated as

2k,

Ty =

sin §(1 — Re[ﬂm + t$t¢]), (3.10)
Rk,

T™m

T™m

sin@[m[ﬂm—l—ﬂtd, (3.11)

Ty = —



103

7. =0. (3.12)

We initially note that the torque always acts perpendicular to the moment, thus
conserving the magnitude of the magnetization. The siné factor also shows that
the magnitude of the torque is proportional to the portion of the incoming spin
transverse to the spin moment of the layer. However, the direction of the torque
depends on the complex scattering coefficients, and in general points anywhere in
the @ — y plane. This differs from the classic Slonczewski result, where 7, = 0.
The discrepancy arises from the different ways the two approaches treat electron
scattering. As noted earlier, Slonczewski only considers electrons that are fully
transmitted or reflected by the magnetic layers. This can be equivalently expressed
in our formalism as assigning transmission and reflection coefficients of either 0 or
1 to the layer. Since these are purely real quantities, the y-component of the torque
vanishes, and the symmetry of our results reduce to the Slonczewski result.

However, by allowing for complex scattering coefficients, the scattering formalism
can capture aspects of the physics not considered by Slonczewski’s simpler model.
We can gain insight into this physics by peeking inside the “black box” and observing
how electrons scatter within the magnetic layer. In general a scattering process
will involve both direct scattering from the two magnetic-nonmagnetic interfaces
and travel between these interfaces within the layer. We can associate scattering
coefficients with each interface, e.g., ryp for reflection from an interface when the
electron is incident from the normal metal, and rpy for reflection when the electron
is incident from the ferromagnet. These coefficients can be derived from rigorous
band-structure calculations that determine how individual electron states match up
at the interface [10]; in general the scattering coefficients are complex, although

ab initio calculations for real materials systems have shown that the imaginary
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parts are typically an order of magnitude smaller than the real parts [20, 18]. The
overall reflection and transmission coefficients for the full magnetic layer r, ¢ are
constructed from a combination of these interface coefficients and phase factors
from the paths the electrons take within the magnetic layer. The phase factors
contain terms of the form e*tX ¢'®L where ky, k| are the transverse wavevectors
for up and down spins within the magnet and L is the thickness of the magnetic
layer. Since the interface scattering is specular, the components of momentum
transverse to current flow are conserved as the electron enters the magnet. However,
due to the different local spin-dependent potentials in the ferromagnet [10], the -
component of momentum will change to conserve energy and will depend on spin,
so that k4 # k, in general, and k¢t # k;. Consequently, the spin-up and spin-down
components of the electron wavefunction within the magnet accumulate different
phases as the electron propagates away from the interface, with the phase difference
between the two components being el(kt=k)e hig quantum-mechanical “beating”
can be interpreted as a precession of the electron spin around the spin moment of the
magnet, with precession length set by the exchange splitting of the band structure.
Note that in Slonczewski’s formalism, any electrons that enter the magnetic layer
are fully aligned with the spin moment of the layer, so that precession cannot be
considered.
We can combine both interface scattering and propagation within the layer into
a single scattering coefficient by writing, e.g., the transmission coeflicient ¢4 as the
following sum of scattering processes:
ty = tnpaten Vs [1+ (rensP)* 4 (ren U + . (3.13)

1
= (rengWy)”

= inratrng Vs (3.14)

where Uy | = e*t4l. A similar expression can be written for ¢;. The first term in
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Eqn. (3.13) represents the portion of spin-up electrons that transmit freely through
the layer, while the successive terms correspond to electrons that are reflected mul-
tiple times within the layer before finally emerging on the other side. Similarly, the

reflection coeflicient r| is

re = rnes e ateny (We)° 1+ (e p)” + ] (3.15)

_ (Wy)*
= rNFrt +HINFATENALEN A 5 (3.16)
1 — (rpns¥s)

Note that this differs from the expression for the transmission coefficient in that the
first reflection involves no propagation of the electron into the magnet at all. The
various transmission and reflection scatterings are shown in Figure 3.3.

The coefficients as expressed in Eqns. (3.16) and (3.18) are only valid for a sin-
gle coherent incident electron, whose wavefunction is clearly sensitive to the phase
accumulated during scattering. The spin-transfer effect is not generated by a single
electron but by a current made up of many electrons, however; these electrons will
not in general be phase-coherent with one another. We consequently need to de-
termine the average torque generated by a spread of incident electrons. There are
various ways this average can be performed; later, when considering diffusive trans-
port, it is most convenient to perform an average over the disorder in the system.
Here I assume smooth interfaces and specular scattering, so it is easiest to consider
an average over the angle of electron incidence. I assume all incoming electrons lie at
the Fermi surface, so |k| = |kp| is constant; the average then amounts to an average
over the transverse wavenumber k. Since the wavevectors inside the magnetic layer
are coupled to k, via the conserved transverse momentum components, this is also

an average over k4 and k.

If we insert Eqns. (3.16) and (3.18) into Eqns. (3.10) and (3.11), we find products
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Figure 3.3: Scattering off of a magnetic layer of thickness L in the clean ballistic
limit. An incident electron with amplitude A is scattered from each of the non-
magnetic interfaces, with associated coefficients ryp, rpn, tnvr, try. In addition, the
electron picks up a phase factor ¥ = e*t4l each time it traverses the layer. The
full reflection and transmission coefficients can be written as a coherent sum of the
various processes that can either scatter the electron backwards (a) or forwards (b).
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of the form

1
(1= (rewa5)2) (1= (rpw g ¥y)?)

ﬂh = tNF,TtNF,ﬂFN,TtFN,ﬂ’NQ (3.17)

and
T — )2 2 1 2
rary = rnearnEy + (V) fi (W) o+ (W) s, (3.18)

where [ have highlighted the phase factor of each term of the product in Eqn. (3.18),
hiding the rest of the symbols for brevity within the quantities fi, fo, f3. An average
over k, will average both over the phase factors and the interface coefficients. The
thickness of the layer L, typically a few nm, is significantly larger than typical values
of k', a few A. The phase factors U, UT will consequently oscillate rapidly during
computation of the average. Terms containing the product WIW will not oscillate
as rapidly, since their precession length is set by the exchange splitting |kt — k],
which is smaller than kr. However, for most transition-metal ferromagnetic systems
of interest (e.g., Co, Fe) [18], |ky — ky|~" is still larger than typical layer thicknesses
L, so that these terms also rapidly oscillate as the average is taken. In addition,
the interface coefficients will vary over the average, but their variation with k, is
slower [10]. As a result, all terms that contain a phase factor Wy | should average
out to zero. This completely eliminates the contribution from the transmission
coefficients, and eliminates all contributions from the reflection coefficients except
that from the initial reflection. The vanishing of the contribution of transmission to
the torque can be thought of in physical terms as a consequence of the incoherent
summation of electrons that propogate within the magnet. Since these electrons all
precess around the spin moment of the magnet with different precession lengths,
their angular momentum perpendicular to the moment of the magnet sums to zero,

and therefore the net torque also sums to zero.
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Using these results, the torque can be written as

2

sin § Re {<kl,> — <er;rVF,TrNF,¢>} ) (3.19)

Ty =
m

2

Ty = sin0Im {<kx> — <kl’r;r\7F,TrNF7¢>} , (3.20)

T™m

The z-component of the torque remains zero. As expressed here, this torque is not
the torque per current, but the torque per incident electron; it must be divided
by the number current that actually makes it through the layer to express it in a
form similar to the Slonczewski term in the LLG equation. Of course, even after
averaging, our torque does not look like the Slonczewski result; due to the complex
nature of the interface reflection coefficients, it lies in the # — y plane. While 7, is
the standard Slonczewski torque, 7, can be thought of as a rotational torque [18§]
that drives the magnet perpendicular to the plane formed by the magnet’s spin
moment and the current’s polarization direction. As noted earlier, though, this
contribution to the total torque is typically an order of magnitude smaller than the
Slonczewski torque when theoretically calculated values of the scattering coefficients
are inserted [20, 18]. I have written the torque in terms of the real and imaginary
parts of the quantity (k) — <er;rVF7TrNF7¢>, to highlight the agreement between this
calculation and the calculation of the so-called mixing conductance G™, derived
in an alternative circuit formalism of spin-transfer that assumes diffusive transport
[20, 31]. In Section 3.3.2 I compare our formalism to this circuit theory.

So what has this exercise shown us? For starters, it demonstrates that we can
derive a very general expression for the torque, which in the limiting case of real scat-
tering coefficients reduces to the Slonczewski result. The flexibility of our approach
allows us to note an interesting symmetry with respect to the scattering properties
of the layer. Aslong as r+ # ry, a finite torque will be exerted on the spin moment of

the layer. However, the sign of the torque is the same regardless of whether ry > r
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or ry < rp. As a result, the symmetry of the torque does not vary whether the
magnet transmits down-spins or up-spins more easily. We can understand this by
noting that the torque can be equivalently calculated using the difference in spin
fluxes between incoming and outgoing waves, rather than the difference in the spin
fluxes of the wavefunctions on the left and right sides of the layer. Thus the torque
is not sensitive to interchanging the reflected and transmitted waves, i.e., changing
the sign of spin asymmetry in the scattering coefficients. This is an important result
that goes beyond the work of Slonczewski, who only considered materials for which
ry < ry; as we will see, it will have important consequences when we consider the

full trilayer system.

3.3 Adding a Second Magnetic Layer

The trilayer geometry is completed by adding a second magnetic layer to the above
system. The presence of this second layer has the effect of allowing for multiple
scattering of the electrons between the two layers, which gives rise to the asymmetry
of the torque with respect to current direction. We can take into account the multiple
scatterings in a manner similar to the internal scatterings of a single magnetic layer
in the ballistic limit, but, as the geometry has become more complex, it is better to
approach this problem in a more formal way. The formalism I outline in this section
is work done in collaboration with Xavier Waintal and Piet Brouwer [21].

Figure 3.4 shows a schematic of the trilayer system. Rather than a single scatter-
ing matrix S, we now have three: Sy, Sy, and Sy, for the thick magnetic layer F'1,
the thin magnetic layer F'2, and the normal layer NV in between. We provide the nor-
mal metal spacer with its own scattering matrix so that we may incorporate either

ballistic transport or diffusive scattering in the normal layer into the calculations.
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When an electron in a single channel passes through this trilayer, it is scattered by
each of the layers so that there are general left-going (L) and right-going (R) wave
amplitudes ©;1, ¥, r at the four spots : = 0,1,2,3 shown in Fig. 3.4. The scattering

matrices connect the amplitudes on either side of each layer:

Yor, _ s, Yor 7 (3.21)

77Z)1R 77Z)1L

Ui _ S5y ViR 7 (3.22)

77Z)2R 77Z)2L

var, _ s, V2R ' (3.23)

77Z)3R 77Z)3L

With two magnetic layers in the system, we must consider the possibility that
their spin moments are not aligned. For simplicity, I will take layer F'2, the thin
layer, to have its moment momentarily pointed along the +z axis, and have “up”
and “down” spins defined instantaneously relative to this quantization axis. If layer
F'1 has its moment at some angle # to the z-axis, then its spin-dependent scattering
properties will be different, because “up” and “down” spins no longer have the same
meaning for the two layers. We can account for this by applying a rotation operation

to each 2N, x 2N, reflection and transmission submatrix, e.g.,:

ri(0) = Reri(0) Ry, (3.24)

i — cos(0/2) —sin(0/2) © lox,. . (3.25)
sin(0/2)  cos(0/2)

where 1oy, 1s the 2NV, x 2N, unit matrix. This transformation effectively takes

the incoming wave amplitudes, rotates them into the local spin moment frame of
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Figure 3.4: Scattering formalism applied to the trilayer system. FElectrons are in-
jected into the system from the reservoirs at chemical potentials ur, pr, and scatter
off of each of the three layers F'1, N, and F2. The moments in £'1 and F2 are at
an angle # to one another. The calculation tracks the right- and left-going electron
waves in 2N, channels at the four spots 0, 1, 2, and 3.
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layer F'1, applies the scattering coefficients, and rotates them back into the global
frame set by layer F2.

The initial known quantities are these scattering matrices and the incoming wave
amplitudes 37, and togr; from these the rest of the amplitudes can be calculated.
We can define quantities that connect the incoming amplitudes to the amplitudes

at any other point in the layer:

ViR I'irn Air Yor |
— i=0,1,2,3. (3.26)

vir, Ui A sy,

This defines a set of linear equations, from which the I’s and A’s can be solved.
As these quantities have similar mathematical forms, I display the result of one
calculation. If there is only a right-going electron flow (positive current), then

3r, = 0. After some algebra, the quantity ;g is
1 1

n
L—rlre "1 —rithre(l —rlry) =, —rir,

FQREQ:

t (3.27)

where the dependence of rq,t, 7, ¢, on 6 is implicit. This expression will appear
again, so | define it as a matrix Q to simplify notation.

The expression for the spin flux, Eqn. (3.9), can also be expressed in matrix form,
as a trace over diagonal elements. The spin flux will depend on the occupations of
incident wave amplitudes via Eqn. (3.26). These occupations can be related to more
experimentally-relevant quantities, the chemical potentials of the two reservoirs ur
and up (Fig. 3.4). When one of these chemical potentials is changed by an amount
dpr, (Our), the number of electrons that pass through the trilayer changes. This
changes the total incident flux, and thus the spin flux, by an amount proportional
to dur (dur). After substitution of Eqn. (3.26) into Eqn. (3.9), the differential

change in spin flux at the points 1 = 0,1,2,3 is

ov; 1 ) )
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23'; - iﬁ’e {Tr <5AZ»RA}R> —Tr <5AiLA}L>} . (3.29)

The torque on layer F'2 is simply 75 = U, — U, If we assume that there is no
spin-flip scattering, then off-diagonal elements not related to the rotation of the spin
moment of layer F'2 disappear, and the calculation simplifies. As in the single-layer
case, there are both x and y-components to the torque. However, as I have noted
that the y-component (the rotational torque) is relatively small [20, 18], I will focus
only on the 7, component of the result. Suppose a voltage V; is applied, changing
the chemical potential of reservoir 0 by dg = —eVp. For Vo > 0, electrons flow from

right to left in Fig. 3.4. Explicit calculation of the relevant I' and A matrices and

substitution into Eqn. (3.28) yields

v = —gﬁ’e {TrNch <<QTTQIT + QNQL) X <1 — rgmr;u — t2,TTtJ2r,¢¢>>} ,
(3.30)
where the trace is no longer over spin indices, but instead only over the N.;, momen-
tum channels, and the 11, etc. subscripts denote a particular N., x N, momentum
submatrix of the full scattering matrix, e.g., the elements of the matrix in Eqn. (3.4).
Comparison of Eqn. (3.30) with Eqn. (3.10) shows that the torque in the trilayer
case actually contains within it the result for the torque in the single-layer case. The
effects of multiple scatterings due to the presence of the second layer is contained
in the prefactor involving the €’s. Note that the presence of the off-diagonal spin
elements of ) means that if § = 0 or § = 180° (both layer spin moments aligned or
antialigned, respectively) then the torque vanishes, as there is no mixing of spins.
Before proceeding to the next step in the calculation, I note that in general
8\1_}2'/6#13 +* —8\1_}2'/8/,@. This results in the remarkable fact that changing the chem-
ical potentials of both reservoirs by an equal amount can result in a net torque on the

layers, even though the potential difference has not changed; in particular, this can
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occur even with zero potential difference across the trilayer. This is a consequence
of the phase coherence in Eqns. (3.28) and (3.29) and gives an offset to the torque
in Eqn. (3.32). The existence of a zero-bias spin flux and the associated torques is
not a new idea; it is in fact a manifestation of the well-known itinerant-electron-
mediated exchange interaction, also known as the RKKY interaction, between two
ferromagnetic films separated by a normal-metal spacer. This interaction can be
understood in a number of different formalisms, including the scattering formalism
[22, 23, 24, 25]. However, the RKKY contribution to the torque is far smaller (a
factor of 1/N., smaller) than the finite-bias torque. Also, as it depends to a cer-
tain degree on strict phase coherence, it is greatly diminished when the ensemble
averaging techniques of the next section are applied to the system. As a result, we

ignore the zero-bias torque contribution in our subsequent calculations, and take

8\172»/6@ = —6\1_}2'/6/,@ in all cases.

3.4 Ensemble Averaging: Ballistic and Diffusive

Scattering

3.4.1 Ballistic Limit

Our expression for the torque in the trilayer system, Eqn. (3.32), includes phase fac-
tors that are accumulated when electrons in each of the channels propagate through
the system. The typical thicknesses of the layers are much larger than the Fermi
wavelengths of the propagating electrons, so small fractional variations in the prop-
agating pathlengths or in the angles of incidence will result in large oscillations of
the phase terms. As in the single-layer case, then, we need to average over the phase

in some manner. There are a couple of ways this can be done. In the case of purely
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ballistic transport and specular scattering (no channel mixing), the phase can be
averaged directly, as in my simple single-layer example. Of course, the expression
for the torque in the trilayer system (Eqn. (3.30)) is more complicated than the
single-layer expression (Eqns. (3.10)-(3.12)), and so the averaging techniques must
be somewhat more sophisticated. In [21] we performed such an average by assum-
ing that the normal metal spacer thickness . >> k,, where k, is the transverse
momentum in the normal metal; thus an average over kg vectors amounts to an
average over the phase in the normal metal. Our results for the torque and the
conductance are quite lengthy, and I do not reprint them here; I refer the reader to

[21] for details.

3.4.2 Diffusive Limit: A Pedagogical Approach

For the rest of this section I look at averaging in the opposite limit of diffuse scat-
tering, where electrons can be scattered from one momentum channel into another.
I wish to emphasize at this point that, despite this focus, the reader should not be
misled into thinking that the diffusive approach is the best way to model my devices.
As mentioned in Chapter 1, the typical spacer thicknesses of my devices (a few nm)
is smaller than typical mean free paths in my spacer materials (~ 20 nm in Cu at
room temperature). Therefore, it is likely that, if momentum channel mixing occurs
at all in my devices, it must occur at the interfaces, due to roughness or material in-
termixing. The degree to which interface scattering is diffusive or specular depends
on the particular material combination [26], but for materials like Cu and Co, whose
interfaces are typically sharp and smooth [27], specular scattering is expected to be
quite important [28]. As we will find, a purely diffusive approach also results in

a quantitative discrepancy between the predicted torques and the effects I observe
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in Co/Cu/Co trilayers, which can only be resolved by properly taking into account
ballistic transport.

However, the diffusive limit of our scattering formalism is worthy of discussion,
primarily for pedagogical reasons. Diffuse scattering allows for a great mathemati-
cal simplification that is not possible in the ballistic limit, which makes it simpler
to incorporate the results of rigorous band-structure calculations, the scattering co-
efficients, into our theory. Although we should not expect this to lead to good
quantitative agreement with my device results, it allows me to present spin-transfer
in a more pedagogically useful manner, showing how these scattering coefficients di-
rectly relate to the symmetry of the torque. The basic qualitative symmetries seen
in the diffusive limit are unchanged if transport is instead ballistic [21]. Taking the
diffusive limit also shows how our phase-coherent results reduce to those of other
groups, who calculate the torques within a purely incoherent formalism. The fact
that extensive channel mixing does not destroy the torque is significant, because it
suggests that spin-transfer may be found experimentally in a wide array of device

geometries that do not satisfy the largely ballistic conditions of my trilayers.

3.4.3 Averaging in the Diffusive Limit

The usefulness of having a scattering matrix Sy associated with the normal metal
spacer now becomes apparent, since we can introduce the effects of disorder into
the system via tha properties of this matrix. The primary effect of including diffu-
sive scattering is that the N., momentum channels can be mixed by Sy, through its
off-diagonal matrix elements. Although we primarily associate the mixing with non-
specular scattering from the disordered magnetic-nonmagnetic interfaces, it can also

in principle include diffusive scattering in the bulk of the normal spacer. This ma-
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trix can additionally account for spin relaxation, by mixing spin channels. However,
as typical spacer thicknesses (a few nm) are much smaller than the spin-diffusion
lengths in Cu (a few 100’s nm)[15], we can simplify the calculations by restricting
the mixing to amongst only momentum channels.

There are well-established techniques for treating diffuse scattering in the scat-
tering matrix formalism [6, 29]. The general method is to decompose Sy into a

product of matrices:

Sy = U'MqU. (3.31)

The two outer matrices U, U’ are block diagonal, and relate how waves in right-going
(left-going) channels are scattered into other right-going (left-going) channels. The
middle matrix M7 contains information about the average transmission properties of
the layer, so that it has off-diagonal elements which can reflect waves in right-going
(left-going) channels into left-going (right-going) channels. The elements of the U, U’
matrices are random, and are valid for only a particular microscopic configuration;
their ensemble is the unitary group U(N,).

Diagrammatic techniques exist for averaging over the ensemble of configurations
[30]; the particular calculation for the trilayer system appears in our work [21]. I
do not discuss the details here, but instead jump right to the results. The major
insight drawn from these calculations was that the fully diffusive channel mixing
allows the replacement of the 2N, x 2/N., matrices with far simpler 4 x 4 matrices
that in some sense represent ensemble averages over the larger matrices. The effects
of each of the three layers reduce to “hat” matrices, e.g., r;y — 71, etc. This hat

matrix, expressed in terms of a general 2N, x 2N, matrix A, takes the form

1
TryeA® AT, (3.32)

A=
Nch

where “®@” denotes a tensor product. The trace over the N, momentum channels
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leaves only spin as the indices of the 4 x 4 matrix A. Since there is no explicit spin-
flip scattering, only those matrices associated with layer F2 will have off-diagonal
elements, due to a rotation of the spin-filtering coefficients. Since the normal spacer
is independent of spin entirely, its scattering matrices can be expressed in terms of
the 4 x 4 identity matrix 14:

~

f=(1—gn)ly (3.34)

The proportionality constant gy is the average conductance per channel. The result

for the average torque ends up looking like this:

<g;§> = - %?Vcﬁ Re {(Tmh (szh) 4 Try, (QNQL) (3.35)

t t
X <1 — Trng, (roaery ) — tz,Tth,u)) } :

The average conductance (g) for the trilayer can be calculated in a similar fashion.
Remarkably, averaging over diffuse disorder in the normal layer is equivalent to
taking the form of the fully phase-coherent solution, Eqn. (3.10), and replacing the
terms with their far simpler “hat” counterparts, where a trace has been taken over
the N., momentum channels. This means that the scattering coefficient products
(e.g., T2,TTT;¢¢) only enter into the result through their average value. This makes
the incorporation of band-structure information into the result much simpler, since
only average properties of the scattering coefficients need to be known, rather than
their full momentum dependence. A further simplification to Eqn. (3.35) can be
made by averaging over phase or disorder in the magnet itself; as it stands, our
diffusive result holds even in the limit of magnets of thicknesses comparable to kj',
where phase coherence becomes important. Although we will find that a purely

diffusive approach leads to results that are not quantitatively consistent with my
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experimental data, the dramatic reduction in the complexity of the result allows us

to more easily illuminate the important qualitative symmetries of spin-transfer.

3.4.4 Spin-Transfer and Phase Coherence

Before I explore the form of the torque found in the formalism in the diffusive limit,
I must say a few words about the formalism itself. The results of the diffusive cal-
culation make clear that the preservation of phase coherence is not crucial for the
generation of spin-transfer torque as electrons scatter between the layers. The two
most important ingredients in the creation of the torque are the spin-dependence of
the scattering combined with the rotation of the quantization axis of the conduction
electron spin states that occurs when the moments are not collinear. This is an
important insight, because it shows that spin-transfer can occur generally in normal
metal-ferromagnet hybrid systems, even when the scattering is inelastic. The in-
elastic scattering can occur between the current and the moments or any other part
of the system, e.g., phonons; the only restriction is that spin can only be transferred
between the current and the moments——in other words, the spin-diffusion length
set by processes such as spin-orbit scattering must be larger than the system dimen-
sions. This not only opens up the spin-transfer effect to a much wider variety of
physical systems than the initially phase-coherent picture would suggest, it allows
for simpler and more flexible formalisms to describe the torque.

The most prominent of these is the finite-element circuit theory developed by,
among others, Brataas, Nazarov, and Bauer (BNB) [31]. In this approach sys-
tems are constructed out of generalized reservoirs, nodes, and resistive contacts
connecting them. With regard to the trilayer system, the interior of each of the

three layers in the BNB approach would be designated as nodes, and the inter-
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faces between the layers, where the scattering properties of the system arise, being
the contacts. Phase information is irrelevant in this formalism, as transport both
between nodes and within the nodes is incoherent and can involve non-spin-flip en-
ergy relaxation. Transport can thusly be described in terms of well-defined Fermi
distribution functions. However, the presence of spin-polarized currents, and the
resulting possibility of rotated spin reference frames due to noncollinear magnetiza-
tions in different nodes, requires that the distribution functions be defined in a more
sophisticated way. BNB do this by generalizing all quantities——e.g., distribution
functions, currents, and chemical potentials——into 2 x 2 matrices, in which the off-
diagonal elements contain information about rotations between spin channels. The
spin and charge currents can then be calculated at any point in a system by summing
the contributions from all adjacent nodes in a manner analogous to a Kirchoff sum
rule for ordinary transport. Application of this formalism to magnetic-nonmagnetic
systems yields a quantity G, called the spin-mixing conductance [20]:
2
G = % [Nch = r;f'(rf)T] : (3.36)
]
where rZT] | are the elements of the reflection matrix in the contact between two
nodes. The real and imaginary parts of this quantity are related to, respectively,
the Slonczewski and rotational torques exerted on the spin moment of a magnet
by the current. This result is quite similar to our results in Eqns. (3.19), (3.20),
and (3.30) [32]. It can be rigorously shown that the general result for spin-transfer
torques in the circuit formalism is equivalent to our phase-coherent formalism, in
the limit that the number of channels is large [33].
The circuit formalism has several advantages over our approach. For one thing,
it allows one to construct complicated structures out of the bare elements of reser-

voirs, nodes, and contacts. Since the transport is described in terms of incoherent
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superpositions of charge and spin currents, the calculational complexity scales only
linearly with the number of components of the system. This has allowed theorists
to consider exotic configurations such as three-terminal transistor-like systems [34]
and systems that combine normal metals, ferromagnets, and superconductors [35].
In our fully coherent and nonlocal formalism, the complete structure must be con-
sidered all at once, making more complicated structures far more difficult to study.
Also, the effect of spin-flip processes can be incorporated into the circuit formalism
very simply, by adding a spin-relaxation term to the Kirchoff sum rule for spin cur-
rents entering and leaving a node. To treat spin-flip processes with our calculations,
explicit values must be added to the off-diagonal elements at the start of the calcu-
lation, complicating the mathematics considerably. This is not to say, however, that
the simpler incoherent approach is preferable to our phase-coherent approach in all
respects; for example, Tserkovnyak and Brataas [36] found it more convenient to
perform a random-matrix average similar to our own [21] when calculating the shot
noise in ferromagnetic-normal metal systems. Our formalism is more general in that
it can be applied even when quantum confinement is important and the number of

channels N, is small. When N, >> 1, our results reduce to the BNB results.

3.4.5 Results for Diffusive Scattering
Symmetry and Limiting Cases

As mentioned earlier, the torque has both x and y-components, as in my single-
layer example, although the y-component (proportional to the imaginary part of the
BNB mixing conductance) is relatively small. It can be shown that (977/0Vy) =
— (0715 /0V3), so that the torque changes sign when the current bias changes. This

result is equivalent to having no zero-bias torque, which demands that changing
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the chemical potential of each reservoir by the same amount generates equal and

opposite torques on the layer. Recall that the equilibrium RKKY torque is smaller

1

N 80 that it is neglected here (see

than the average current-induced torque by ~
page 114).

Our formalism thus describes a torque with the same general symmetry as the
results of Slonczewski. The compact form of Eqn. (3.35) provides little further

intuition, however; it is therefore useful to look at it in limiting cases. In the limit

that both layers are perfect spin filters, then the torque reduces to

Iry\ _ e gysinl  h (o) sin
A g 2(1 + cos )’

— _ — 3.37
47 3 4+ cos b dme ( )

where (g) = %gN(Zl cos?0/2)/(3 + cos §) is the average conductance per channel of

the system. If we take the torque per unit current as

W _ (1o
= <g@VO> , (3.38)

then we can immediately see that this agrees with the Slonczewski result ¢(8)sin 6

[8] (See Eqn. (2.6) of this dissertation) for a polarization P = 1.

We can take the opposite limit of spin-dependent scattering and consider what
form the torque takes when the scattering coefficients are are very weakly spin-
dependent. We define g; and ¢, as the conductance of layers F'1 and F'2, respectively,
averaged over momentum and spin. The average conductance for spin-up electrons

and spin-down electrons can be written as

g1t =91+ 091,01, = g1 — 0, ele. (3.39)

The conductance difference d¢y 2 can be positive or negative. The torque can be

expanded in powers of dg »; the lowest-order term has the form

87’90 e ]
<8\?0> — —59%591593 sin0F (g1, 9N, g2, Nen)- (3.40)
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From this expression we can see the consequences of spin-transfer’s insensitivity to
the sign of the spin-dependent properties of the magnet, first remarked upon at the
end of Section 3.2. Because d¢gy appears through its square, the sign of the torque
does not depend on whether spin-up electrons are transmitted more easily (dg, > 0)
or spin-down electrons are transmitted more easilty (dg2 < 0). It is in fact only the
sign of the spin-polarization coming from the other layer (§g1) that determines the

sign of the torque. This basic symmetry has also been verified in the general case

[21].

General Results

It is difficult to explore the general result in great analytical detail, as the matrices
in Eqn. (3.35) make for long and tedious expressions. It is far easier to study the
dependence of the torque on the scattering coefficients by calculating the traces in
Eqn. (3.35) via a software algorithm and plotting out the results. For simplicity we
assume that the scattering coefficients are independent of momentum. In Section
3.5 I will show that, although this approximation may be reasonable in the diffusive
limit for systems such as Co/Cu/Co, due to the mathematical simplification shown
earlier in this section, in the ballistic limit such a simplification cannot in any way
be justified. Using the scattering coefficients, along with the angle § between the
spin moments of the two layers and the average conductance of the normal layer,
the torque (075 /0Vy) and the average conductance (g) can be calculated. A useful
quantity to parametrize the results is the polarization of each magnetic layer, which

is defined as
_ [t2rl” = [t )
[t ot A+ [t1,24]

(3.41)

1,2
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Figure 3.5 is a plot of torque per unit current, in units of h/2me, vs. angle 0 for a
trilayer system in which |P;| = |P| = 0.98, for the four possible sign combinations
of the polarization. The normal layer conductance is perfect, gy = 1. The torque is
highly asymmetric upon reflection around § = 90°, with the slope dr/df much larger
near § = 180° than near # = 0. This is a consequence of the smaller conductance
near § = 180°, which increases the torque per transmitted electron. The four-fold
symmetry seen in the analytical case of small spin asymmetry (P << 1) can be seen
here as well; changing the sign of the polarization of layer F'1 alone changes the sign
of the torque. The magnitude of the torque changes, however, when the sign of the
polarization of layer F'2 is changed.

For systems where P is not quite so close to 1, the torque per unit current in the
diffusive model is drastically reduced. Figure 3.6 shows the torque per unit current
vs. # for various choices of P = P, = P,. The normal layer conductance gy = 1, as
before. Reducing the polarization from P = +0.98 to P = 40.35 reduces the torque
by nearly two orders of magnitude, and makes the shape of the torque curve far more
symmetric about # = 90°. This is an important departure from Slonczewski’s results.
Figure 3.7, taken from [21], shows the torque per current vs.  found using both our
calculations and Slonczewski’s calculations for a polarization of P = 40.67 for
both layers. The torque predicted in the diffusive limit is significantly smaller than
that predicted by Slonczewski. The inset to Fig. 3.7 shows the derivative of 75 (8) per
current vs. {T|) = (|t12,|*) for both models. (T}) =1 for both layers, so increasing
(T)) implies decreasing P. As can be seen, the torque in the diffusive model falls off
much more rapidly than in the Slonczewski model, dropping to nearly an order of
magnitude below the Slonczewski result for (7)) = 0.6 (P = 0.25). Thus disorder

which gives rise to diffusive scattering strongly reduces, but does not fully eliminate,
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spin-transfer torque. The small size of the torque in the diffusive model relative to
the Slonczewski model also strongly suggests that transport in my devices does not
involve a great deal of diffusive scattering; I will address this point further in Section

3.5.

3.5 Applying Band Structure Calculations to the

Scattering Formalism

One of the intriguing results of our calculation is that the sign of spin-transfer torque
depends on the sign of polarization of the scattering coefficients of the magnetic
layers. Throughout this dissertation, and particularly in the interpretation of my
experimental data for Co/Cu/Co trilayers in Chapters 2, 4, and 5, I have assumed
a positive polarization within the torque model, which gives a torque with the same
symmetry as observed. A negative polarization for both layers, however, would
imply that the torque favors parallel alignment of the layers at positive currents in
my sign convention (see Chapter 2), and favors antiparallel alignment at negative
currents. Since the conductance (g), unlike the torque, does not vary when the
polarization of both layers changes sign, the parallel configuration remains the low
resistance state, and the hysteresis loop should be flipped about [ = 0 relative to
the observed loops for the Co/Cu/Co trilayers. Spin transfer thus provides a clear
experimental signature of the asymmetry of the spin-dependence of the magnetic
layers’ scattering properties, and it is important to explore how this spin-dependence
is established microscopically.

Stiles [10] has performed first-principles calculations to determine the transmis-

sion and reflection probabilities of the interface formed between a magnetic and
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Figure 3.5: Torque per current, in units of h/27e, vs. angle 6 in the diffusive limit,
in the case where the polarization of both magnetic layers (defined in the text) is
|P| = 0.98, for the four possible sign combinations.
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Figure 3.6: Torque per current, in units of h/2me, vs. angle 6 in the diffusive limit, for
various values of the polarization P (defined in the text). The curve for P = 40.35

is multiplied by 100 for visibility.
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Figure 3.7: Torque per current, in units of h/27e, vs. angle 6, using our formalism
in the diffusive limit (solid line) and Slonczewski’s result (dotted line) [8], from
[21]. For our formalism, the coefficients (|t;|*) = (T}) = 0.2 for all channels. In
Slonczewski’s case, (1) = 1 for 20% of the channels, and is set to zero for the
remainder; (T4) = 1 for all channels in both cases. Inset: torque derivative per
current dr/Idf near § = 0 as a function of (7).
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nonmagnetic metal, for various materials combinations. A mean-field potential at
every point in space was determined using the local spin-density approximation,
from which Bloch states and Fermi surfaces in both materials could be determined.
A perfect interface was assumed, so that only specular scattering occured at the in-
terface; in other words, the components of the momentum transverse to the current
direction (parallel to the plane of the interface) were conserved during transmission
and reflection. The scattering probabilities were determined by matching the Bloch
states at the interface. Although exchange is an important factor in determining the
scattering properties of the interface, the ultimate criterion for determining trans-
mission and reflection is how individual states match up at the interface. Sometimes
total reflection occurs if a state on one side of the interface has no corresponding
state with the same transverse momentum on the other side. The symmetry of the
particular band in which each state resides is also important, e.g., sp-orbital states
match well with dz?-orbital states, but not other d-orbital states. This symmetry
requirement also can result in reflection of electrons.

Figure 3.8 shows calculations from [10], where the (real) transmission proba-
bilities for electrons crossing a Cu/Co (001) interface is shown as a function of
transverse momentum. As can be seen, the probability is very anisotropic. For
spin-up (majority) electrons, the transmission is nearly perfect for a large range of
incident angles, from normal incidence up to a certain critical angle. Beyond this
angle, the transmission rapidly drops to zero. For spin-down (minority) electrons,
the transmission is much lower, but also is inhomogeneous——certain momentum
directions are still favorable, due to a strong degree of band-matching at those an-
gles. Table 3.1 gives the transmission probabilities for this interface averaged over

the Fermi surface, along with average transmission probabilities for other crystal



130

orientations. The table also includes calculations for the Cr/Fe interface. As can be
seen, the two materials combinations give qualitatively different scattering proba-
bilities. With Cu and Co, the up-spin bands match more closely than the down-spin
bands in the two materials, giving a higher up-spin than down-spin transmissions.
The opposite is true for Cr and Fe, where the better-matched down-spin bands give
a higher transmission than the up spins. It is important to note that these trans-
mission probabilities are a property of the specific interface between two materials,
and not of the magnetic material alone. For example, Stiles [10] finds that a Ag/Fe
interface transmits up-spin electrons far more easily than down-spins, the opposite

symmetry to that seen for the Cr/Fe interface.

Table 3.1: Average transmission probabilities for real materials interfaces, calculated

by Stiles in [10].

Material(orientation) | Tnry | Twrt | Trny | Trnt
Cu/Co(001) 0.49 | 0.79 | 0.27 | 0.95
Cu/Co(111) 0.54 | 0.73 | 0.33 | 0.94
Cu/Co(110) 0.44 | 0.66 | 0.20 | 0.92
Cr/Fe(001) 0.58 | 0.36 | 0.82 | 0.41
Cr/Fe(110) 0.59 | 048 | 0.84 | 0.39
Cr/Fe(211) 0.59 | 0.59 | 0.82 | 0.39

3.5.1 Torque Predictions in Diffusive Limit

As noted earlier, the presence of extensive diffusive scattering mixes the momentum
channels, effectively averaging over the momentum dependence of the scattering

coeffients. The diffusive result Eqn. (3.35) includes traces over products of coeffi-
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Figure 3.8: Plots of transmission coefficient vs. transverse momentum, for majority
(spin-up) and minority (spin-down) electrons crossing a Cu/Co (001) interface, from
[10]. The coordinate system varies from my own; here the interface lies in the z — v,
rather than the y — z, plane.
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cients such as N%hTrNch (t2,TTt;¢¢)- We note that for the Cu/Co interface, the spin-up

transmission is essentially either 1 or 0 for nearly all momentum directions; thus, to

a good approximation, §=T7rw,, (t2a1th ) & (Lagt) =T (i) = (tagr) (8,),
and we can replace the individual coefficients with their averages from Table 3.1.
This is how the simplification in Section 3.4 of taking the scattering coefficients
to be independent of momentum turns out to give roughly accurate results for the
Co/Cu/Co system in the diffusive limit, since in the end, only the average values
matter. Such a simplification is far less justified for the Fe/Cr/Fe system, where
the transmission coefficients lie between 0 and 1 over significant portions of the
Fermi surface [10]. However, I will apply this simplification to the Fe/Cr/Fe system
anyway, just to get a qualitative idea of the torques in this system in the diffusive
limit; a more rigorous application of the scattering coefficients would likely give
a larger torque. Taking an average over crystal orientations, and approximating
the full scattering probability for each layer as the scattering probability associated
with the normal metal-to-ferromagnet transport direction (first two columns of Ta-
ble 3.1), I find \/T =1, =0.7, t4 = 0.85 for the Co/Cu/Co trilayer, and ¢, = 0.77,
t+ = 0.69 for the Fe/Cr/Fe trilayer. Figure 3.9 shows the calculated torques for both
systems using these parameters. As expected, the torque in the Fe/Cr/Fe system is
of opposite sign to that in the Co/Cu/Co system. As we also saw in Section 3.4.5,
though, the predicted torque in the diffusive model is quite small. The inset to Fig.
3.9 shows the prediction in the Slonczewski model for the torque in the Co/Cu/Co
system, using a polarization parameter P = (|ts|> — [t;|°)/(|t+]* + [ty]*) = 0.2. The
Slonczewski torque is more than an order of magnitude larger than the predicted

torque in the diffusive limit of our formalism; this difference will be discussed further

in Section 3.5.3.
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Figure 3.9: Torques per current 75 /I, in units of h/2me, vs. angle 4 in the diffusive
limit for two trilayer systems, Co/Cu/Co (solid line) and Fe/Cr/Fe (dotted line),
using the average scattering coefficients of [10]. Inset: Torque per current vs. angle
in the Slonczewski model for the Co/Cu/Co system. Note the different scales.
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3.5.2 Aside: Experimental Evidence for Opposite Torques?

In light of these results, it is natural to seek experimental confirmation of the dif-
ferent polarizations in the Co/Cu/Co and Fe/Cr/Fe systems. I have already shown
ample evidence of the symmetry in the Co/Cu/Co trilayer system. Exploring the
effect in Fe/Cr/Fe trilayers is a somewhat more difficult business, as the bulk resis-
tivity of Cr (po, = 12.7 x 107® Qm at room temperature) is far higher than that
of Co (pc, = 1.7 x 107® Qm at room temperature). Although bulk properties are
not as important for the nanoconstriction geometry, a higher bulk resistivity im-
plies a lower mean free path, which will raise the quasiballistic device resistance;
this limits the currents that can be reached without damaging the device. Also,
Cr oxidizes extremely easily, increasing the likelihood of adsorbate impurities being
incorporated into layered devices. As a result, most of the devices I have attempted
to make do not show the rise in differential resistance with increasing bias that is
characteristic of good quasiballistic transport (see Section 2.2.1), and instead show
anomalies more typical of low-resistance tunneling transport. Device resistances are
typically in the 100 — 200 € range, compared with 5 — 20 €2 for Co/Cu/Co devices.

[ have fabricated Fe/Cr/Fe devices in the Buhrman group sputtering chamber,
however, that do show lower resistances (~ 50 ). These exhibit characteristics con-
sistent with spin-transfer, although the symmetry of the features is ambiguous. Hys-
teretic switching has been observed with a symmetry opposite to that of Co/Cu/Co;
however, when a large field is applied to the devices, peaks in the differential re-
sistance appear, but only at positive current biaas. bias. For negatively-polarized
materials, the high-field features would be expected to occur at negative bias. Frank
Albert has made sputtered Fe/Cr/Fe nanopillar devices, and has observed features

that similarly do not show a clear symmetry [37]. Part of the ambiguity may stem
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from the lower coercive fields of Fe films as compared with Co films of similar thick-
ness [38]; this may make self-field effects, which have a different symmetry than
spin-transfer (see Chapter 2), more important [39, 40]. Also, Cr is not merely an
inert paramagnetic spacer like Cu; it has a transition to an antiferromagnetic phase
below T = 200 K [41]. The antiferromagnetic phase is believed to play some sort
of role in the oscillatory exchange coupling that is the zero-bias limit of the torque
in our formalism [42]. At high fields this antiferromagnetic order may be disrupted,
altering the scattering properties of the interface. At the moment, the data do not

fully resolve these issues.

3.5.3 More Realistic Torques in the Ballistic Limit

While the diffusive model has been of pedagogical use due to its relative mathemati-
cal simplicity, we have found that the torques it predicts are significantly lower than
in the Slonczewski model. A smaller torque implies a larger predicted critical cur-
rent; while this might still find agreement with some of my results for nanoconstric-
tions and nanopillars, it would require neglecting the enhanced damping processes
that undoubtedly occur in these devices (see Chapters 2 and 4). In addition, a much
smaller torque would result in an important discrepancy between the torque model
and the field dependence of high-field dynamic excitations observed in nanopillars
[43]. It thus appears that the diffusive model does not accurately describe the mag-
nitudes of the torques observed in my experimental geometries.

As discussed in Section 3.4.2, however, this should not be a great shock, as
transport in my devices is likely to be largely ballistic anyway. How, then, does
the ballistic limit of our scattering formalism fare with respect to the data? To

answer this question, we must first acknowledge the greater degree of complexity
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involved in applying ab initio scattering coefficients to our formalism in the ballistic
limit. In the diffusive picture of spin-transfer torque, the mixing of momentum
channels allowed us straightforwardly take an average over the various electron paths
in the system, and reduce the complexity of the mathematical machinery to the
4 x 4 “hat” matrices that contained the values of the scattering coefficients averaged
over the momentum channels. One important consequence of this simplification
for the Co/Cu/Co system was that the dependence of the scattering coefficients
on momentum could be folded into a single parameter, the average. However, the
ballistic calculation does not lead to the simple form of Eqn. (3.35); there is no
channel mixing, and the N., momentum degrees of freedom remain in the final
averaged result. The effects of each channel enter into the result in a complicated
way, which means that the scattering coefficients for each channel cannot all be
replaced by an average over all momentum channels; in other words, different sets
of scattering coefficients with the same average value can result in vastly different
torques in the ballistic limit. In particular, replacing all scattering coefficients with
an average underemphasizes the role of channels with transmission near 1, as the
high-transmission channels provide a disproportionate amount of the torque [21].
Unfortunately, we have not yet attempted to incorporate the full momentum-
dependence of the scattering coefficients into our ballistic results. However, for
systems such as Co/Cu/Co, we can directly see that the result will in fact be quite
close to Slonczewski’s. If, as shown in Fig. 3.8, the transmission coefficients are all
nearly 1 or 0, then electrons are, for the most part, either completely reflected or
completely transmitted by the magnetic layer. If we calculate the polarization P
using the average transmission coefficients in Fig. 3.1 and the expression for P in

Eqn. (3.41), then there should thus be little difference between the torque predicted
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by our ballistic calculation and that from Slonczewski’s calculation, shown for the
Co/Cu/Co system in the inset to Fig. 3.9. Slonczewski himself makes this important
point in a recent paper [44]. In other words, when ballistic (specular) effects are a
significant part of transport, as is likely true in my devices, the Slonczewski result
is a valid quantitative expression of the spin-transfer torque; this justifies my use of

his term when discussing my data in the other chapters of this dissertation.

3.6 Final Thoughts

It is somewhat amusing that, after all of the time spent in this chapter on a formal
scattering model for the trilayer system, the true magnitude of the spin-transfer
torque in the Co/Cu/Co system is found to be roughly the same as that in Slon-
czewski’s far simpler one-dimensional ballistic model. However, the work presented
here is still time well spent, as our scattering approach can describe systems for
which Slonczewski’s model is not valid. For example, as noted earlier, similar ab
initio transmission calculations for Fe/Cr interfaces [10] show that the values of
the transmission coefficients deviate significantly from 0 or 1. The assumptions of
Slonczewski’s approach consequently break down, and our scattering approach is the
preferred method of determining the torques. To do so, though, it is again necessary
to consider the role of specular scattering, and to incorporate the full momentum
dependence of the scattering coefficients. A fully specular calculation of the torque
at a Cr/Fe interface was recently performed by Stiles and Zangwill [18]. The torque
is opposite in sign to the Co/Cu torque, as in our diffusive results (Fig. 3.9), but is
significantly larger, arising from the more rigorous treatment of the scattering co-
efficients and the assumption of specular scattering. Such calculations demonstrate

that our scattering formalism can capture the physics of spin-transfer, but must
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be combined with the correct microscopic scattering coefficients to provide a true

quantitative picture of the torques generated in the magnetic layers.
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Chapter 4

Current-Induced Excitations in
Magnetic Trilayers using

Nanostructured Pillars

Up to this point, all of the experimental evidence I have presented for spin-polarized
current-induced excitations in magnets, so-called spin-transfer, has come from mea-
surements on nanoconstriction devices. In these devices a small hole is drilled
through an insulating membrane, and metal layers are deposited on either side;
very large current densities can be generated by driving a current through the hole.
Although we have seen clear signatures of magnetic excitations having the symme-
try of the spin-transfer torque models, we have also seen that making quantitative
connections to theory is a very difficult proposition. The excited magnet in the
nanoconstriction geometry is a domain located at the hole which, although deformed
by the hole itself, is still exchange-coupled to the rest of the extended film. In this
chapter I turn to a simpler geometry, in which a magnetic domain is created with-

out a large number of extraneous couplings and then be excited via spin-transfer.

142



143

Simplifying the magnetic structure is our best hope to quantitatively describe our
observations in terms of spin-transfer models. This chapter will describe a geometry
in which this hope is largely achieved, by incorporating an isolated magnetic domain
into a vertical pillar geometry; this is called the nanopillar geometry. The control
over the magnetic structure afforded by this technique allows us to create systems
that can be modeled by spin-transfer in a more straightforward manner than in the

nanoconstriction geometry.

4.1 Fabrication of Nanopillars and Measurement

Set-Up

4.1.1 Nanopillar Fabrication

Pillar geometries have long been employed as a means of probing giant magne-
toresistance in magnetic multilayers in the current-perpendicular-to-plane (CPP)
geometry. The initial CPP experiments were performed by fabricating large pillars
(up to 1 mm in diameter), whose small resistances could be detected by using su-
perconducting niobium leads that provide little contact resistance [1, 11]. The use
of superconductors, however, limits the field and temperature range over which the
multilayer can be studied. In more recent years, other groups have developed tech-
niques for making pillars in the micron and submicron diameter range, increasing
the GMR resistance signal relative to the contact resistance and thus eliminating
the need for superconducting leads [2, 3, 4, 5]. The method I have utilized for mak-
ing pillars was developed by colleagues of mine at Cornell, primarily Jordan Katine
and Frank Albert [6, 7, 8]. Using this method, pillars as narrow as 50 nm can be

formed regularly, far smaller than what has been achieved previously. The small
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size of the pillar provides us with three advantages over previous techniques: (1)
it improves the ratio of device resistance to lead resistance, giving a larger signal;
(2) the reduced domain size simplifies the reversal mechanics; and (3) the smaller
cross-sectional area allows us to drive current densities through the magnet large
enough to generate spin-transfer-induced excitations. This last fact also assures that
the effects of the self-field of the current, which can dominate in larger nanopillar
devices (see [7, 32], and the discussion in Chapter 2), is minimized.

As with the nanoconstriction fabrication section of Chapter 2, I devote an ap-
pendix (Appendix B) to a detailed fabrication recipe, while here I provide a more
schematic description of the process. We begin by depositing the magnetic trilayer
on an insulating substrate, usually silicon oxide. A typical sequence of layers is
shown in Figure 4.1a. A thick Cu layer is grown below the trilayer; this will later
serve as the bottom electrode for the nanopillar. The thick magnetic layer is typ-
ically grown first, so that positive current, which in our sign convention is current
flow from the thick layer to the thin layer, flows from the bottom to the top elec-
trode. On top of the thin magnetic layer a thin capping gold layer is grown. I
have made devices using both sputtered and thermally evaporated layers, and have
not seen systematic differences between them. After the layers are grown, electron
beam lithography and liftoff techniques are used to deposit a metallic mill mask
(Fig. 4.1b). The size and shape of this mask are determined by the lithography and
sets the size of the eventual pillar; typically the mask size is 50-250 nm. For most
of my devices I have used either chrome or gold as the mill mask material.

The next step is to create the pillar by performing a precision ion mill. In the
ion mill machine, a beam of ionized Ar atoms is accelerated at the layers and the

metal is sputtered (“milled”) off. The mill mask protects the metal underneath
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by getting milled off first, so that the result is a pillar approximately in the shape
of the mill mask (Fig 4.1c). The mill rates for each material are well determined
through previous testing; as a result, the mill depth, if timed correctly, can be
controlled to within a few nm. Typically I time the mill so that it stops before
it removes a significant amount of the thicker layer. In this way the thin layer is
sculpted into a small confined magnet (the “nanomagnet”), while the thicker layer
is left as an extended film. This enhances the differences in coercive fields of the
two layers, making it easier to separate the behavior of the thick layer from that of
the nanomagnet. Since it is important to catalog the typical height and size of the
pillars on a particular wafer, at this point an atomic force microscope (AFM) and a
scanning electron microscope (SEM) are used to characterize the pillars by imaging
an array that is fabricated in parallel on the wafer with the device pillars. AFM
and SEM images of arrays are shown in Figures 4.2 and 4.3, respectively.

We still need to make separate contact to the top and bottom of the pillar,
so the bottom electrode must be isolated from what will eventually be the top
electrode. This is done by depositing polyimide, an insulating polymer similar to
PMMA, onto the pillar structure (Fig. 4.1d). The pillar is now submerged in the
polyimide, so a precision reactive ion etch must be performed to expose only the
top of the pillar prior to deposition of the top lead. Successful execution of this
step requires precision timing and knowledge of the pillar height and the thickness
of the polyimide. Typically a range of etch times are used to find the “sweet spot”
of ideal pillar exposure, where a sufficient amount of the Au cap is exposed for good
contact, but the magnetic layers underneath remain submerged in the insulator. A
short ion mill is performed to clean the surface of the pillar, and a top lead is then

deposited (Fig. 4.1e).
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Figure 4.1: Schematic of nanopillar fabrication. (a) Metal layers are deposited on
an insulating substrate. (b) Electron beam lithography and liftoff are performed
to deposit a mill mask that will define the pillar size. (¢) A timed ion mill forms
the pillar; the mill is usually timed so that the thicker magnetic layer is left as an
extended film, while the thin layer forms a confined nanomagnet. (d) A polyimide
insulator (black color) is deposited. (e) The top of the pillar is exposed through
reactive ion etching, and a top lead is deposited.
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Figure 4.2: Atomic force microscope image of an array of pillars. The pillar heights
here are approximately 140 nm.
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(b)

178.7 nm

Figure 4.3: (a) Top-down scanning electron microscope image of the array pictured
in Figure 4.2. The different subsets of the array are pillars of different sizes. (b)
Closeup of one pillar, showing the dimensions (approximately 180 x 80 nm).
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Negative Leads

Figure 4.4: Optical image of a finished pillar device. The pillar sits at the center of
the image, directly between the top and bottom electrodes. Wirebonds are formed
to the larger pads at the top and bottom of the image for a 4-probe measurement.
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Interspersed among these steps are layers of photolithography (5 in all), which,
among other things, define the leads to which we make contact to the top and
bottom electrodes. A completed device is shown in Figure 4.4, with pads connected
to the top and bottom electrodes so that 4-probe measurements can be made. Small
groups of devices are mounted onto chip carriers and the device leads are connected
to the carrier via wirebonds. This allows the nanopillar device to be mounted into
any standard carrier socket for room temperature measurements, or measurements

on a dipper down to liquid helium temperature.

4.1.2 Measurement Set-Up

The same lock-in techniques as described in Chapter 2 for measurements on nanocon-
strictions were used for nanopillar measurements. Unlike nanoconstrictions, how-
ever, the full range of spin-transfer effects discussed in this dissertation are ob-
servable in nanopillars at room temperature, and so the bulk of my measurements
(except for those where temperature is an important parameter, such as in Chapter
5) are performed at ambient temperature. The reason for this difference in the two
geometries arises from the reduced effects of magnetic coupling in nanopillars as
compared to nanoconstrictions. [ will discuss how this reduced coupling leads to
simpler interpretations of spin-transfer excitations in nanopillars in the next section.

Typically, electromagnets are used to generate a field at room temperature. [
have utilized two measurement geometries for applying magnetic fields to nanopillars
at room temperature, both of which allow me to control both the magnitude and
direction of the field in a 2-D plane. In one magnet provided to us by Yu Lu at
[.LB.M. (Figure 4.5a), two pairs of finite solenoids are wrapped around a copper

ring; the fringe fields generated by the solenoids at the center of the magnet can
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Figure 4.5: Two methods in which a magnetic field is applied to nanopillar devices in
a 2-dimensional plane. In both case the field is applied in the plane of the magnetic
layers, which is the x-y plane here. (a) For small fields (< 300 Oe), two pairs of
solenoid coils around a copper ring generate a field in the center of the ring whose
direction can be controlled by varying the currents within each coil pair. (b) For
larger fields (up to 10 kOe), the device is mounted on the shaft of a servo motor with
fine angular control, and placed between the poles of a commercial electromagnet.
The device is then rotated to change the relative field angle.
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be made as large as 300 Oe, and the direction can be controlled by varying the
currents in each coil pair independently. This setup is most useful for fine control
of small fields, which is important when using materials with very low coercivities
such as Permalloy. The other magnet setup varies the direction of the field relative
to the device not by rotating the field, but by rotating the device itself. A sample
holder is mounted onto the end of a servo motor, and is placed between the poles
of an electromagnet (Fig. 4.5b). The servo allows control of the angle of the device
relative to the field to high precision. Fields as high as nearly 10 kOe can be applied
to the device in this setup. There is a slight remanent field in the poles of 50 Oe
which needs to be compensated for when taking the data; as a result, the solenoid

setup is preferred when working at small fields.

4.2 Nanopillars vs. Nanoconstrictions

As I mentioned at the start of this chapter, the nanopillar technique allows us to
create magnetic domains with well-controlled sizes, shapes, and magnetic environ-
ments. This allows us to make quantitative comparisons to spin-transfer models
to a degree that is simply not possible in the nanoconstriction geometry. As much
of the fundamental nanopillar work was done by colleagues prior to my use of the

technique, I briefly summarize their results in this section.

4.2.1 Current-Induced Reversal of Nanopillar Magnets

At low magnetic field, Katine [6] observed in Co/Cu/Co pillars a hysteretic switching
of the two layers, similar to what is observed in the nanoconstrictions. Figure 4.6a

shows switching in a (Cog5/Cug/Co010)nm nanopillar device of lateral dimensions
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130 x 130 nm. Note that the formal device name is shown in parenthesis in the figure
caption for identification. As can be seen, the switch from the low resistance state
(parallel alignment of the two layers) to high resistance state (antiparallel alignment
of the layers) occurs at positive current bias, and the opposite switch at negative bias.
This has the same symmetry as predicted by spin-transfer torque models. Moreover,
the critical current densities needed to switch the nanomagnet in this geometry is on
the order of 108 A/cm?, significantly lower than those needed in nanoconstrictions.
In this work the Slonczewski model was applied to these transitions, and it was found
that the values of the zero-field critical currents were consistent with the Slonczewski
model when a damping parameter « close to that found in FMR studies of bulk Co
[15] was used. This is in stark contrast to the nanoconstriction results of Chapter
2, where the small-a assumption necessary to the analysis breaks down completely.
The absence of an extended disordered film exchange-coupled to the nanomagnet
means that the loss of angular momentum due to propagation away from the current
source is minimized; therefore the measured damping is more characteristic of that
for uniform motion in an isolated bulk sample, which is the dominant mode probed
in FMR experiments. As an illustrative example, I apply the Slonczewski model
quantitatively to switching transitions in my own Co/Cu/Co devices in section 4.3.

The data from the initial nanopillar work [6], while demonstrating switching
behavior more easily understood by theory than that from nanoconstrictions, still
had some complexity. In circular nanopillars multiple jumps in the resistance are
often observed as the current is swept (as in Fig. 4.6a), indicating that the rever-
sal 1s not simple. The multiple resistance states suggest either that a domain wall
nucleates and propagates through the nanomagnet as the current increases, or that

the nanomagnet’s moment gets pinned in some direction intermediate between full
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parallel and antiparallel alignment with the thicker magnet as it reverses. These
kinds of behaviors may be energetically favorable in circular polycrystalline nano-
magnets, where there is no preferred magnetization axis. To resolve these issues,
shape anisotropy was introduced into the pillar fabrication design [8]. By making
the nanomagnet elongated in one direction, domain walls are made energetically
less favorable at zero field, due to the in-plane demagnetizing field; thus the magnet
will tend to act as a simple uniaxial magnet, magnetized along the long axis in
either direction [10]. This axis is typically called the easy axis, and the direction
perpendicular to it in the plane of the magnet is the (in-plane) hard axis. Figure
4.6b shows a current-induced hysteresis loop for a (Cog5/Cug/C 040)nm nanopillar of
dimensions 130 x 60 nm, at room temperature and zero field, from [8]. This device
shows only two stable resistance states, indicating that spin- transfer switches the

magnet cleanly between its two stable orientations along the easy axis.

4.2.2 Dynamical Excitations at Higher Fields

When the field significantly exceeds the coercive field of the nanomagnet, the hys-
teresis is suppressed and a peak appears in the differential resistance, corresponding
to a dynamical excitation in the nanomagnet (Figure 4.6¢) [7]. These peaks are sim-
ilar to those observed in nanoconstrictions (Chapter 2). If the dependence of these
peaks on the applied magnetic field is measured and the slope fit to the Slonczewski
model, a good fit can be achieved by assuming a damping parameter o 1-2 orders
of magnitude smaller than the damping constant for high-field excitations in the
nanoconstriction geometry, and close to that for bulk Co. Again, the absence of a
large film exchange coupled to the domain here simplifies the physics, as the spin-

waves do not couple to a continuum of nonuniform modes; therefore the damping
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Figure 4.6: Central nanopillar results previous to this work. (a) Current-induced
hysteresis seen in a circular 130 x 130 nm nanopillar, with the same asymmetry
with respect to current direction as seen in nanopillars. When shape anisotropy
is introduced into the pillar (b), the switching characteristics consistently simplify
to two resistance states, representative of the magnet’s two stable states along its
long axis. (¢) At higher magnetic fields, peaks are seen in the differential resistance,
corresponding to dynamical excitations.
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constant is essentially that for a bulk excitation.

4.3 My Nanopillar Devices

A significant amount of the time I have spent on nanopillars has gone towards
mastering the technique and reproducing the basic results of Katine and Albert.
Although I have not extensively studied these pillars in the high-field regime, I have
made devices which show clean switching behavior similar to that in [8]. For the
remainder of this chapter, I summarize my basic observations. However, becuase
much of this simply confirms the previous studies, I will not dwell too long on
measurements that have been performed before, except to illustrate specifics of
the data not discussed in the brief summary above. Instead, I focus on a subset
of the devices I have made that have particularly simple switching characteristics,
which make them highly favorable systems for studying spin-transfer. These devices
feature prominently in Chapter 5, which is a study of the role that temperature plays

in current-induced excitations.

4.3.1 Magnetoresistance

Figure 4.7a shows a magnetoresistance loop at zero applied current bias for a
(Coz5/Cug/Co040)nm pillar device of dimensions 130 x 70 nm. From SEM images
of arrays formed in parallel with this device, the dimensions are accurate to within
+10 nm. The field H is applied along the long axis of the pillar. There are two
distinct jumps in the differential resistance dV/d[ as the field is swept: a jump to
high resistance at about 70 Oe, and a jump back to low resistance at about 570 Oe.

A similar shape to the magnetoresistance curve was seen in Albert’s work[8]. Due to
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Figure 4.7: (a) Magnetoresistance loop for a (Coy5/Cug/Co040)nm pillar device
(SC1744) of dimensions 130 x 70 nm. The field is applied along the long axis
of the pillar. (b) Current-induced reversal hysteresis loop for the same device.
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the simplicity of the nanopillar system, we can clearly distinguish these two jumps
as corresponding to the different coercive fields of the nanomagnet and the thick
film. As established in Chapter 2, Co films in this thickness range (several 10’s of
nm) have coercive fields on the order of 50 Oe; therefore the thick film reverses first.
The nanomagnet cannot reverse as easily, since it must generate high-energy dipolar
fields during the reversal process, due to its small size. Although the coercive field
for nanomagnets is set by a large number of parameters, such as size, thickness, and
edge roughness, and cannot be easily predicted, a coercive field of 570 Oe is con-
sistent with measurements on nanomagnets with similar dimensions [10]. There are
additional features at fields smaller than 50 Oe; these are likely due to nonuniform
motion of the thick layer below its coercive field.

The typical magnetoresistance ratio, defined as MR = (Rap(I = 0) — Riu(l =
0))/Rp(I = 0)x100%, where R4p and Rp are the resistance states of the antiparallel
and parallel configurations, respectively, ranges from 1-5% for my devices. This is
similar to the MR ratios measured in the nanoconstrictions, and, as noted in the
discussion in Chapter 2, is smaller than expected for a pure Co/Cu/Co spin-valve
geometry. While in the nanoconstrictions the smaller MR ratio is due to the large
spin-independent ballistic Sharvin resistance intrinsic to the point-contact geometry,
in nanopillars the ratio is likely reduced due to a large contact resistance at the
top of the pillar. The nanopillars, after their creation, are exposed to air for a
considerable amount of time, and may develop oxides or adsorbates. The gold cap
should minimize oxidation at the top of the pillar, but some contaminants may still
form there. Even though I perform an ion mill clean immediately prior to deposition
of the top lead, the top of the pillar is exposed to air briefly as the sample is moved

from the ion mill to the thermal evaporator. Frank Albert performs an in situ ion
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mill prior to deposition of the top lead in an evaporator mounted with an internal
ion mill; in general his devices with similar cross-sectional areas have a resistance
lower than my own by roughly a factor of two [12]. I have utilized this system
occasionally, but with little success in reducing the contact resistance in my own
devices; in any case, the size of the contact resistance does not appear, except in
extreme cases, to correlate with the quality of the magnetic characteristics of my
devices.

To estimate the importance of contact resistance, we need to determine the rel-
ative contributions of all other sources of resistance in the pillar. The trilayer itself
makes a certain contribution, of course; otherwise, we wouldn’t be able to measure
a GMR signal. Previous CPP studies have determined values for the interface and
bulk resistance contributions in Co/Cu multilayers, using the two-channel series
resistor model [11]. With the (significant) caveat that these values may not scale
down accurately to only two magnetic layers, these results can be used to get an
estimate of the resistance of the trilayer in the parallel and antiparallel configura-
tions. The quantities in [11] are in the form of RA, where R is the resistance and A
the cross-sectional area of the multilayer. Adding together the interface resistance
contributions for each spin channel (two interfaces for the nanomagnet, and the
single closer interface for the thicker film), along with the bulk resistance contri-
butions (proportional to thickness) from the Co nanomagnet and the Cu spacer, |
estimate roughly that the trilayer depicted in Figure 4.7 contributes in the parallel
state a resistance-times-area RpA ~ 910 Q-nm?, while in the antiparallel state it
contributes RapA ~ 1550 Q-nm?. Given that the device has a cross-sectional area
A =130 nm x 70 nm = 9100 nm?, the expected resistances in the two states are

Rp ~ 100 mQ) and R4p ~ 170 m$. This is only about 2-3% of the total resistance
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measured. There are other contributions from the bulk resistivity of the top Au
cap and the Cu top lead, as well as from the so-called spreading resistance, which
arises when a narrow channel (the nanopillar) is connected to a macroscopic lead.
However, this cannot fully account for the remainder of the resistance. Given Frank
Albert’s pillars with significantly lower resistance, I estimate that a minimum of
50% of the total resistance derives from the contact formed between the Au cap and
the Cu top lead. This contribution varies greatly from sample to sample, giving
total resistances from 1.5{) — 158} for devices with the same nominal dimensions.
It is interesting to note, though, that the absolute resistance-times-area difference
between the two states, (Rap — Rp)A = 600 £ 200 Q-nm? for most of my devices.
devices. This is in reasonable agreement with the above estimation for the intrin-
sic trilayer resistances, and is also consistent with the resistance levels observed in

Frank Albert’s devices of similar sizes ,where (Rap — Rp)A = 480 + 20 Q-nm? [13].

4.3.2 Current-Induced Switching

Figure 4.7b is a plot of differential resistance dV/dI vs. current I for the same de-
vice shown in Fig. 4.7a, in a small field of 50 Oe applied along the long axis, and
at room temperature. A clear hysteresis in the signal as a function of current can
be observed, corresponding to a switching of the nanomagnet between parallel and
antiparallel alignment with the thick layer. The symmetry of this hysteresis is the
same as that seen in previous nanopillar studies, as well as the nanoconstriction
studies. In addition to this hysteresis, there is an asymmetric rise in differential
resistance with increasing current bias of both signs. This rise may come about
from a combination of Joule heating of the sample by the current, and thermopower

voltages generated by the dissimilar metals in the pillar [14]. The two resistance
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levels measured by sweeping the current are the same levels seen in the magne-
toresistance (Fig. 4.7a), confirming that in both cases the nanomagnet is cleanly
switched between its two stable configurations along the long axis. The consistency
of the magnetic behavior between application of current and field again highlights
the simplicity of this geometry in comparison to nanoconstrictions, where the cur-
rent and magnetic field can affect different parts of the thin extended magnetic layer
and thus result in resistance signals that are hard to correlate.

The measured critical currents can be compared quantitatively to the Slon-

czewski torque model, using the Landau-Lifschitz-Gilbert (LLG) equation:

Sy,
dt

— — n — — C[A n —
= ’)/SFQ X Heff — |:’)/OéSF2 X <SF2 X Heff> + ;SFQ X <SF1 X SF2>:| R (41)

where §F2 is the spin moment in the excited domain of layer I'2, and $py(ry) a
unit vector in the direction of the spin moment in layer F'1(F2). The constant
¢ is defined in Chapter 2 and contains Slonczewski’s factor ¢(#), which depends
on the polarization properties of the materials and the angle 6 between Spy and
Spa. As before, the critical quantity needed to determine the instability threshold is
the effective field F[eff. For the nanoconstrictions, quantitative analysis necessitated
replacing the complex local field F]eff with an oversimplified average. In the simpler
geometry of nanopillars, however, the main contributions to F]eff can be included

directly into the calculation. I write the total effective field as
[:jeff = ]__ju + ﬁdemag + [:joffset- (42)

The first field H, lies along the long axis of the pillar and represents the effects
of shape (magnetostatic) anisotropy. There may be other contributions to the
anisotropy from the crystalline structure of the Co, but the existence of the two

stable magnetization states along the long axis demonstrate that the dominant part
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of the in-plane anisotropy is due to shape. The second term F[demag represents the
large demagnetizing field felt by the moment when it points out of plane, also due

to magnetostatics. This has the form
F[demag = _47[-7 <§F2 : ﬁ) ﬁ? (43)

where 7 1s a unit vector normal to the nanomagnet plane, pointing outwards. The

is the magnetization in field units, which for Co is 17 kOe. The

quantity 4my ‘§F2
last field term, F]Offset, contains all other possible local field couplings, including
dipolar couplings between the layers and interlayer exchange. To simplify the anal-
ysis, I make the following two assumptions: that Ijloffset||ﬁu; and that §F1||[j[u
The second of these assumptions can be achieved experimentally by applying a
small field greater than the coercive field of the thick magnetic layer (50 Oe) ap-
proximately along the easy axis of the nanomagnet, as in Figure 4.7. We cannot
be as sure of the validity of the first assumption, but, as there are fewer extraneous
couplings involved, it is likely a far less egregious simplification than it is for the
nanoconstriction geometry.

Returning to Eqn. 4.1, we find that the effective field F]eff described above results
in a precession around the easy axis that is not circular, but compressed into an
ellipse due to the demagnetizing field (Figure 4.8). While in the plane of the film,
the moment orbits according to the uniaxial anisotropy. This bring the moment out
of the plane, which generates a large demagnetizing field and induces a much faster
precession along the long axis of the ellipse. Since the damping is proportional to
the rate of change of the moment, it is therefore not constant over the orbit, and
does not always point radially in towards the easy axis. As a result, the damping
and spin-transfer torques do not lie along the same direction at all points on the

orbit, and we cannot easily compare their magnitudes at any particular time, as
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Figure 4.8: (a) Motion of spin moment Spy in the presence of a uniaxial anisotropy
[j[u and a large perpendicular demagnetizing field F]demag. (b) Top view of the
moment motion. The precession orbit is elliptical in the absence of damping (solid
line); with damping it spirals inwards (dotted line), with its largest damping torque
(solid arrow) occurring when the moment moves out of the film plane. The damping
is not necessarily opposite in direction to spin-transfer (dotted arrow); thus an
average over a complete orbit is necessary to compare the relative effects of damping
and spin-transfer.
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we could for the simple uniaxial anisotropy model in Chapter 2. However, if we
assume that the damping is small (o << 1), then we can compare the effects of the
damping and spin transfer averaged over a complete orbit, since it will take many
such orbits before either the damping or the spin-transfer has a significant effect on
the moment. This was done in [6] by calculating the average rate of change in the
energy of the magnet over one orbit, for a small elliptical orbit about one of the

energy minima with average angle amplitude A:

dE Hy & Hyppoe Ig(0
()~ At eed s (o [, & gt 24~ | a1
dt orbit ")/ SF2 € SF2

. F]eff, g(0) is the Slonzcewski factor, and the sign of H,fsse

where £ = ~ ‘gFQ
depends on whether the offset field favors or opposes the energy minimum of interest.

With [ = 0 or very small, (dE/dt) < 0, and the moment decays to the energy

orbit
minimum. If the average energy change is positive, however, the moment is driven
away from the minimum and switching occurs. Let us assume that Ijloffset is in the
same direction as §F1, so that it favors a parallel alignment of the moments. If the

moments g and Spo begin nearly parallel (§ ~ 0), and the current [ is positive,

then the magnet will switch at currents greater than the critical current
ae (Hu —I' Hoffset —I_ QWM)FY ‘gF?
I+ =
hg(0)

If the moments in the two layers are nearly antiparallel (§ ~ 180°), then a negative

(4.5)

current is required to switch the layers; the critical current is
ae(H, — Hoppoer + 27 M)~y §F2
I-=-
hy(r)

The effect of the offset field can be subtracted out, as was done in Chapter 2, by

(4.6)

combining the equations above:

ae(H, + 27 M)~ ‘gFQ
AV~ glm)I- =2 _
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The value of the uniaxial field H, can be approximated as the coercive field H.,
taken from the magnetoresistance data. For the device of Fig. 4.7, H. = 560 Oe.
Note, however, how this is dwarfed by the term in Equation (4.7) that comes from
the demagnetizing field, 27 M = 8.5 kOe. This illustrates the starkly different
thresholds for reversal induced by a current within the torque model as opposed to
reversal induced by a magnetic field. At fields greater than the in-plane anisotropy
H,, one of the stability points is no longer a stable energy minimum (formally, it
becomes a saddle point), and natural dissipative processes will drive the magnet to
align with the other stable point, which is a global energy minimum. In the case
of the current, however, even when spin-transfer torque overcomes the damping
associated with H,, the moment will still rotate out of plane during its precession
and generate the much larger demagnetizing field, which creates a correspondingly
larger damping that drives the moment back towards the energy minimum. It is
only when spin-transfer can overcome the damping associated with both H, and
Hjemmay over a complete orbit that the magnet will be driven away from its stability
point over time. I will explore the distinct mechanisms of field and current-induced
reversal in more detail in Chapter 5, when I consider a more complete nanomagnet
stability diagram.

For the moment, we can substitute numbers into Equation (4.7) and compare
with the measured critical currents. The Slonzczewski factors are g(0) = 0.13 and

g(m) = 0.52, and ~ ‘gFQ

= (1400 emu/cm?®) V for Co, where V is the volume of
the nanomagnet. This volume for the device of Fig. 4.7 is (130 £ 10) nm x (70 £

10) nm x 2.5 nm = 23,000 £ 5000 nm?®. The resulting expression is

0.13 x |[IF] = 0.52 x |17

= o x (80 + 20) mA, (4.8)

which for the device in question yields good correspondance when a = 0.02 — 0.03.
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An average of similar calculations for my my other devices also gives typical damping
constants of @ = 0.01 — 0.03. In Chapter 5, I show that reversal is a thermally-
activated process, so that the measured switching currents are likely smaller than
the T' = 0 values, typically by 30-40%; this suggests that the estimated values of «
should be adjusted upward slightly, to about o« = 0.015—0.045. A damping constant
in this range is in general agreement with the previous studies [6, 8], and are several
times smaller than the values extracted from the nanoconstriction measurements
of Chapter 2 (o = 0.05 — 0.2). This can be understood as a consequence of the
relative isolation of the nanomagnet in the pillar as opposed to the domain in the
constriction. The nanomagnet is not exchange-coupled to an extended film, and
so there do not exist a large set of spin-wave modes which couple to the moment
and can channel energy away from it. Thus the damping processes associated with
current-induced reversal of the nanomagnet should be significantly smaller than for
the domain in the nanoconstriction geometry.

However, it should be pointed out that the nanopillar damping determined from
the switching currents is 2-3 times larger than than the damping extracted from
FMR measurements on macroscopic samples, o = 0.007 [15]. Moreover, in the mea-
surements performed by Katine and Albert on the high-field dynamical excitations
in nanopillars [6], the fitted damping constant is o & 0.005, lower than seen for
switching and much closer to the FMR measurements. One explanation for the dis-
crepancy is that, unlike the high-field precession, the magnetic reversal induced by
spin-transfer might involve nonuniform motion of the moment; there may be more
complex modes which couple to finite-wavelength spin-waves in the magnet. This
would increase the effective damping, but, unlike the nanoconstriction case, these

modes are bounded by the finite size of the nanomagnet and so cannot draw energy
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away from the region of excitation. Thus the enhancement is relatively small. By
contrast, the lower damping for the high-field excitations might indicate that they
are more uniform excitations, and so correspond better to the damping measured
in uniform-mode FMR measurements. Recently, it has been observed that the pres-
ence of an interface between a ferromagnetic thin film and a paramagnetic film can
also significantly enhance the FMR linewidth of the ferromagnet [16]. This has been
explained as an increased damping due to parametric pumping of conduction elec-
tron spins into the normal metal by the precessing spin moment [17]. Alternatively,
Berger has predicted an increased damping at normal-ferromagnetic interfaces due
to an enhanced spin-flip scattering rate of conduction electrons there [18].

Of all the Co/Cu/Co devices I have made, roughly 5-10% of them show clean two-
level switching [21]. The remainder still show effects that can largely be attributed
to spin-transfer, but the signals often include multiple switching events and peaks
in the differential resistance. This indicates that there can be large sample-to-
sample structural variations, which can give rise to complex magnetic behavior. Such
variations are not always correlated to the structural variations of the pillar shape
as measured on the test arrays by AFM and SEM, as devices made from wafers with
regular arrays can have a wide variety of magnetic behaviors. One additional factor
that could contribute to this variation, and something that is not easily measured via
either SEM or AFM, is the microscopic variation in the mill depth from sample to
sample. If the mill grinds down significantly into the thicker magnetic film, it could
create a partially-isolated domain below the nanomagnet that might contribute to
additional complexity in the signal. In addition, the material that is sputtered
off of the layers by the mill does not just disappear, but is redeposited elsewhere.

Most of it lands far from the pillar, but a small portion of sputtered material may
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redeposit on the sides of the pillar. If this includes a significant amount of Co,
the nanomagnet may feel additional couplings which would complicate the reversal
mechanism. Both the AFM and the SEM are sensitive only to the shape of the pillar,
not the material composition, so such structural irregularities can not be observed

before measurements on a finished device are made.

4.3.3 Anomalously-Small Devices

Although the structural variations limit the yield of quality devices, it can also have
positive results. A small subset (about 10%) of the two-level switching devices,
produced during one particular fabrication run, showed unusually good switching
properties. The pillars on this wafer were all fabricated to have lateral dimensions
of 130 x 70 nm. While the average difference between critical currents It — I for
all of the devices was about 10 mA, several devices had switching current differences
It — 17 <2 mA, with both |IF],]I7] <1 mA. The magnetoresistance ratio of these
devices was also relatively large, about 5%, and the resistance difference between
the two states (Rap — Rp) &~ 150 — 300 mf2, higher than the vast majority of the
devices, and significantly higher than that estimated in section 4.3.2 for a device
with the same cross-sectional area. Figure 4.9 shows the current-induced hysteresis
loop for one of these devices.

The large Rap — Rp suggests that these devices have a smaller cross-sectional
area than expected; further measurements reveal that their shapes are also likely
different from the other devices. Figure 4.10a is a magnetoresistance plot for the
device pictured in Fig. 4.9, with the field applied along the pillar’s long axis, which I
will define as an angle of ¢.,, = 0. Although two jumps can be distinguished, there

is also significant continuous variation of the resistance with field, indicating that the
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Figure 4.9: Current-induced hysteresis loop for a (Cogs5/Cus/C040)nm device
(SC3434) of nominal dimensions 130 x 70 nm. The switching currents for this and
a select few other devices are considerably lower than devices of the same supposed
size made in parallel on the same wafer.
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average magnetization direction of the nanomagnet does not remain fixed as the field
is swept. If we rotate the field angle by 90°, however, the magnetoresistance curve
changes dramatically (Figure 4.10b). Now the resistance is nearly constant, other
than the two abrupt jumps due to reversal of the thick layer and the nanomagnet.
The difference in the two resistance states is also increased, which suggests that
full antiparallel and parallel alignment is more closely achieved for this field angle.
Other devices in this subset show this same dependence on field angle.

These results are completely contrary (one might even say “orthogonal”) to
what one would expect for the device. Since the pillar is engineered to have its
ecasy axis along the ¢.,, = 0 direction, the stable magnetization directions should be
aligned here. The magnetoresistance data, however, indicates that the nanomagnet’s
easy axis is much closer to perpendicular to this long axis. There can be no other
conclusion than that the structure of this device is not what think it is; somewhow
it has been deformed enough to make the easy axis roughly perpendicular to what
was intended. Moreover, from the large difference in resistance levels and the low
currents needed to switch the device, we can surmise that these nanomagnets are
significantly smaller in cross-sectional area than intended. For the device in Fig.
4.9, the resistance difference of (Rap — Rp) &~ 280 m$ is 4 times larger than the
calculated estimate for a 130 x 70 nm pillar, suggesting that the cross-sectional area
is 4 times smaller. This is consistent with the observation that the critical currents
are 4-5 times smaller than average. Similar analyses on the other devices which
display large values of R4p — Rp indicate that they are 2-4 times smaller than
originally engineered. The anomalously-small pillar size may have come about due
to a glitch in the electron-beam exposure, which made a significantly smaller dot,

or an inhomogeneity in the mill mask which resulted in a partially-destroyed pillar.
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Figure 4.10: Magnetoresistance loops for the device of Figure 4.9 (SC3434), with
the field applied (a) along and (b) perpendicular to the engineered long axis of the

device.
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The associated arrays for these devices show pillars of the approximate engineered
size and elongated along the correct axis, so there was little prior evidence that could
have predicted such occurrences. I can also estimate the shape of the device depicted
in Fig. 4.9 in the following manner: if I assume that the crystal’s contribution to
the total anisotropy averages out over the polycrystalline nanomagnet, and if we
neglect any contribution from surface anisotropy or strain fields, then the anisotropy
is entirely determined by its shape via magnetostatic fields, and we can estimate
the aspect ratio from the coercive field. Approximating the nanomagnet as an
ellipsoid [22], taking the coercive field along the easy axis H. =~ 1.5 kOe, and using
the magnetization for Co 4r M = 17 kOe, I find that this nanopillar behaves like a
magnet of rough dimensions 30 x 80 nm, with long axis approximately perpendicular
to the engineered hard axis. The similarity of the long axis for this device to the
short axes of more typical devices suggests that this pillar may have formed as a
narrow slice of a normally-engineered pillar due to an inhomogeneous mill mask.

If we look at the data in more detail, we find that these deformed magnets are
not merely small, but extremely well-behaved as well, as their behavior with the
direction of applied magnetic field can largely be understood by the very simplest
of magnetic models. Figure 4.12a displays a series of magnetoresistance traces over
a 90° field range in 4.5° increments, taken from ¢.,, = 81° to ¢.,, = —9°. The field
is swept from negative to positive values. Although I have looked at the angular
dependence of the field on the magnetoresistance for other devices of similar quality,
this is the only device for which I have done such a detailed study. As the field
direction is varied, the shape of the curve changes from a near-rectangle to a much
more sloped line with smaller height. At the same time, the coercive field of the

nanomagnet, corresponding to the jump down in resistance at higher field, changes
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non-monotonically, first decreasing, then increasing.

We can capture the shape and behavior of these curves by employing the Stoner-
Wohlfarth model of uniform magnetization reversal [23, 24]. In this model, exchange
forces are assumed to be strong enough that the magnetization is completely uniform
throughout the magnet, so that it can be treated as a single vector M. The magnet
has a uniaxial anisotropy with anisotropy energy K, and an external magnetic field
His applied. The simplest version of the model assumes that the anisotropy axis, F[,
and M all lie in the same plane, which can be reasonably applied to my experimental

geometry, where the strong demagnetizing field inhibits moment motion out of the

plane of the nanomagnet. The total energy can be written as

— —

E(H,0,6) = K,sin2(0)— M -1, (4.9)

= K,sin*(0) — M H (sin(0) sin(p) + cos(0) cos(¢)),  (4.10)

where 6 is the angle between the easy axis and M, and ¢ is the angle between the
easy axis and H.

It is the competition between the anisotropy and the field energy terms that
gives rise to magnetic hysteresis. The case for a particular field angle (¢ = 45°) is
illustrated in Figure 11. The model assumes the magnetization M always resides
at a local minimum of the energy. Consider a field sweep from negative to positive
H. If H << —K,/M (Figure 4.10a), then M will be approximately aligned with
H, in the direction of § = 225°. As H is reduced to zero (Figure 4.11b), M rotates
away from 45° until it points along one of the energy minima of the anisotropy term
§ = 180°. When H changes sign (Figure 4.11c¢), M will continue to rotate, staying
in the local (no longer global) energy minimum. It is only when this minimum
disappears, which, for ¢ = 45° occurs at a field H. = K,/M, that the magnet

switches to the global energy minimum (Figure 4.11d).
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Figure 4.11: Schematic of total energy vs. angle for a magnet in the Stoner-Wohlfarth
model, for a sequence of magnetic fields applied at an angle ¢ = 45° to the easy
axis. The two vertical dashed lines represent the directions of the field for both
field signs. (a) At large (negative) fields, the magnet lies near the direction of the
field. (b), (¢) The magnet rotates as the field is reduced and changes sign, until the
local minimum disappears (d). For this field angle, this occurs at the coercive field
H.= K,/M, where K, is the anisotropy energy and M the magnetic moment.
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Figure 4.12: (a) Magnetoresistance at various angles of applied magnetic field for
the device of Fig. 4.9 (SC3434), with the field swept from negative to positive values,
over a 90° angle range. (b) Theoretical magnetoresistance curves, calculated within

the Stoner-Wohlfarth model as described in the text.

The curves are calculated

from ¢ = 16° (top curve) to ¢ = 92° (bottom curve), where ¢ is the angle between
the field and the anisotropy easy axis.
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The degree of rotation of M and the field at which it switches depends on the
angle ¢. By calculating the minima of Eqn. (4.9) as a function of magnetic field
amplitude and direction, we can determine the magnet’s direction within this simple
model. However, in my experiment [ read the magnetization direction indirectly,
as a resistance level in the device via the GMR effect. To a good approximation
(within a few percent), the GMR effect for two layers is expected to give a resistance
of the form

R(Ml,MQ) :A+BM1 'Mg, (411)

where Ml, M, are the magnetic moments in the two layers, and A and B are con-
stants [25]. If we assume that the magnetization of the thick extended film follows
the direction of the magnetic field, which is reasonably valid as long as H is larger
than the coercive field of the film (50 Oe), then we can use Equation (4.10) to
translate the Stoner-Wohlfarth model into an expected magnetoresistance curve.
The results of those calculations are shown in Figure 4.12b. The field angles
used in the figure range from ¢ = 16° to ¢ = 92°. Note that ¢ and ¢.,, refer to
different quantities, as ¢.;, is defined independent of the magnet’s easy axis. As
in Fig. 4.12a, the field is swept from negative to positive. The model captures the
qualitative behavior of the magnet’s motion. Near ¢ = 0° (¢eyp ~ 81°), the field
is nearly aligned with the easy axis, so that the energy minimum stays essentially
fixed in one direction along the easy axis until the coercive field is reached. As
the magnetic field direction deviates from ¢ = 0°, the equilibrium magnetization
direction will not be along the easy axis but at some angle between the easy axis
and the field. Since this angle is less than 180° but greater than 0°, it will result
in a resistance larger than that for full parallel alignment for negative field, and a

resistance smaller than that for full antiparallel alignment for positive field. Also,
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this equilibrium angle moves as the magnitude of the field changes, giving a slope to
the resistance, until the local minimum disappears and the nanomagnet switches.

The striking agreement of this nanopillar’s behavior with the Stoner-Wohlfarth
model is noteworthy, because it demonstrates that the dominant mode of reversal is
simple uniform rotation of the moment, and does not involve formation of domains
or pinning directions, even when the field is pointed along the hard axis. This is
not true of most of my nanopillars; for example, the simple magnetoresistance for
the device in Fig. 4.7 breaks up into multiple jumps when the field direction is
moved significantly off the easy axis. Thus, even though these other pillars appear
to exhibit simple current-induced switching behavior when the field is aligned with
the easy axis, the actual reversal mechanisms may not be simple, likely involving
nonuniform motion of the nanomagnet moment. This limits the extent to which we
can quantitatively compare the current-induced reversal properties to the simplest
Slonczewski model, in which the magnet acts as a single giant spin. By contrast,
the device of Fig. 4.9 may be a more ideal system in which to study spin-transfer,
as the magnet conforms to the uniaxial anisotropy model over a wide range of
magnetization angles.

Unfortunately, if we press further and try to make more quantitative comparisons
between the Stoner-Wohlfarth model and this nanopillar device, we find that our
hopes for ideality only take us so far. One specific prediction that comes out of the
Stoner-Wohlfarth model is the dependence of the magnitude of the coercive field, H.,
on the field angle ¢. The coercive field is maximized both when the field is pointed
along the hard axis, and (less intuitively) along the easy axis. The dependence can

be expressed analytically as

(H.(¢)cos(#))”” + (H.(¢) sin(¢))*" = (H.(6 = 0))*/°. (4.12)
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This is called the switching astroid. Figure 4.13 shows a plot of Eqn. (4.9), along
with the measured coercive fields as a function of the experimental field angle ¢.,,
for the nanomagnet of Fig. 4.9. The theoretical curve has been plotted using a fit
parameter of H.(¢ = 0) = 2.24 kOe, and has been shifted by —85.5° to provide a
good fit to the data. The fit is close over the range ¢.,, = 0 — 81° and its mirror
image ¢.;;, = 180 — 261°, but there is significant deviation over the rest of the data.
In particular, the minimum and maximum H, are not 45 degrees apart, as predicted
by the model, and the peak around ¢.,, = 180° (the hard axis direction) is not
symmetric.

It is disappointing, but not surprising, that perfect agreement with the ex-
tremely simple Stoner-Wohlfarth model is not achieved here. In previous studies
of lithographically-defined Co ellipses 50-150 nm in size [26], agreement with the
Stoner-Wohlfarth model was observed over certain angle ranges for small (80 x 50
nm) magnets. However, deviations from Stoner-Wohlfarth behavior, similar to the
ones observed here, were found that could be explained as a consequence of shape
irregularities that modified the effective uniaxial anisotropy field as a function of
angle. For magnets closer to the typical sizes of my nanopillars (130 x 70 nm),
and as is found generally for even larger nanomagnets (e.g., [10]), the switching
deviates strongly from Stoner-Wohlfarth reversal and usually consists of multiple
switching events when the field is near the hard axis. One might thus think that
making the magnet even smaller would bring us closer to uniaxial reversal. However,
measurements on nanomagnets as small as 3 nm have shown that crystalline and
surface anisotropy contributions dominate the total anisotropy as the magnet size is
reduced, and in general give significant higher order terms above the uniaxial term

[27, 28]. The ideal Stoner-Wohlfarth model system thus appears to be an ill fit to
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real nanomagnets; it is fortunate that the model applies to some of my devices as
well as it does.

Unfortunately, the event which created these devices seems to have been a
double-edged sword, as they are also unusually fragile. The reader will notice that
the full range of angles are not represented in Figure 4.13. This is because an irre-
versible change in the sample occurred part of the way through the angular study.
At approximately ¢ = 130° on the graph, the resistance of the device suddenly
doubled and the magnetoresistance disappeared. In short, the sample was no more.
As the deviations from the Stoner-Wohlfarth astroid are most prominent immedi-
ately prior to this event, they could have been a precursor of a structural change
in the device. However, the resistance of the device in this region did not change
significantly before the sudden jump. This device, and the others like it, had a prior
history of instability and fragility. As the astute reader will note, the resistance
levels shown in Figure 4.9 do not match those in Fig. 4.10. This is because the resis-
tance jumped by approximately 0.7 €2 between the measurements. The qualitative
characteristics of the device did not change, but the critical currents increased by
about 50%, and the critical fields by about 30%, after the jump. These jumps in
general occurred spontaneously, and to the best of my knowledge were not triggered
by voltage spikes or other overtly-damaging influences. This fragility is in contrast
to typical nanopillar devices made by my colleagues, some of which lasted for years,
and are usually only destroyed by very large currents. This may indicate that the de-
vices were experiencing significant stresses——perhaps induced by ion-mill damage,
perhaps magnetoelastic——and eventually (and unfortunately) relaxed.

In concluding this chapter, I note that, for the device I have been using as

illustration, the final, fatal magnetic field measurements were taken only after a
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large amount of data had been previously accumulated. This device is in fact the
centerpiece of the next chapter, which is the study of the role thermal fluctuations
play in current-induced reversal. To perform this study, the statistics of current-
induced reversal must be measured, and to that end this magnet was successfully
reversed, using either a current or a magnetic field, over 100,000 times. As we
will see, the accumulated statistics not only give insight into the finite-temperature
stochastic nature of the reversal, but they can be used to understand the switching

behavior at zero temperature.
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Chapter 5

The Role of Temperature in
Excitations Induced by a

Spin-Polarized Current

The data I have presented in this dissertation on the spin-transfer effect have for the
most part been interpreted using the Slonczewski torque model. This model uses
as its primary mathematical tool the Landau-Lifschitz-Gilbert (LLG) equation, a
partial differential equation that connects the dynamics of a spin moment to the
torques exerted on it, which come from the couplings of this moment to the ex-
ternal world. The couplings discussed so far are the effective field, which defines
the potential energy landscape for the moment; the damping, which describes how
the moment gives up energy to its environment; and, of course, spin transfer. As
described by the LLG equation, magnetic excitations occur in a nominally stable
magnet when spin transfer pumps energy into the system faster than the damping
can remove it. However, this simple balance is only strictly valid at zero tempera-

ture, a restriction which has been implicit in all of the analysis I have used up to
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this point. At finite temperature, the environment will not merely absorb energy
from the magnet, but also send energy back into the magnet in a stochastic, fluc-
tuating manner. Understanding the effect of spin-transfer in the presence of such
fluctuations is a complicated task, but its importance is undeniable, particularly
since the effect is most often studied in nanopillar devices at room temperature. 1
devote this chapter to an exploration of the role that thermal fluctuations play in
magnetic reversal induced by a spin-polarized current. By studying the statistics of
reversal using both a current and an external magnetic field, I observe phenomena
that highlight the distinct and novel role played by spin-transfer in manipulating

small magnetic systems.

5.1 Current-Induced Switching: a Thermally Ac-
tivated Process?

Figure 5.1a shows a hysteresis loop in differential resistance dV/d[l vs. current for
the Co/Cu/Co trilayer nanopillar featured at the end of the previous chapter, at
an applied field of H = 50 Oe, and T" = 295 K (room temperature). For clarity
I will refer to this device as Device 1. 1 also display the formal device name in
parenthesis in the figure caption for identification purposes. Table 5.1, at the end of
this chapter, gives the details of the three devices that are primarily discussed in this
chapter. The transition is abrupt as predicted by the torque model, which describes
an instability to rapid reversal occuring at a specific current threshold. However, if
this hysteresis loop is measured again, the reversals do not occur at exactly the same
current. Figure 5.1b is a histogram of the switching currents [T for the parallel-to-

antiparallel (P — AP) transition, for many hundreds of such loops. As can be seen,
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the switching occurs over a broad distribution of currents; the antiparallel-to-parallel
(AP — P) transition current I shows a similar distribution. I primarily use data
from this device and a few others as the basis for the arguments in this chapter.
However, the statistical distributions I observe here are seen in all of my nanopillar
devices when I measure the hysteresis loops many times near room temperature.
The statistical spread in switching currents directly demonstrates that there is a
stochastic character to the current-induced magnetic reversal. Several mechanisms
could contribute to the randomness of the switching transition; for example, the
nanomagnet might be randomly placed into a slightly different micromagnetic state
each time it is reversed, thus changing slightly the current threshold for the next
reversal. However, the randomness of the current-induced switching is also explicitly
time-dependent. This can be seen by performing a different kind of measurement,
one in which the device is biased at a constant current and the resistance is mon-
itored. If the bias is near (but below) the bulk of the distribution of switching
currents, the device will spontaneously switch after a period of time that varies be-
tween measurements. From the statistics of these so-called “waiting times” [1], we
can determine the probability P(¢, 1) of the magnet not switching after a current /
has been applied for a time t. Plots of P(¢, 1) vs. ¢ are shown in Figure 5.2a for the
P — AP transition of a (Cog5/Cug/C040)nm trilayer of lateral dimensions 50 x 70
nm (Device 2) at room temperature and H = 50 Oe, for several values of current
I. The curves can be well-fit to P(t) = e(~!/7), where the characteristic switching
time 7 is the sole fitting parameter. 7 decreases rapidly as [ is made larger, showing
that the random spontaneous switching is highly sensitive to the size of the current.
The switching time 7 also depends strongly on temperature. Figure 5.2b shows the

probability P(t, 1) with [ = 0.85 mA for this same device, both at T" = 295 K and
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Figure 5.1: (a) Differential resistance dV/dI vs. current for a (Cog5/Cus/C040)nm
nanopillar device (Device 1,5C3434), at T = 295 K and H = 50 Oe, for both current
sweep directions (b) Histogram of switching currents for the P — AP transition
shown in part (a), when the current is swept back and forth many times.
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Figure 5.2: Waiting-time measurements. (a) Probability of the magnet not switching
out of the P state into the AP state P(¢) (symbols) vs. time ¢, at a given constant
current bias [, for a (Cos5/Cus/C040)nm nanopillar device of lateral dimensions
50 x 70 nm (Device 2, SC3291) at T' = 295 K and H = 50 Oe. The lines are fits of
the data to the function P(t) = e~%/7, with 7 a fitting parameter. The box shows the
fitted 7 for each current /. (b) Measurement of P(¢) at a fixed current I = +0.85
mA, at room temperature T'= 295 K and T ~ 310 K.
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T ~ 310 K. The temperature variation in this case was done rather crudely: a heat
lamp was used to warm the device, with temperature monitored by a thermometer
mounted on the sample holder. As a result, the temperature may have fluctuated
slightly over time, worsening the fit of the data to a simple exponential. In any
case, we can see that the effect of heating the device is dramatic; increasing T by
approximately 5% has decreased 7 by nearly a factor of 40. After the heat lamp
was switched off and the waiting-time measurement performed again, the timescale

7 increased to within 25% of its initial room-temperature value.

5.1.1 Model of Thermal Activation

The data lead us to believe that thermal fluctuations play a central role in triggering
the reversal. This should not come as shocking news. The role of random thermal
agitations in driving physical systems out of metastable equilibrium is ubiquitous
in nature [2], and has been a long-discussed topic in the study of magnetic reversal
at finite temperature [7, 8, 17]. The basic concept is depicted in Figure 5.3. A
classical system in a particular state & has a global potential energy U(x). U(x) has
the functional form of two wells, one much higher in energy than the other, with a
barrier of height U, in between. Say that the system is initially placed in the higher-
energy, metastable well. Classical statistics says that at T' > 0 the system will not
sit precisely at the energy minimum, but will fluctuate around that minimum, with
probability of being found at any time with energy U of Positzmann(U) ~ e(=U/kBT)
Thus there is a finite probability in time Py (2) that the system will be found at
the top of the barrier; if so, it can naturally switch into the other well. The switching
probability is Psyiten(t), with P(t) = 1 — Pysyuiten(t) the probability that the system

will remain in the inital well. Once the system has escaped, we can assume that it
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never returns to the metastable state, since the barrier to this transition is much
larger. A general expression for the transition probability was first determined by
Arrhenius in 1889 [3], and later developed further by Kramers [4], among others.
This model states that the probability P(t) of the system can be found from the

differential equation

dpP 1

—(t) = —=P(t 5.1
)= L, 5.1)
7 = 7oel~Ue/kBT), (5.2)

The attempt time prefactor 7o depends on the microscopic details of the fluctuations
within the potential well. Equation (5.3) is an extremely general expression and can
be applied to a wide variety of physical and chemical processes, including processes
that involve nonconservative forces, where the energy barrier is defined as an effective
barrier [5, 6]. The details of the physics come into the determination of the barrier
height U, and 7. If Uy, 79, and T are constant, Equation (5.2) describes simple
exponential decay of the state out of the metastable well.

In the case of magnetic reversal, Néel [7] and Brown [8] explicitly derived the
Arrhenius form of reversal probability for a single-domain uniaxial magnet; more re-
cently, the model has been extended to magnets with higher-order anisotropy terms
[9]. We can extend the discussion from the previous chapter of a uniaxial magnet
by considering how temperature affects field-induced reversal. At zero applied mag-
netic field, both potential wells are at the same level and the barrier Uy = K, where
K, is the anisotropy energy. The magnet sits in one of these wells. If a field H is
applied roughly in opposition to this magnetization direction, then the energy of the
magnet will increase, and the potential barrier will decrease, U, — Uy(H) < Uy. At
T = 0 the magnet will only reverse when U, — 0; at finite temperature, the magnet

will reverse before then, on a timescale 7 = 7(Uy(H)) set by the field. When the
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Figure 5.3: Thermally-activated reversal process. A system has a state x with energy
U(z). If the system is initially in a metastable energy configuration separated from
the global energy minimum by an energy barrier of height U, random thermal

fluctuations will drive the system over the barrier on an average timescale 7 o
cUn/kpT
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barrier height U,(H) is close to zero, it can be approximated by a power law:

Uy(H) = Uy (1 - [f())H (5.3)

where H. is the T = 0 coercive field, Uy the barrier height at H = 0, and ag
a scaling exponent. The scaling exponent depends on the symmetry properties of
the total potential energy. When the field is perfectly aligned with the anisotropy
axis, ag = 2; otherwise it is closer to ay = 3/2 [18]. For more realistic forms of
the anisotropy, the 3/2 scaling exponent still holds as long as H is close to H..
The attempt rate 79 also depends on the anisotropy and the applied field, as well
as the magnetic damping in the system [9]; however, as the dependence of 7 on
the exponential factor is much stronger than it is on 79, most experimental data is
interpreted assuming 7y /&~ constant. Extensive recent experiments by Wernsdorfer’s
group [16, 17] have found that the finite-temperature reversal statistics of sufficiently
small single-domain magnets in the presence of a magnetic field are well described

by this model.

5.1.2 Statistical Switching Distributions: The Kurkijarvi

Approach

My waiting time data suggest that this model of thermal activation can also be
applied to current-induced reversal. However, the bulk of the data I have taken
is not of the waiting times, but of the distributions in switching currents. This is
because waiting time measurements are in general more time-consuming and more
prone to experimental error. Therefore to better compare the thermal activation
model to the statistics I observe, the model needs to be re-expressed in terms of

switching distributions. This was first done by Kurkijarvi [20], who considered
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thermal activation using a barrier of the form of Eqn. (5.3), but with H a linear
function of time, H = Ht, where H is the sweep rate. Note that this barrier need
not be explicitly derived from a potential energy, so that the Kurkijarvi approach
can be applied to situations where nonconservative forces are present [5, 6]. When

T varies in time, Eqn. (5.1) becomes

dP 1
t

D = o (5.4)

— P(t) = oJo st (5.5)
= ex tie[U(J(l—gZ;)aH]/kBT /

P (/o o dt) : (5.6)

The switching distributions can be related to this expression, in that the shape of the
histogram of switching fields should be proportional to dPsten/dH = —dP/dH =
—HdP/dt. Theoretical curves of —dP/dH as a function of H from Kurkijarvi’s
paper [20] are shown in Figure 5.4 for various values of sweep rate H. These distri-
butions can be characterized by their two primary statistical properties, the mean
and the standard deviation. The following two expressions will be central to my sub-
sequent analysis; in anticipation of applying them to both field and current-induced
reversal, [ write them not in terms of a field H, but a more generic parameter D.

The mean (D.) and standard deviation op, are, to leading order, [19]

kgT . L/ap
(De) =D |1 — ( A(T, D)) , (5.7)
Us
_ |Deo| (kBT Yep {A(T D)} (1-ap)/ap (58)
O-Dc - ap UO 9 9 .

. 1 kBT|DCO|< Dol )“D‘l
A(T, D) = In . . 5.9
(T, D) [Toap Us |D| \|Do—(D.)| (59)
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switching distribution at various sweep rates, from [20].
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5.1.3 Current-Switching Data and Kurkijarvi Equations

Equations (5.7) and (5.8) make specific predictions for how the distributions should
vary with the system parameters; this allows me to test whether or not current-
induced reversal is well described by the model of thermal activation. For example,
as the temperature is decreased, the mean of the switching current distribution
should increase towards its T' = 0 value [9. Similarly, an increase in the sweep rate
[ should increase the mean; since the sweep rate dependence is contained in the loga-
rithmic term A(T, [), this dependence should be much weaker than the temperature
dependence. Figure 5.5 shows plots of (1.} as a function of T’ (Fig. 5.5a) and I (Fig.
5.5b), for a (Coy5/Cug/C040)nm nanopillar (Device 3) of lateral dimensions 130 x 60
nm, for the P — AP transition. The sweep rate measurements were all taken at
T = 295 K, while the temperature measurements were taken using [~03 mA /s.
As predicted by the Kurkijarvi equations, the mean increases with both decreas-
ing temperature and increasing sweep rate, with the sweep rate dependence much
weaker. The error bars give the width 207 , which has no systematic dependence on
sweep rate or temperature (between 150 and 220 K) for this particular transition.
However, the error in the standard deviations is intrinsically larger than the error
in the means, since individual data points enter into the calculation through their
square rather than linearly. Studies by the Wernsdorfer group on field-induced re-
versal of magnetic nanoparticles [16] has found agreement between the temperature
dependence of the width of the switching distributions and the Kurkijarvi model,
but only by averaging the results from an ensemble of nearly-identical particles. For
a single magnetic device, trends in the widths may not be visible above the noise.
There is an additional effect that the current may have on the magnet which is not

covered by the Kurkijarvi equations: the current might heat the sample. The heating
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Figure 5.5: Statistical distributions vs. (a) temperature and (b) sweep rate, for a
(Coz5/Cug/C040)nm nanopillar device (Device 3, SMILEY2) at zero field, using the
P — AP transition. The black squares represent the mean switching currents (1),
while the error bars span the width 20;;. The sweep rate data was taken at T' = 295

K, while the temperature data was taken using a sweep rate of [~0.3 mA /s.
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effect of the current can be estimated by comparing the temperature dependence of
the low-bias resistance with the increase in DC resistance when a current sufficient to
switch the device is applied. For example, for Device 3, the low-bias resistance varied
approximately linearly with temperature for temperatures near room temperature,
with a fractional slope R—;TdR/dT ~ 1.4%/K, where Ry = 1.86 Q is the room
temperature low-bias resistance of the device. For comparison, the DC resistance
of this device increases by at most 5% above its room-temperature low-bias value
when a current large enough to switch the nanomagnet (~ 4 mA) is applied. I can
thus estimate the heating for this device to be no greater than ~ 3 K above room
temperature, which corresponds to a 1% effect on (1.), negligible in my analysis. |
should note that heating effects can in general be quite significant in my devices,
especially if the required critical currents are large; I have measured other devices
that, according to the above analysis, are heated by nearly 30 K when currents
sufficient to reverse the magnet are applied. In order to properly study the role
that a spin-polarized current plays in thermally-activated reversal, I therefore limit
my analysis in this chapter to devices where heating effects do not raise the device
temperature more than a few Kelvin.

The switching current distributions, together with the waiting time data, provide
compelling evidence that the process of current-induced switching at finite tempera-
ture is a thermally-activated process. In particular, the data imply that the presence
of the current reduces the barrier to reversal in a manner mathematically similar
to the effect of an external magnetic field. The waiting time data support this
notion, as they show that, even at fixed finite current, magnetic reversal remains a
thermally-activated process over a barrier. Conceptually, this is a very different way

of thinking about current-induced reversal than what I have discussed so far in this
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dissertation, and it may initially even seem incompatible with the previous results.
After all, the T' = 0 torque model describes the threshold of reversal in terms of
the competition between damping and spin-transfer torques; it is not clear how a
potential energy barrier can arise from these nonconservative influences. The role
played by nonconservative forces in the stochastic dynamics of nonlinear systems
is not a new problem in physics; in cases considered previously, it has been shown
that these nonconservative effects can be expressed in terms of an effective energy
barrier [5, 6]. Later in this chapter I will discuss intuitive approaches towards the
problem of the spin-transfer model at finite temperature, and propose ideas of how
we may think of the effective barrier. At this point, though, we can take the exper-
imental evidence that current-induced reversal is thermally-activated at face value,

independent of any detailed microscopic explanation of the mechanism.

5.1.4 Limitations on Statistical Measurements

Since the fluctuations at issue in this discussion are thermal in nature, it of course
would be desirable to measure the distributions over as wide a temperature range
as possible. Unfortunately, the range available for these nanopillar devices is in
general limited. Although device performance usually does not qualitatively change
upon thermal cycling, there can be random irreversible shifts in the mean (I.) as the
temperature is varied, corresponding to microstructural changes induced by thermal
stresses. These changes can far exceed o7, in magnitude, limiting the extent to which
quantitative changes with temperature can be monitored. In addition, at tempera-
tures below 100-150 K, the switching events generally consist of multiple jumps in
resistance rather than a single jump (Figure 5.6). I offer a possible explanation of

these multiple jumps in terms of a potential energy function with multiple minima
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(Figure 5.7). As the magnet reverses, it passes through intermediate configurations
that are local energy minima; these may arise due to pinning defects at the edge
of the nanomagnet [10, 11]. If the escape barriers for these intermediate states are
small, then at high temperatures the magnet, once it has overcome the initial large
barrier, will rapidly escape from these other states (Fig. 5.7a). Only the longest
“bottleneck” time scale, that for escape over the initial barrier, will be measured.
At lower temperatures, higher currents will be required to thermally-activate the
magnet over the barrier; this modifies the rest of the potential landscape, and may
create a situation where the magnet gets “stuck” in an intermediate state until ad-
ditional current allows it to escape and complete the reversal (Figure 5.7b). I only
present a simple depiction of the local minima in Figure 5.7; a more generalized
approach to the potential energy landscape has been developed and applied to the
reversal statistics of submicron thin-film magnets [11]. In these magnets (roughly
300 x 800 nm), reversal occurs by domain nucleation at the ends of the magnet and
eventual propagation across the film. Since the resistance measurement for my de-
vices gives only the average magnetization direction of the nanomagnet, I cannot say
whether these intermediate configurations involve domain walls or instead consist
of the moment pointing uniformly in a direction between parallel and antiparallel.
Due to exchange, full domain walls are energetically unfavorable for nanomagnets
in my size range (< 100 nm) [14]; however, reversal involving partial texturing of
the magnetization has been seen for similarly-sized nanomagnets in micromagnetic

simulations, the character of which depends sensitively on the edge shape [15].
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201

(a)
U(state)l

(b)
U(state)l

AP p State

Figure 5.7: Generalized energy U as a function of state in configuration space. Due
to disorder and nonuniform magnetization, the potential energy function does not
merely consist of two wells, but rather has local minima for states between parallel
and antiparallel alignment. Here the magnet is assumed to start in the AP state.
(a) At high enough temperature, once the magnet overcomes the largest barrier via
thermal fluctuations, it will rapidly pass through the intermediate states. If the
temperature is lower (b), higher currents will be required for reversal, which may
make the intermediate states sit in deeper wells. Once the magnet switches into
these states, it does not have enough thermal energy to escape.
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5.1.5 Statistics and Barrier Height: Nonuniform Reversal?

The Kurkijarvi equations can shed further light on the nature of the reversal process.
There are four unknown parameters in the Kurkijarvi equations that can in principle
be extracted from statistical measurements of the switching currents: I., ay, 79, and
Uy. While an accurate determination of all four parameters requires a larger set of
data than I have accumulated for any one device, dependencies among some of the
parameters can be established using the data in Fig. 5.5. Rewriting Eqn. (5.7) in a

slightly simpler format, we have

kgT kgT 1,
¢ = B 1n< b 0 ), (5.10)
U Up evr=tq;Im

where € = |I.o — (I.)| / [ l.0|- Taking the logarithm of both sides, we have

kgT
arlne = 1n< 5 ) + ..., (5.11)
0

where the term after the ellipsis on the RHS varies weakly with either T or (I.), as
long as neither T" nor € is close to zero. For a given [, a plot of Ine vs. InT" should
give a straight line with slope 1/a;. In this way a relationship can be established
between two of the unknowns, the scaling exponent a; and the T' = 0 critical current
I.o. The sweep rate data can be used to extend this relationship to the barrier height

Uy. Rearranging the terms in Eqn. 5.10, I can write

EgT -
Inl + ... 5.12
[ + (5.12)

el

where, again, the term beyond the ellipsis on the RHS can be treated as constant
as long as ¢ is not close to zero. The slope of € vs. In/ connects the barrier
height Uy to ay and [,. The data thus provide two equations to determine three

unknowns; by picking reasonable values for one of the unknowns, a range for the
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other unknowns can be determined. Using Device 3 as an example, I find that, for
arange of ay ~1—3, [.o ~4.5—6.5mA, and Uy ~ 1.8 — 2.4 eV.

Of course, the value of the barrier height has little meaning unless it can be
understood in context. Wernsdorfer [16] has utilized the notion of an “activation
volume” V,.; when analyzing the statistics of field-induced reversal in small magnetic

particles. This volume is defined as

Us
mH.’

‘/act — (513)

where m is the magnetization density and H. the coercive field. The denominator
is an experimental measure of the anisotropy energy of the magnet, which would
be the total energy barrier for field-induced reversal if the reversal followed Stoner-
Wohlfarth single-domain rotation. If V' is less than the total magnet volume, then
only part of the magnet is involved in the initial threshold to reversal, and the
reversal mechanism likely involves multidomain behavior. It is far from clear what
should be used as an equivalent energy scale to compare to the Uy derived from the
current-induced reversal statistics, since the threshold current does not depend only
on the in-plane anisotropy but also the demagnetizing field, as discussed in Chapter
4. If we compare the energy to simply the in-plane anisotropy, then, using the
magnetization of Co, m = 1400 emu/cm?, and a measured coercive field H. ~ 800
Oe, the activation volume of Device 3 is 2500-3400 nm?. This is ~ 10 — 20% of the
actual nanomagnet volume, 130 x 60 x 2.5 nm = 19,500 nm?® (See Table 5.1 at the
end of this chapter). If the demagnetizing field is in fact an important contribution
to the energy barrier, then the fractional volume contributing to reversal is even
smaller. Thus the switching statistics seem to support the notion of a nonuniform
character to the current-induced reversal process.

Should this be surprising? As I mentioned earlier, exchange makes it energeti-
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cally unfavorable for a full domain wall to form in a magnets smaller than ~ 100—200
nm [10]. However, partially nonuniform magnetic configurations are still allowed,
due to the importance of edge structure at these small size scales [15]. In addition,
disorder in my devices may further complicate the reversal process and encourage
nonuniform magnetization states. However, nonuniform motion of the magnet may
be intrinsic to the nature of spin transfer, and occur even in simple defect-free
extended magnets. Micromagnetic simulations of rectangular nanomagnets in the
presence of spin-transfer torques [21] have shown that the reversal does not fol-
low simple uniform precession. The out of plane motion of the moments generates
large fields within the film that create even more complicated motions, and non-
linear spin-waves can be generated during reversal to an extent that the dynamics
become quasichaotic. Such instability occurs despite the high energy cost for ex-
citing nonuniform spin-waves in the confined structure. This raises the compelling
possibility that field-induced reversal, in which the magnet can stay essentially in
the plane at all times, might be far simpler in general for these nanomagnets, and
as such have a far larger activation volume. Unfortunately I do not have detailed
sweep-rate data for magnetic field-induced reversal, so I cannot explore this notion

further here.

5.2 Current-Induced Reversal Models and Ther-

mal Fluctuations

As I remarked above, a microscopic understanding of thermal fluctuations within the
spin-transfer torque model is not required to validate my evidence that reversal is a

thermally-activated process. Of course, such an understanding is of intrinsic physical
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interest and is necessary for a complete description of spin transfer; I address the
issue later on. For the moment we may proceed simply from the conclusion that
current-induced reversal is consistent with the Kurkijarvi equations, Eqns. (5.7) and
(5.8). We thus do not need to consider the full microscopics of the torque model,
but only how the torque model affects the parameters that enter into the Kurkijarvi
approach. This more universal way of looking at current-induced reversal is quite
useful, because it allows me to consider alternative explanations of current-induced
reversal, and determine their predictions for the switching statistics.

The model of Slonczewski and Berger [22, 23] were initially developed prior to
observation of the effect. As interest has grown over the excitations in the past
several years, alternative theoretical approaches have been developed that take a
fundamentally different point of view. Heide [25, 26] has proposed an interaction
between the current and the magnetic moments in a magnetic trilayer system that
does not look like a torque, but instead like an effective magnetic field; I will hence-
forth call this the field model [24]. The origin of the proposed effective field, the
nonequilibrium exchange interaction (NEXI), comes from a coupling between the
moments and the spin accumulation of the current (derived from a diffusive model
of transport) that resides in the bulk of the magnet. Since the spin accumulation is
set by the magnetization direction of the other magnetic layer, Heide describes this

interaction in terms of a coupling energy Enpx; [25]

Exgxr o IMpy - M (5.14)
= —Mpy- Hypxr, Hyexroc IMpy, (5.15)

where [ is the current and Mpl, Mps correspond in my geometry to the magnetic
moments of the thick and thin magnetic layers, respectively. The instability to

reversal comes when this energy overcomes the anisotropy energy, exactly in analogy
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to magnetic field-induced reversal. When [ is positive, the NEXI field tries to align
the moments of the two layers antiparallel with one another, while parallel alignment
is favored for I < 0. The critical current density associated with these transitions
is in the range of 10° — 10" A/em?. Heide also includes in this theory [26] a torque
similar to Slonczewski’s, which he uses to explain the high-field spin-wave data;
however, he says the effect of this torque is small compared with the NEXI field at
low magnetic field.

The reader may be wondering why I have not discussed the NEXI model in detail
until now, and have instead focused exclusively on the torque model when analyzing
my data. The field model relies on applying a diffusion equation to perpendicular
transport through magnetic multilayers. Since the mean free paths between the lay-
ers are typically larger than the layer thicknesses, the emphasis on diffusive transport
may be questionable when considering my spin-transfer devices; see Chapters 1 and
3 of this dissertation. Also, the NEXI model assumes an extended buildup of trans-
verse spin accumulation inside the magnets, which appears to be unphysical; our
scattering formalism (Chapter 3) can demonstrate this rather explicitly. However,
as [ am in a better position to make judgements from an experimental rather than
a theoretical point of view, it is better to critique the model based on predictions it
makes with respect to specific measurements. In terms of the symmetry and low-field
behavior of the switching, the predictions of the torque and field models are quite
similar. Moreover, with particular reference to this chapter, the switching statistics
as described by the field model are naturally identical to magnetic field-induced
switching statistics, so that current-induced switching follows the model of thermal
activation. Yet the idea that the magnetic moment reverses via relaxation in an

effective field is very different from that of a spin-torque driving the magnet out of
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one stable equilibrium and into another; they are decidedly not equivalent pictures.
It is thus important to find measurements for which the predictions of the two mod-
els can be clearly distinguished. As it turns out, the finite-temperature statistics
of reversal can provide just such a measurement. As the reader may easily guess,
the torque model will explain the results of this measurement much better than the
field model, justifying my focus on the torque model throughout this dissertation.
Recent work by Frank Albert on the scaling dependence of the critical current on
the thickness of the nanomagnet layer [32] has demonstrated that current-induced
reversal is an interface, rather than a bulk effect, which is further evidence that the

NEXI model does not properly explain the physics of reversal.

5.2.1 Reversal Using Both a Current and a Field

A distinction between the torque and field models can be found by considering
magnetic reversal in the presence of both a current and a magnetic field. Suppose a
field H below the coercive field is applied in the plane of nanopillar device. In the
field model, this can be thought of two parallel fields acting on the magnet, H and

HyEgxr, to give a total field H,,,
Hyoe = H+ Hypxr = H + cl, (5.16)

where ¢ is a proportionality constant relating the current to the NEXI field. The
effects of H and Hygx; are completely symmetric; reversal is determined only by
their sum H;,;. The statistics of reversal are also determined by H,,; thus if we

measure the distribution of switching currents at a particular magnetic field H, then

the field model predicts that the mean (I.(H))

1

(L) = o = H)) = ({fa) = H) = (L0 = 0) = 2. (1)
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and the standard deviation o, (H)
O'IC(H) :O'IC(H:O). (518)

In other words, the presence of an external magnetic field should simply produce
a linear shift in the means of the distributions, without changing their widths. It
is less immediately obvious what to expect when a magnetic field is applied within
the torque model. However, we have seen that in the pancake geometry of the
nanopillars, the thresholds for current-induced and field-induced reversal are set by
different field scales; field-induced reversal depends only on the in-plane anisotropy,
while current-induced reversal also includes a contribution from the out-of-plane de-
magnetizing field. The effects of current and field cannot merely be added together,
but must be considered in the full context of the LLG equation. I explore this issue
further in Section 5.3; for the moment, we can simply anticipate that a dependence
of the statistical properties of current-induced switching on magnetic field might be
less trivial than what is predicted in the field model.

Figure 5.8 displays the mean switching currents (/1) and (1) for Device 1, as a
function of magnetic field H applied within 5° of the easy axis of the nanomagnet.
At low field, both currents move towards more positive I with increasing field. As
H is increased further, (/1) begins to increase nonlinearly until it crosses the I =0
axis and merges with (/1) at about H = 1.4 kOe. This field is very close to the
room-temperature coercive field H, &~ 1.4 kOe. determined by a magnetoresistance
measurement taken near zero current. The data are qualitatively similar to what
has been seen before in elongated nanopillar devices [27], where (I7) moves rapidly
towards (I+) as H — H.. If we look at the standard deviations of the two tran-
sitions, 0';; and o, even more dramatic variations with magnetic field are seen.

Figure 5.9 shows 0';; and o vs. field for these same distributions. At low fields, 0';;



209

and o are roughly equal to one another. However, as H — ., o} increases by
more than threefold, while o} decreases slightly.

These data show behaviors qualitatively different from the predictions of the
effective field model. We can understand the variations to a certain extent quanti-
tatively by employing a very simple model. We begin with the Kurkijarvi expression

for the standard deviation,

1E] [ kgT\Y“
U}tc — | CO| ( B > A(l—a])/a]7 (519)

ar Uy
where A (Equation (5.9)) has a logarithmic dependence on the system parameters.
An applied magnetic field H has two effects on this equation. First, a magnetic field
changes the potential energy landscape, so that the barrier to reversal U, changes.
In other words, the barrier to the AP — P transition is reduced (since the P

configuration is aligned with the thick layer and, consequently, H), to a value

H N\
HCO

while the barrier to the P — AP transition increases to

H N\
c0

I also make the assumption that H.y depends weakly, if at all, on the current I, so
that U(H) can be inserted directly into Eqn. (5.19). This assumption is later jus-
tified from a more complete analysis of the stability boundaries of the nanomagnet.

The other quantity that changes when a field is applied is the zero-temperature
critical current, . This is where information about the competing models can be
introduced. Both the torque and the field models predict a linear dependence of the
critical current on magnetic field, so we can write this dependence as

I15(H) = I5(H = 0) (1 — %) : (5.22)
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Figure 5.8: Mean switching currents (IF) vs. field H for Device 1 (SC3434), at
T = 295 K. The field is applied along the easy axis of the nanomagnet.
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Figure 5.9: Standard deviations U;Ec of the switching current distributions (symbols)
vs. field H for Device 1 (SC3434), at T' = 295 K. The lines are fits of the data to
Eqn. (5.23) using the parameters detailed in the text.
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where HF is a model-dependent intercept. Using these expressions for US—L(H) and

IZ(H), Equation (5.19) becomes

l/a]
ot(H)=F (k(f) AU=aD/er o Pt (H = 0), (5.23)
N +
po U H/HT) (5.24)

(£ H/Hy)™"
Although there is an additional factor of F' within the logarithm term A, I can

approximate A as independent of H as long as H is not too close to H.. In the
field model, ay = a; and HE = FH, since current and field add symmetrically.
Thus F' = 1 in the effective field model and the widths are independent of H, as
expected. In the torque model, Hy can be found from Equation (4.7) of Chapter
4. In that chapter a single-domain model of magnetization reversal was applied to
my devices, and it was found that the torque must overcome a threshold set by
a combination of the in-plane anisotropy and the out-of-plane demagnetizing field.
The resulting predicted intercept is |HE| = H.o+27 M, where 2m M = 850 Oe for Co.
Since Hy > H. in the torque model, Ui(H) is not independent of H; 0';; decreases
slightly as H — H.o, while o in fact diverges. This is in excellent agreement with
the behavior shown in the data.

Equation (5.24) can be fitted quantitatively to the data. However, there are
quite a few fitting parameters: H,, H.o, aj, and U;EC(H = 0), which itself depends on
various other parameters. Thus we should not take the results of any fit as unique.
However, assuming reasonable values for the parameters leads to some insights. The
lines in Figure 5.9 show a fit to the standard deviation data using the values H. =
1.5 kOe, H, = 2.3 kOe, a; = ag = 1.5, and the scale factors of (H = 0) = 0.007
mA and o7 (H = 0) = 0.0065 mA. The fit is quite good, although similar fits can

be found using different values of ay, H, and H;. However, in all combinations of



213

values that I have found to provide good fits, H; < H. + 20 M ~ 10 kOe. This is
further evidence that current-induced reversal in my nanopillar devices is not the
uniform rotation of a single domain magnet. If only a small part of the nanomagnet
has to precess out of plane to initiate the reversal, then the effective demagnetizing
field will be smaller, and 1% will be reduced.

Note that we have been able to use the finite-temperature statistics to gain
insight into [CiO(H), which is a zero-temperature property of the magnet. This is a
particularly useful consequence of the Kurkijarvi formulas, as it is not possible to
directly measure the low-temperature switching thresholds due to the complications
discussed previously. The distributions in switching currents, however, sheds light
on only part of the story. To get a more complete picture of nanomagnet reversal in
the presence of both a current and field, the measurement above must be repeated,

but with the roles of current and field reversed.

5.2.2 Zero-Temperature Stability Boundaries

Figure 5.10a is a plot of differential resistance dV/d[l vs. field H for both sweep
directions is shown for Device 1, near zero current bias and at T" = 295 K. H 1is
applied in the same direction as in the previous measurements. The curve consists
of two jumps; the one at low field corresponds to the thick layer reversing, and the
one at high field to the reversal of the nanomagnet. By measuring the switching
statistics of this second reversal as a function of constant current bias, I can take the
complementary measurements to the ones shown in Figs. 5.8 and 5.9. However, since
the coercive field of the thick layer is smaller than that of the nanomagnet, the spin
moment of the thick layer will always be parallel to the field when the nanomagnet

switches. Thus only the AP — P transitions in field can be measured for most
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currents. Figure 5.10b shows the mean switching field (H.) and standard deviation
oy, as a function of current bias I. As the current goes from negative to positive
values, (H.) increases nonlinearly, while oy, actually changes nonmonotonically,
increasing to a peak at about I = —0.2 mA, then decreasing at more positive
currents. Similar peaks have been seen in other devices, always occuring at negative
current bias.

The data in Fig. 5.10b certainly have more structure than the complementary
measurement of Figs. 5.8 and 5.9, and a quantitative expression analogous to Eqn.
(5.24) to describe these data is not as simple to obtain. However, we can get a more
direct idea of what these statistics tell us about the low-temperature properties of
the magnet by performing a simple addition trick. We first note that the mean
of the distribution (Eqn. (5.7)) is the zero temperature parameter D. minus a
temperature-dependent quantity. By inspection, we can see that the distribution’s
standard deviation (Eqn. (5.8)) is approximately proportional to this temperature-

dependent quantity. Thus if we combine the equations like so:
(I¥) £ arAo} = I3, (5.25)

and

<Hc> + CLHAO'Hc == H007 (526)

then we can effectively extrapolate to the zero temperature quantities 1% and H.o,
or, more generally, I.o(H) and H.(l). Again, this is done without reference to any
specific microscopic model of reversal, and is entirely a property of the more general
model of thermal activation.

The difficulty in this extrapolation comes in the determination of the propor-
tionality constant. A more thorough analysis of the statistical distributions with

sweep rate and temperature can give more insight into the microscopic parameters
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Figure 5.10: (a) Magnetoresistance loop of differential resistance dV/dI vs. field (H)
for the nanopillar used in the previous figure (SC3434), near zero current bias and
T = 295 K. The field is applied along the easy axis of the nanomagnet. (b) Mean
(H.) and standard deviation op, of the switching field distributions vs. current [/
for the same device and at the same temperature.
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that go into A, but for reasons I mentioned previously, my range of available data is
limited. Nevertheless, reasonable estimates can be made for the parameters to give
us a rough idea of what the stability boundaries of this nanomagnet look like. Once
again [ assume a; = ay = 1.5. Using this and the variation of the current switching
distributions with sweep rate for Device 1 (not shown), I estimate a barrier height of
Up ~ 1.5 =2 eV, for a range of I£ ~ 0.5—0.8 mA. For both the current sweeps and

the field sweeps, I take

D‘ /| Deo| ~ 0.05—0.1 s7*. The attempt time 7 is a rather
tricky quantity, as its value varies by several orders of magnitude in the literature;
as a consequence, this quantity, despite being within the logarithm term, has the
largest effect on the proportionality constant. I have found the most consistent re-
sults in the extrapolation occur when I choose 79 ~ 100 nsec. This is far larger than
the 79 ~ 1 nsec seen in Co nanoparticles that obey the Stoner-Wohlfarth model of
reversal [16]. However, my choice for 74 is similar to the attempt times found for
larger nanomagnets [11], where the reversal mechanism is domain nucleation and
propagation, and 7y is set not by a single coherent spin-flip time, but by the diffusion
of the domain wall between pinning sites.

Some of the quantities mentioned above depend on one another, so my choices
were adjusted in a self-consistent manner. FExcepting 79 and ap, the estimated
proportionality constant is not very sensitive to any possible errors in this analysis.
Choosing a maximally self-consistent set of parameters, 1 find a proportionality
constant aylnA ~ 10. The results of an extrapolation using this constant are shown
in Figure 5.11. Here the statistical data of both current I and field H sweeps for
Device 1 are plotted on the same two-dimensional /-H plane. The means are shown
as the squares and circles, while the horizontal and vertical lines extending from these

points have lengths of the standard deviations multiplied by the proportionality
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constant. The resulting extrapolated stability boundaries are represented by the
crosses, with lines through them as guides for the eye. Within these boundaries, at
low H and I, the magnet is bistable, with both P and AP configurations allowed. At
large H or large negative I, only the P configuration is allowed, while at reasonably
low H and large positive I, only the AP state is stable. At large H and large
positive [, dynamical excitations begin to be excited in the magnet; I do not show
this region for clarity. As can clearly be seen, the boundary to go from the bistable
to the P-stable region consists of two lines with different slopes, that join to form
a knee at negative current. These lines are none other than I;(H) and H.o([), and
the fact that they have different slopes is a graphic illustration that the current-
induced reversal process is qualitatively different from the field-induced reversal
process. The field and current statistics each make an independent estimate of
I(H); their estimates roughly overlap. Meanwhile, H.([), established soley by
the field-switching statistics, apparently varies weakly with I, in agreement with
the earlier assumption of H.y =& constant in my analysis of the current switching
statistics alone. In the region close to the knee, the magnet is maximally subject
to thermally-activated reversal through the combined effects of the current and the
field, and therefore oy, has a peak here, and falls off on either side.

The idea that the current and field have qualitatively different effects on the
stability of the magnet is clearly far more in the spirit of the torque model than
of the effective field model. However, it is still important to qualitatively compare
these experimentally-determined stability boundaries to the T' = 0 predictions of
each model. In Figure 5.12 the boundaries from both models are plotted in the
I-H plane. The field model stability boundaries are simple straight lines, since

current and field add symmetrically. The torque model boundaries were calculated
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by numerically integrating the LLG equation with Slonczewski torque term for a
single domain magnet with easy-plane and uniaxial in-plane anisotropies. The out-
of-plane demagnetizing field was chosen in this case to be roughly 11 times the
in-plane anisotropy field. Similar calculations have been performed previously, in
various device geometries [12, 13]. As the reversal mechanism in my devices may not
be single-domain, we should not expect this model to be quantitatively accurate.
Even so, the torque model does appear to capture the general shape of the measured
stability boundaries. There are indeed two lines with different slopes separating the
bistable region from the P-stable region which join at a knee at negative current.
The prediction for I1(H) is not as close to the measured dependence, which may

be due to non-single-domain behavior in the nanomagnet.

5.2.3 Field and Current in Opposition: Telegraph-Noise

The current-field stability diagram is thus a more interesting beast than that pre-
dicted by an effective field model. Although I have so far focused on the H > 0,1 < 0
quadrant of the plane, even more intriguing physics occurs when H > 0 and [ > 0,
because in this quadrant current and field have opposite effects on the magnet. At
T =0, after H and [ become large enough to eliminate both stable static directions,
the tension between their effects results in a dynamical excitation. At finite temper-
ature, fluctuations will make each of these directions unstable before the dynamical
region is reached, so we might expect to see thermally-induced dynamics at lower H
and [. Figure 5.13 shows what is observed when Device 1 is biased at H = 1.4 kQOe
and [ = 40.5 mA, and the DC resistance is monitored in time. The resistance does
not stay constant, but jumps randomly between two levels. These levels are the

same as those seen for P and AP alignment at zero current bias. The escape times
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Figure 5.11: Extrapolation of room-temperature switching data to the T' = 0 sta-
bility boundaries of Device 1 (SC3434). The mean switching currents (IF) (black
circles and white squares) and mean switching field (H.) (black squares) from the
previous figures are plotted on the I — H plane. The horizontal and vertical lines are
the corresponding standard deviations Ui, oy, multiplied by a proportionality con-
stant 10, derived in the text. The resulting zero-temperature stability boundaries
are the X'’s, separating the P-stable, AP stable, and the P/AP (bistable) states for

the magnet. The lines are guides for the eye.
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Figure 5.12: Predictions of the torque (solid lines) and the effective field (dotted
lines) models for the stability diagram for a single-domain nanomagnet. The regimes
of P-,AP-, and P/AP-stability are shown. The torque model also predicts a region
of nonstatic (dynamical) states (NSS).
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for each state follow very well exponential statistics of the form P(t) = e'/7, where
T = Tpoap,Tap—p are defined for each resistance level. This is telegraph-noise
switching, induced by the combination of current and field making both moment
directions unstable to thermal activation [28]. Telegraph noise switching has been
induced previously in magnetic nanoparticles using a magnetic field alone, by apply-
ing the field along the hard axis; the switching occurs between two angles on either
side of, but close to, the hard axis [16]. This kind of switching can also be seen in
my device at low current bias by applying a field perpendicular to the field applied
in this measurement. However, the telegraph switching induced by a perpendicular
field is clearly different from the switching induced by a parallel field plus current,
as the transitions in the latter case are not between two closely-separated angles,
but between full P and full AP alignment. This is a rather remarkable dynamical
state, as it is about as large a fluctuation of the spin-moment degree of freedom of
the nanomagnet as is physically possible.

Equally remarkable, but not surprising in the context of the torque model, is
that the mean escape times 7p_ap,Tap_p can be controllably and independently
tuned by varying H and [ (Figure 5.14). If H is held fixed and [ is increased (Fig.
5b.14a), Tp_,ap decreases roughly exponentially, as expected for a thermal activation
timescale that obeys Eqn. (5.2). Over this same region, 74p_,p increases, but much
more slowly. A similar asymmetry can be seen by holding [ fixed and increasing
H (Fig. 5.14b); Tap_p decreases exponentially, while 7p_, 4p increases at a much
slower rate. The data demonstrate that that H, and not [, is largely determining
the thermal stability of the AP state, while [ alone is determining the same for
the P state. This is another indication of the independent means by which field

and current affect magnetic reversal. The timescales in the two plots do not match
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up precisely because, between the measurements, a small discrete change in 7p_, 4p
and 74p_,p occured. This may be due to a micromagnetic shift in the device that
modified the T" = 0 switching currents and field, thus changing the timescales.
Such shifts are occasionally seen in my devices. They do not usually coincide with
a change in the device resistance, indicating that a large change in the physical

microstructure has not accompanied the micromagnetic shift.

The Limits of Telegraph Noise: Incoherence to Coherence

It seems that, micromagnetic shifts notwithstanding, if H and [ are both slowly in-
creased within the telegraph-noise region, the timescales 7p_,4p and 74p_,p should
shorten until they reach the attempt time 7y, at the point that the barrier height
U — 0. I can certainly drive the nanomagnet to a region where the fluctuation
is faster than I can resolve using my standard measurement-setup, which has an
acquisition time on the order of ~ 100 psec. To look at fluctuations on shorter
timescales, it is easier to work in the frequency rather than in the time domain;
this implies use of a spectrum analyzer to determine the characteristic timescales
of the telegraph noise [30]. I have not performed extensive spectral analysis of my
devices to determine the limits to which the fluctuation timescales can be short-
ened. It is interesting to ponder this limit, though, as the crossover to where both
barriers are reduced to zero is just where dynamical states emerge in the T' = 0
stability diagram of the torque model. Dynamic instabilities are qualitatively dif-
ferent from hysteretic reversal, as they require a constant influx of spin-torque to
sustain themselves. Thermal fluctuations will certainly populate a distribution of
incoherent spin-waves (magnons); this essentially how thermal fluctuations alter the

magnetization direction in the first place. The predicted spin-torque-induced exci-
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Figure 5.13: (a) Experimentally-determined T' = 0 stability diagram of Device 1
(SC3434). (b) DC resistance R measured vs. time when the device is biased at

H =14 kQOe and I = +0.5 mA.
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Figure 5.14: Mean switching times 7p_ ap, T4op_p from the telegraph noise data of
the device of the previous figure (SC3434). (a) Switching times vs. current [ at
constant field H = 1.4 kOe. (b) Switching times vs. field H at constant current

I = +0.51 mA.
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tations in the single-domain model, however, are coherent, so it is not clear whether
fluctuations greatly affect them. It is a fascinating question how the crossover from
telegraph-noise to coherent excitation occurs, or even if it occurs at all. Is there
a discontinuous change in the sensitivity of the magnet to thermal fluctuations, or
is there a broader crossover region that moves from incoherent magnons to coher-
ent precession at higher fields? Or, is there instead no coherence in the high-field
excitations, so that the discrete fluctuations of the telegraph noise give way to
the continuous fluctuations of current-generated magnons? I cannot answer these
questions, but I offer them as intriguing puzzles that extensions of this work could

address.

5.2.4 Current-Induced Reversal as Both a Torque and a
Field?

This section has shown through a number of different measurements that treating
the effect of a spin-polarized current on a magnetic moment simply as an effective
exchange field does not correctly predict the statistical properties of magnetic rever-
sal. The torque model, which assigns separate and qualitatively different thresholds
to current and field-induced reversal, more accurately describes the data. However,
a recent model by Zhang, Levy, and Fert (ZLF) [31] has suggested that spin-transfer
torque works in conjunction with an effective field to reverse the magnet. torque
and an effective field. A diffusive linear-response theory similar to Heide’s [25, 26]
is applied to the magnetic trilayer system to derive an expression for the spin ac-
cumulation in the thin layer. Through some vector manipulations, this is shown to
act both as an effective field and as a torque pointed in the same direction as Slon-

czewski’s term and of similar magnitude. Unlike Heide’s model, the effective field
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here is proportional to the component of the spin accumulation perpendicular to
the spin moment of the magnet, and so decays with distance from the interface over
a length scale set by the exchange splitting as the electrons precess around the mo-
ment. Although both spin-transfer torques and precessional torques (which can be
expressed in terms of an effective field) have been described previously, both in our
own scattering formalism [35] and in the circuit theory of the Delft group [33], ZLF
suggest that the effective field contribution is comparable in size to the spin-transfer
torque contribution. A somewhat oversimplified reading of the ZLF model suggests
that its stability diagram can be mapped from the spin-transfer torque diagram by
replacing the field H with H+ Hzpp = H+ Cyzrpl, where Hzpp = Czppl is the ef-
fective field contribution of the model, proportional to the current. Such a mapping,
depending on the proportionality constant C'zpr, can give stability boundaries with
qualitatively similar shapes to the torque-alone approach. A quantitative compari-
son requires knowledge of the microscopic parameters that establish the magnitudes
of the torques and field. In the absence of such knowledge, it is not possible to rule
out the possibility of a small effective-field contribution to the nanomagnet reversal.
However, I once again note that it is somewhat doubtful whether a diffusive model
can be applied to the systems I study in the first place, because the mean free paths
for perpendicular transport through magnetic multilayers are typically larger than
the layer thicknesses. Also, Frank Albert [32] has studied the dependence of the
critical switching currents on the thickness of the thin layer; he has been able to
put an upper bound of < 1 nm on the length scale over which any effective field
may operate. This is much smaller than the length scale described by ZLF (a few
nm), and indicates that current-induced reversal is triggered largely by scattering

at the magnetic interfaces. The previous theoretical work, including our own (see
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Chapter 3, and [33, 34, 35]) confirms this notion, as the transverse component of
the spin current is shown to disappear within a few monolayers after entering the
magnet, due to averaging over electron momentum directions. It thus appears un-
likely that any spin accumulation-based effective-field interactions as described by

ZLF are central to the reversal observed in nanopillar devices.

5.3 Intuitive Picture of Spin-Transfer at Finite
Temperature

This chapter has demonstrated that the effect of a spin-polarized current on a mag-
net at finite temperature is to reduce a barrier, over which thermal fluctuations can
drive the magnet to reversal. At the same time, [ have shown that the predictions of
spin-transfer torque are consistent with the observed structure in the reversal statis-
tics of my nanomagnets. What has been missing from this argument is how to think
about the barrier microscopically within the torque model. For as I discussed earlier,
there is no explicit energy barrier height that is involved in the T' = 0 threshold for
current-induced reversal; rather it is a balance between rates of energy change that
arise from spin-transfer and damping that determines when the magnet switches. In
this section I consider the torque model at finite temperature. A rigorous treatment
of such is a project in itself and will not be attempted here; general formalisms for
thermally-activated escape in the presence of nonconservative forces already exist
in the literature [5, 6]. Here I will instead attempt to just give an inutitive physical
picture of how thermal fluctuations fit naturally into the stability properties of a

magnet under the influence of spin-transfer torque.
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5.3.1 The Langevin and Fokker-Planck Equations

To begin, I once again write down the LLG equation for the trilayer geometry with

the spin-transfer torque term:

dSps
dt

— — N — — C[A N —
= ’)/SFQ X Heff — |:’)/OéSF2 X <SF2 X Heff> + ;SFQ X <SF1 X SF2>:| . (527)

The first term describes precession of the thin layer F2 around the effective field
H. s, while the second and third describe the competing influences of damping (with
amplitude o) and spin-transfer. This equation, as [ noted at the start of the chapter,
is strictly only valid at T' = 0. At finite temperature, the spin moment Sy will move
in response to both these torques and random thermal fluctuations. This can be

described in a very general sense by adding a random torque term f(t) to the above:

dSy
di

Gy x Hgy — [wgm (G x flegs) + Lo (31 % §F2)] N

(5.28)
This is known as a Langevin equation [36], as it relates both the deterministic and
fluctuation forces to the dynamics of a macroscopic variable of a system—— in our
case, the total moment Spa. Given the correct torque term f(t), the problem is, to
a good approximation, fully determined by the Langevin equation.

Of course, the devil is in the details, and the details here are in determining
the “correct” form for f(t) Since thermal fluctuations are random, f(t) cannot be
expressed analytically; rather, it is defined in terms of its statistical properties. The
presence of a random torque in the LL.G equation also makes the variable gp‘z(t) an
ill-defined quantity; the spin moment must be considered not in terms of a single di-
rection, but a statistical distribution of directions P <§F2, t>, where P <§F2, t> dgpz
is the probability of finding the moment in a volume dSpy in configuration space. P

can be determined from the Fokker-Planck equation, a partial differential equation
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that relates the time development of P to the statistical properties of the forces
acting on the system. The Fokker-Planck equation takes the general form [§]
oP 0 1 o2
= A

— = ———(AP)+ = B;;P), 2
) 1
A = Al}fr_r}lo A (Ax;), (5.30)
) 1

where z; are the coordinates of configuration space, and summation over repeated
indices is implied. A; and B;; are quantities derived from the statistically-averaged
behavior of the system. The Langevin equation may be inserted into Eqn. (5.29) to
determine A; and B;;. The random torque term f(t) can be fixed at this point by
setting P/dt = 0; the resulting solution is the equilibrium probability distribution.

In the absence of a current, this is simply the Boltzmann distribution,
P(Spy) = e ESr) k5T (5.32)

where E(gFQ) is the effective energy of the system with spin moment §F2. Once the
parameters that enter into the Fokker-Planck equation are determined, a nonequi-
librium initial condition P(gFQ,t = 0) can be inserted into the equation and the
time evolution of the probability distribution can be calculated.

The above prescription is formally identical to the methods of Néel [7] and Brown
[8] in deriving expressions for the reversal of a single domain uniaxial magnet at
finite temperature with a magnetic field applied. Of course, the effect of spin-
transfer torque in Eqn. (5.28) is qualitatively different from that of any effective
field, so the specifics of solving Eqn. (5.29) will be very different. The Langevin
and Fokker-Planck equations, though, let us take a more general view of thermal
fluctuations and define the problem in terms of the probability distribution P, which

is a well-defined entity regardless of whether a current or a field is affecting reversal.
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5.3.2 Uniaxial Case

Let us first consider the simplest possible magnetic geometry: a single-domain mag-
net with a uniaxial anisotropy H,, and a magnetic field H applied along this axis. |
will also assume, as I have before, that the thick layer polarization direction Sp; is

parallel to the field. In this case we may rewrite Eqn. (5.28) in spherical coordinates:

ds .
352 = [ySp2 (H + Hycos0)sind + Ty(o,0,1)] &
— |vyaSpy (H + H, cos ) sin 6 — ﬂSFQ sinf + Ty(¢, 0,1) 9, (5.33)
e

where Ty ¢ are the components of the random torque, which in general depend on
angle. In principle there is also a T}, which changes the magnitude of the magne-
tization. Due to exchange, though, the energy changes associated with this kind
of fluctuations will be very large compared to the temperature, provided the tem-
perature is well below the Curie temperature. As a result, these fluctuations are
comparatively small, and we will neglect them.

The next step is to insert this equation into the Fokker-Planck equation, using
x; = ¢,0 as the coordinates. However, the symmetry of the geometry allows us to
make a great simplification. Without the presence of spin-transfer, the energy of the
system depends only on the angle §: E' = —~Sps (H + H, cosf) cos . The addition
of spin-transfer should not change this invariance with respect to ¢, as this additional
torque only induces changes in the angle 0. Since the statistical distributions are
set by the energy, we thus can expect the solution for the probability distribution

to be separable, with the component that depends on ¢ constant in time:

P(6,0,1) = P(¢)P(0,1). (5.34)

This means we need to focus only on the #-component of the Langevin equation.
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Writing out this component, we have

1 d§ df I
O = S0 (1 + Hucos0)sin0+ To(0.0). (5.3

Even with only one coordinate, the calculation of P(6,t) is still formidable. Ne-
glecting the dependence of the proportionality constant ¢ on 6, Equation (5.35)
looks very similar mathematically to the case where there is no current, and and H
is replaced by

H— Hy=H— 1. (5.36)

eyo
Note that the #-dependence of ¢ will make H; angle-dependent. While this affects
the rigorous result, it does not qualitatively change the intuitive arguments presented
here.

If we continue and substitute the Langevin equation into the Fokker-Planck
equation, the mathematical derivation of P is quite similar to the derivations of
Néel and Brown for field-driven reversal, up until the point where an equilibrium
(0P/0t = 0) solution is imposed to determine f(t) For field reversal, the total
energy is known and the equilibrium solution is simply the Boltzmann term. In
the presence of the nonconservative spin-transfer torque, it is not immediately clear
what the equilibrium solution should be, so it is unclear whether f(t) is the same in
the case when a current is applied. I contend, admittedly without derivation, that
the equilibrium solution is still the Boltzmann term, with H replaced by H;. This
conclusion is supported by the idea of treating spin-transfer torque as a modification
of the effective damping of the system, as I have done throughout this dissertation.
Thermal equilibrium is established through the competition between the damping
torque and the fluctuation torque f(t) The fluctuation-dissipation theorem [36], in
its most general conception, connects the magnitudes of the damping and fluctuation

terms via the temperature 7. If the damping, for all mathematical intents and
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purposes, is effectively larger or smaller due to spin-transfer, then the fluctuations
will change accordingly. Thus it is reasonable to conclude that f(t) will look the
same whether a current and a field H is applied, or there is no current and a field
H7 is applied, since the effective damping is the same in both cases.

Given the contentions above, the dynamics of the magnet in the #-direction is
mathematically similar to that when only a field is applied, with the field having the
form of Hj. A rigorous derivation will of course require that H; be angle-dependent,
due to the A-dependence of ¢. However, such a modification does not qualitatively
affect the intuitive argument presented here. In any case, the problem becomes quite
similar to that solved by Néel and Brown, and their solution——in particular, Eqn.
(5.2) and (5.3)——can be straightforwardly applied to this case. Does this mean that
the effective field model has risen again? Not quite, because while the probability
distributions P(6,t) may be similar, the full dynamics of reversal are not the same.
In particular, the ¢-component of the torque, which drives the precession of the

moment, is, in the presence of both a field H and a current I,

dSy
di

= ’ygpz (H + Hycos0)sin@ + Ty(o,0,1). (5.37)
¢

Thus a magnetic field alters the precessional dynamics of the moment, while a
current, which only acts along the §-direction in the Slonczewski model, does not.
In other words, although the switching probability will be similar for field-induced
reversal and current-induced reversal, the precise motion of the moment during
reversal in each case will be quite different.

The discussion above points out that, even though current-induced reversal in
the uniaxial case can be fully interpreted as reducing an energy barrier in a manner
mathematically similar to that when a field is applied, we must be cautious about

interpreting the energy associated with this barrier as real. For example, according
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to the LLG equation, if at T' = 0 we were to excite uniform spin-waves in the magnet
via an applied AC field, their frequency (and thus their energy) would vary with an
applied DC magnetic field; however, according to the Slonczewski model, only the
damping, and not the energy dispersion, of the spin waves is affected by current. In
the torque model, the current does not modify the T' = 0 energy configuration of the
magnet, but, rather, shifts the finite-temperature statistical distribution of moment
directions away from the equilibrium Boltzmann form. This shift, depending on the
sign of the current, is either towards larger or smaller energies, which has the overall

effect of decreasing or increasing the effective barrier to reversal.

5.3.3 Uniaxial Plus Easy-Plane Case

In the end, spin-transfer at finite temperature in the uniaxial geometry has a surpris-
ingly simple solution, as a mathematical correspondence can be made to magnetic
field-induced reversal. This is possible due to the high symmetry of the geometry,
which gave spin-transfer the precise form of an effective damping. However, we lose
the advantages of such symmetry when we take a step closer to the actual geometry
of my devices and add an easy-plane demagnetizing anisotropy to the uniaxial term.
In this case the problem becomes much more difficult.

The central difficulty in solving the Langevin and Fokker-Planck equations when
a demagnetizing field is added comes from the fact that P(¢,6,1) is no longer sepa-
rable. We saw in Chapter 4 that the precessional orbits of a magnet in the presence
of both uniaxial and easy-plane anisotropy fields are not circular, but elliptical, with
the long axis in the plane of the magnet. Thus the precession in general has both
¢ and # components, and we cannot separate out the coordinates to simplify the

problem. Moreover, the damping is always perpendicular to the precession direc-
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tion, so it will not point in the same direction as spin-transfer at all points along
the orbit——see Fig. 4.8. This prevents us from folding spin-transfer directly into a
renormalized damping.

Clearly the tricks I performed earlier to show that the current modifies the
probability distribution like an effective field will not work here. This is no surprise,
of course, as [ have spent much of this chapter demonstrating that spin transfer in the
nanopillar geometry has a qualitatively different reversal threshold than a magnetic
field. Still, we should not expect thermally-activated reversal to radically change
when an easy-plane anisotropy is added, as it should reduce to the effective-field
case when the demagnetizing field goes to zero. In fact, the radical change occurs
in the field-induced reversal, as the stable point undergoes a topological change
at H = H. from a local minimum to a saddle point; without the demagnetizing
field, the change is from a local minimum to a global maximum. This change is a
consequence of the field contributing to the precessional torque, which is larger than
either the damping or spin-transfer torques (for reasonable currents) by a factor of
1/a. Since spin-transfer does not significantly contribute to precession, such radical
alterations in the moment dynamics do not occur when a current is applied. 1
should point out that, to the best of my knowledge, no rigorous derivations exist of
thermally-activated reversal in this geometry when a field is applied; most people
simply jump directly to the Néel-Brown equations, using the in-plane anisotropy
for the barrier height. However, a rigorous derivation might be simpler for current-
induced reversal, because the precessional orbits around the energy minimum are
not significantly altered as I — 1.

Although I will not attempt such a derivation here, I offer some speculation

as to how the solution might look. A correspondence between spin-transfer and
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damping cannot be made at every point on the elliptical orbit. However, if an
average over the orbit is performed, similar to that done in Chapter 4 to determine
the T" = 0 switching current, an average effective damping can be defined. It
thus may still be possible to equate current to a field in the resulting Langevin

equation, but the correspondence would have to include the demagnetizing factor,

eyo

eg., H - H = H — < ] — 27TM>, in describing the average dynamics of the
f variable. This would maintain the notion of a field-like effective energy barrier,
but would shift the switching currents to larger values. The demagnetizing term
would not appear in an expression for thermally-activated field-induced reversal, as
only the smallest barrier height, the in-plane anisotropy, matters. The barrier for
current-induced reversal is in some sense spread out over a full orbit, and so both

the in-plane and easy-plane anisotropies must be taken into account.

5.3.4 Nonuniform Reversal

The model cases above, however illuminating they may be, are in all likelihood over-
simplified with respect to actual nanopillar devices, since current-induced reversal
appears to involve nonuniform motion of the magnet. Nonuniform reversal of course
greatly complicates the problem, as the two degrees of freedom of configuration space
for a uniform magnet expand to as many as 2N degrees of freedom, where N is the
number of atoms in the magnet. However, if the nonuniform reversal is analogous
to the domain nucleation-annihilation transitions seen in field-induced reversals of
larger magnets [1, 10, 11], then the above procedure could still be applied in prin-
ciple to the fraction of the magnet where the nucleation is initiated, as this portion
still remains roughly uniform during reversal. In that case, the initial motion of the

nucleation region in the presence of spin-transfer would likely determine the size of
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the energy barrier that thermal fluctuations must overcome.

5.4 Final Thoughts

I have tried in this chapter to demonstrate the important role of thermal fluctuations
in magnetic reversal induced by spin-transfer torque. A rigorous approach to the
fluctuation-driven reversal may be quite complicated, and exact solutions may be
impossible. However, regardless of the complexity, the following general argument
most likely still holds: Thermal fluctuations in magnets consist of a delicate bal-
ance between magnetic damping and fluctuational torques. Spin-transfer alters this
balance, and induces a deterministic change in the probability distributions. This
change, by all appearances, can be fully described by the well-established formal-
ism of stochastic dynamics; no fundamentally new approach need be taken [5, 6].
However, with respect to small magnetic systems, a spin-polarized current alters the
magnetization direction in a fundamentally different way than a magnetic field, and
the established results for field-induced reversal do not necessarily apply to the case
of current-induced reversal. The solutions to the Fokker-Planck equation will re-
flect this new physics, which arises from the unique interplay between temperature,

damping, and spin-transfer torque.
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Table 5.1: Summary of parameters for the three devices used in this chapter. The
lateral dimensions were determined by comparing the measured current-induced hys-
teresis resistance difference (R p — Rp) to other devices of known lateral dimensions;

see Chapter 4.

Device # | Device Name Composition Lateral Dimensions
1 SC3434 (Coz5/Cug/Co040)nm 30 x 80 nm
2 SC3291 (Coz5/Cug/Co040)nm 50 x 70 nm
3 SMILEY?2 (Coz5/Cug/Co040)nm 130 x 60 nm
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Chapter 6

Concluding Remarks and Future

Directions

Even though a considerable number of words have been expended in the preceding
chapters, the work in this dissertation can really be expressed within a single fa-
miliar idea: Newton’s Third Law. When a spin-polarized current passes through a
ferromagnetic metal, exchange interactions between the current and the spin mo-
ment of the magnet scatter the current in a spin-dependent manner. Motivated by
the discovery of the giant magnetoresistance effect 14 years ago, extensive thought
and effort has been devoted to understanding one half of this interaction, which
is the effect that spin-dependent scattering has on the current. My work simply
demonstrates that the other half of the exchange interaction is important as well:
spin-dependent scattering can effect the magnetic moments themselves, to the ex-
tent that the moments can be wrenched into a new stable position, or even sent into
continuous dynamical motion. As I have hopefully also made clear in this disserta-
tion, though, from simple ideas can spring quite subtle and complex challenges for

physicists. I have only answered a few of the most basic questions about the spin-
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transfer effect in this work. My colleague Frank Albert has answered others in his
own dissertation [1]. In this chapter I suggest a few future directions for research in-
volving spin transfer that should further illuminate the fundamental physics behind
the effect.

Let me begin with the nanoconstriction geometry. Although I have shown that
quantitative analysis of spin-transfer is difficult in this geometry, there are still a
number of interesting experiments yet to be performed, for which nanconstrictions
are advantageous over the nanopillar geometry. The central utility of nanocon-
strictions is the speed by which different materials combinations may be tested;
while a full nanopillar fabrication run may take the better part of a week, mag-
netic heterostructures can be formed in the nanoconstriction geometry in a matter
of hours, as the layers only need to be grown on preexisting constrictions. This
makes nanoconstrictions a highly desirable technique for exploring spin-transfer in
the phase space of exotic materials. Two interesting material types to explore may
be f-electron ferromagnets such as gadolinium, and half-metallic magnets such as
Cr0Os.

Nanopillars, though, will remain for the time being the geometry of choice for a
controlled quantitative study of spin-transfer. There remain a number of questions
to resolve about the spin-transfer effect here, perhaps most foremost the nature of
the nanomagnet dynamics. For example, at low magnetic fields, single-domain spin-
transfer models predict a coherent reversal of the magnet. My low-field switching
statistics data (Chapter 5), however, suggest that the reversal is not single-domain in
nanopillar nanomagnets. A more complete study of the statistics of current-induced
reversal would shed more light on the parameters governing thermally-activated

reversal, and the nature of the reversal. It would also be extremely useful to perform
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the same set of statistical measurements when a magnetic field is applied. As |
mentioned in Chapter 5, comparing the effective activation energies for field-induced
and current-induced reversal may yield insights into the effect of spin-transfer in a
nanomagnet, e.g.. whether current-induced reversal is intrinsically more unstable
to nonuniform dynamics than field-induced reversal. Also, measurements in which
the magnetization state can be time-resolved at the nanosecond scale [3] would give
insight into the degree of coherence of reversal.

At high fields, the spin-transfer models also predict coherence in the form of
uniform precession of the nanomagnet. However, the DC measurements presented
in this dissertation do not provide any direct evidence of the AC nature of the exci-
tation. Frequency-resolved measurements, perhaps in analogy with the experiments
of the Michigan State group on point contacts [2], must be performed to resolve
this question. It may very well be that the nonuniform instabilities at low field also
occur in some form at high field, preventing full spin-wave coherence in these con-
fined nanomagnets. There is no need for me to oversell the need for high-frequency
measurements, though; even as I write this, efforts are underway in the Ralph and
Buhrman groups to begin performing such kinds of experiments.

I should not neglect the contribution of theory to the effort of understanding spin
transfer. Out of our own scattering formalism, as well as the circuit theory of the
Delft group (see [4], and the discussion in Chapter 3) has come a host of intriguing
geometry ideas. One important notion that comes out of the scattering approach
to spin-transfer is that the presence of spin-dependent scattering in some sense
decouples the spin current from the charge current. This suggests multiterminal
geometries where, for example, a spin-transfer torque is exerted on a magnet with

zero charge current sent through the magnet [5]. Of course, the theorists leave the
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highly nontrivial question of how to realize such geometries to the experimentalists,
but such work certainly gives a sense of the broad range of new and interesting
physical phenomena that may be possible with spin-transfer. As these current-
induced torques are a basic consequence of the interaction between spin-polarized
currents and ferromagnetic metals, their physical importance should certainly not

be limited merely to the simple trilayer geometries featured in this dissertation.
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Appendix A

Fabrication of Nanoconstrictions

This Appendix describes in detail the procedure for fabricating nanoconstrictions,
which are used in Chapter 2 to inject large current densities into magnetic trilayers
in order to study the spin-transfer effect. This appendix is expanded from a standard
Ralph group recipe, with some supplementary details, asides, and warnings for the
reader who may wish to make these devices. As nanoconstrictions are useful for a
wide array of experiments not limited to the ones described in this thesis, I will only
give instructions up to and including the creation of the hole; discussion of the metal
deposition steps for my devices is contained in Chapter 2. All steps, except those
explicitly noted, are performed at the Cornell Nanofabrication Facility (CNF).
Begin with double-side-polished (100) 3”7 Si wafers, available from a variety of
vendors. Larger wafers may be used, of course, but currently-available equipment
in the Ralph group for this process (such as photolithography masks and holders
for KOH etching) are designed for 3”7 wafers, so plan all the steps in advance if
the process is to be scaled up. On these wafers, after a MOS cleaning, 100 nm of
silicon nitride should be grown on both sides, through low pressure chemical vapor

deposition (LPCVD). The growth recipe for low-stress nitride should be followed,
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as one of the nitride layers will eventally become a freely suspended membrane.
Next comes photolithography. It saves time to perform these steps on multiple
wafers in parallel, typically 6-12 at a time. First clean the top of the spinner chuck
with acetone, isopropyl alcohol, and blow dry; as we are processing both sides of
the wafer, it’s very important the chuck be clean. The wafers should be cleaned
in a similar manner. Next, spin photoresist on one side of the wafer; this side will
eventually be the membrane through which the nanoconstriction is formed, and the
resist will protect the nitride from accidental scratches during subsequent steps. We
will call this side of the wafer the membrane side, while the opposite side will be
called the patterned side. Any photoresist will do, but typically I use Shipley 1813,
as it is the same resist used for the photolithography. Spinning the resist at 2000
RPM for 30 seconds leaves a roughly 2 pm-thick protective layer. After spinning
the resist, bake the wafer on clean aluminium foil in a 90° C oven for 10 minutes,
which drives off the resist solvent and hardens the resist. It is very important to
treat the exposed patterned side delicately, so that no scratches are made through
the nitride. Then, flip the wafer over, and spin 5-1813 resist on the patterned side
for 1 minute at 4000 RPM. Bake in the 90° C oven on aluminium foil for 30 minutes.
Expose the patterned side on the HT'G contact aligner, using the usual settings
(405 nm, channel B), for 6 seconds. The typical mask pattern is shown in Fig. A.1,
where a 9 x 9 array of devices are defined. The squares define where the silicon
will be etched down to the suspended membranes on the other side, while the lines
define break lines in the silicon that will facilitate dicing the wafer for individual
sample measurement. The four squares adjacent to the four sides of this 9 x 9 array
will serve as alignment marks for the electron-beam lithography step later on. It

is crucial to choose the correct sizes for the squares and the break lines, as the
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Figure A.1: Schematic depiction of first steps in nanoconstriction fabrication process
(not to scale). (a) Silicon nitride films are grown on both sides of a silicon wafer.
(b) Photoresist is spun on both sides. (c) Photolithography is performed on one
side, using the mask depicted in Fig. A.2. This pattern is transferred to the nitride

(d) by a reactive ion etch.
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Figure A.2: Photolithography pattern applied to the patterned side of the wafer.
After the KOH etch, the black squares will define the location of the suspended
silicon nitride membranes, and the gray lines will define the break lines for cutting
the wafer into individual devices.
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optimal values depend on the thickness of the Si wafer. This can be calculated by
noting that the KOH will etch the Si along its (111) planes, which lie at an angle
of 35.26° to the wafer normal (due to its diamond crystal structure). In addition,
the etch will undercut the photolithography pattern by roughly 10-20 gm on each
side (Fig A.2a). So, for example, if the Si wafer is 500 pm thick, and we desired
a suspended membrane size of 50 pm, then the optimal size of the window in the

photolithography mask is calculated as

mask window size = 50 pum + 2 % (500 pum) * tan(35.26°) — 40 um (A.1)

= 717 pm, (A.2)

where the 40 pm is the total estimated undercut amount. The break line widths
should be calculated in a similar way so that the KOH etches roughly halfway
through the wafer.

After the HT'G exposure, develop the wafer in 300 MIF developer for 60 seconds,
rinse in DI water, and blow dry. After all this tweezer handling there are likely to
be scratches in the resist, so carefully inspect and repair any scratches by manually
applying photoresist with a Q-tip. It is also important to coat the edge of the wafer
with resist even if it is unmarked, because the nitride is likely very thin or even
nonexistent on the edges. Bake the wafer in the 90° C oven for 20 minutes.

The photoresist will not survive in the KOH Si etching solution, so we must
transfer this pattern to the silicon nitride, which is KOH-resistant. This is done by
etching through the exposed nitride on the patterned side in a reactive ion etcher,
usually the Applied Materials at the CNF. First preclean the etcher by running an
Os plasma for 5 minutes, with a gas flow of 30 SCCM at 30 mTorr and RF power
of 100 Watts. If the chamber contains residue from a previous fluoride gas plasma,

the plasma will be blue in color, while if the chamber is relatively clean, it will be
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vellowish-purple. Load the wafer (up to 3 wafers can be loaded at a time) on small
Si chips to prevent it from sliding when the chamber is pumped to vacuum. Etch
using a mixture of C'H F3 and O in the SCCM ratio 30/0.7, with a total pressure of
30 mTorr and power of 100 W. One wafer takes 12 minutes, while three will require
15 minutes. Without breaking vacuum, run an oxygen plasma (40 SCCM, 40 mTorr,
100 W) for 10 minutes to strip the resist from the wafer.

Next comes the KOH wet etch, which can be performed within Clark Hall. First
make sure all residual resist has been removed from the wafers by cleaning with
acetone and isopropanol, and rinsing in DI water. The KOH etch solution is made
by mixing dry KOH pellets with DI water in the ratio 500 mL H,0/ 125 ¢ KOH.
Usually 1500 mL of solution is mixed in a 2500 mL or 3000 mL Pyrex glass beaker,
so that the solution covers the wafers entirely. This solution is heated to 95—100° C
for etching——use a hotplate with a thermometer probe so the solution temperature
can be regulated. The hotter the solution is, the faster the etch, but the etch also
becomes less anisotropic. The boiling point of the solution is roughly 120° C. The
beaker should also contain a spin magnet so that the solution can be constantly
mixed, and a teflon ring so that the rack that holds the wafers can sit above the
spin magnet. Place the wafers in the solution. Ideally the etch should take a little
over 3 hours, but this can vary quite a bit. For the first two hours or so, monitor only
to ensure that the solution covers the wafers; if it gets too low, refill with DI H,0.
After this, check on the wafers every 15 minutes or so by removing one and carefully
holding the wafer up to the light to see if the silicon has been etched through to
the membranes. Check multiple wafers to get a sense of uniformity——the etch is
probably more uniform than the wafers themselves. BE CAREFUL about handling

the wafers, as the KOH solution is quite slippery. Once light is seen through the
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wafer, etch for 10-15 more minutes. Timing is not essential, as the etch slows down
considerably after the 10-20 pgm of underetch, but it’s not advisable to keep the
wafers in any longer than necessary, since residual scratches or weak spots in the
nitride will eventually be converted into large holes in the silicon, and the wafer will
fall apart in solution (it happens!).

When finished with etching, it is vitally important that the wafers be thoroughly
cleaned of KOH residue, or else the silicon (and, to a lesser extent, the silcon nitride)
will continue to be etched. To clean the wafers, move them to a boiling beaker of
DI water after the etch; start this boiling about 30 minutes before the wafers are
taken from the KOH. Boil them for about 10-15 minutes, then transfer them to a
second (clean) boiling beaker of DI water. Boil for 10-15 minutes further, then take
this beaker and run cold DI water through it until the runoff is cool. Then remove
the wafers, rinse in DI water, and let drip dry. No blow drying is allowed once the
membranes are suspended, as they are quite fragile. Try to keep tweezer runoff from
flowing across the windows. This cleaning procedure may sound arduous (it is), but
if any KOH remains on the wafer, it is effectively ruined for the later steps.

Once the wafers have been cleaned, inspect them under an optical microscope and
log the window sizes and qualitative cleanliness features. They should now be stored
in individual 3”7 wafer holders. A cross-section of the wafer at this stage looks like
Fig. A.2a, with the overhanging nitride on the patterned side. That overhang will
be problematic if metal is to be deposited on the patterned side, because the metal
at the membrane may not be continuous with that on the nitride. To ensure easy
contact to the final device, the overhang must be removed. This is accomplished by
using a physical Cu mask, placed over the wafer on the patterned side, that protects

the suspended membrane but leaves at least one edge of the overhanging nitride
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Figure A.3: Post-KOH etch steps in nanoconstriction process. (a) To allow for
continuous metallic contact to the suspended membrane, the nitride overhang on
the patterned side is removed (dotted line). (b) Closeup of membrane (not to scale).
After the membrane is thinned (not shown), PMMA is spun on the membrane, and
(c) electron beam lithography is performed to open a dot above the membrane. (d)
An isotropic RIE etch forms a bowl-shaped hole through the membrane which, if
timed correctly, just breaks through the bottom of the membrane.
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exposed. Ralph group has the mask and a holder that clamps the mask over the
wafer. Place the wafer and mask in the Applied Materials etcher, and etch using
the C'H F3/05 30/0.7 SCCM mixture, 30 mTorr, 100 W, for 7 minutes. Only one
wafer can be etched at a time here. After the etch, look at the wafer in the optical
microscope from the patterned side——the overhang should be visible, and a portion
of it should be etched away.

Silicon nitride etches slightly in KOH, so at this point the nitride on the mem-
brane side won’t be the original 100 nm that was grown, but something closer to
85-95 nm. The final bowl etch that creates the nanoconstriction is optimized for a
nitride thickness of 50 nm, so the nitride now needs to be thinned. This is also done
in the Applied Materials etcher. First measure the nitride thickness using the Leitz
microscope with the attached computer. There are standard parameters for silicon
nitride on silicon that are stored in the computer, but make sure that the label for
the data file correspond to the correct parameters. From this measured thickness,
etch the membrane side about halfway to 50 nm, assuming a standard etch rate of
1 nm/sec for the standard etch parameters (such as those for the overhang removal
step). The etch rate will be close to this, but day-to-day variations are about 20%.
Then measure the thickness again, and from that calculate the actual etch rate.
Using this, calculate how many seconds are needed to etch to 50 nm, and perform
a final etch. Measure and record the final thickness; it’s usually easy to get 50 £ 2
nm.

Now comes electron-beam lithography. Spin on 5.5% PolyMethyl MethAcrylate
(PMMA) in anisole solvent on the membrane side of the wafer. The typical vacuum
chuck cannot be used since the vacuum will break the membranes; instead, a special

vacuumless chuck with clips for the wafer is available. One minute at 3500 RPM
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yields an approximately 250 nm-thick film. Bake on aluminium foil in the 170 deg
C oven for 1 hour. I will assume the reader is using the Leica VB6 at the CNF for
this step (you poor soul). After loading the wafer into the 3”7 wafer holder for the
VB6, note the positions of the four alignment windows using the optical microscope
in the VB6 room, relative to a stage alignment mark. Typically I use “circlel”,
which is the set of concentric circles in the upper right corner of the set of alignment
patterns.

For the lithography, I assume the reader has some familiarity with the electron
beam system and the basic software commmands. Typically an exposure pattern of
a single pixel or a 2 X 2 pixel square is used. The standard jobfiles put a 9 x 9 array
of this pattern on the wafer, one in (hopefully) the center of each window. Usually
a range of doses are used across each column, to ensure that at least some of the
devices are optimal. A typical total dose is in the range of 50,000 pC'/em?, although
it is important to know what the “going rate” is, due to the sometime variability
of the VB6. After the wafer has been loaded into the machine and the standard
calibration routines have been run, center on the alignment mark (e.g., circlel) and
set the relative coordinate system origin to that point. Then, move to one of the
alignment marks (using the information taken from the optical microscope). There
is a useful script called ”align_ralph_new” which will guide the reader through the
rest of the alignment steps. Basically the numbers taken from the optical microscope
serve as a coarse guess for the locations of the alignment windows, and typically one
will have to search for the actual locations using the SEM feature of the VB6. Do not
despair——they usually are very near the coarse locations. Once the alignment has
been completed, run the exposure, which typically takes around 8 minutes. After

exposure, develop the wafer in 1:1 MIBK:IPA for 90 seconds. Others have tried
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using 1:3 MIBK:IPA with some success. Rinse in isopropanol and drip dry.

Now is the final, most important step, the bowl etch. The optimal parameters
vary over time, so I cannot provide unimpeachable numbers for the etch times. The
etch is performed on the Applied Materials RIE, but it is put in the so-called “non-
linear” configuration. This involves changing the gas inputs and outputs and is
described on an instruction sheet by the etcher. Changing the gas flow so that it is
not as directed down onto the wafer changes the etching profile from one with flat
sidewalls (preferred by most who use the machine) to a more isotropic bowl-shaped
profile (preferred by Ralph group and, well, not many others). This is the crucial
element to making a constriction hole smaller than that defined by lithography.
Usually after a wafer has been exposed in the VB6, a test etch is performed by
breaking a wafer into multiple parts and etching each part by a different amount.
Then the wafers are made into homogeneous Cu point contacts, and from the resis-
tance of the devices (see Chapter 2) the size of the holes (and thus the optimal etch
time) can be inferred. Alternatively, an array of holes can be exposed on a window,
and after etching this array can be imaged in the TEM or STEM to determine the
optimal dose/etch time combination. If a partial wafer is to be etched, a dummy
wafer consisting of bare silicon with PMMA spun on it should be placed under the
partial wafer so that the local environment seen by the nanoconstriction is similar
to that for a full wafer. It may seem a little like voodoo, but anecdotal evidence
indicates that otherwise, samples on the edge of a partial wafer do not turn out well.

Preclean the chamber, as always. A total etch time in the range of 3-5 minutes
is usual, broken up into 2 minute segments. Load one wafer at a time, and place
on the so-called “2 o’clock” position of the electrode as viewed from the front; this

position appears to give the fastest and most consistent etch times. Etch parameters
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are CHF5/05 30/0.7 SCCM, 30 mTorr, 100 W. After each 2 minute segment, the
wafer should be removed and an oxygen clean (30 SCCM, 30 mTorr, 100 W) for
3 minutes should be performed because polymer residue in the chamber slows the
etch rate. Also run a dummy etch using the C'H F5/0, parameters before putting
the wafer back into the chamber, while checking the RF balance on the etcher. This
ensures that the first few seconds of the actual etch will not be unbalanced, since
consistency with every second of the etch is important. Also, rotate the sample
between etches, for a more uniform overall etch. After the final etch, run an O,
plasma (40 SCCM, 40 mTorr, 100 W) for 3 minutes with the wafer still inside to
remove the PMMA.

That’s it!



Appendix B

Fabrication of Nanopillars

This Appendix describes the procedure for fabrication of nanopillar devices, where
large current densities can be sent through small (< 100 nm) nanomagnets of con-
trolled size and shape, in order to study the spin-transfer effect. My experimental
results on these pillars are detailed in Chapters 4 and 5. The fabrication recipe I
describe here largely derives from work established by colleagues of mine in Robert
Burhrman’s group in the Applied and Engineering Physics Department at Cornell,
in particular Jordan Katine and Frank Albert. Although this recipe if followed care-
fully will result in useful devices, my colleagues have been developing improvements
in the procedure to reduce the contact resistance and increase the device yield.
This document should therefore in no way be considered the last or latest word in
nanopillar fabrication, but rather a description of a specific procedure that works.
For the reader wishing to make pillars using the latest recipe, it is worth consulting
Frank Albert’s thesis [1] or checking with senior researchers in the Buhrman group,
e.g., at the time of this writing (summer 2002), Nathan Emley. All steps except for
the metal film depositions are performed at the Cornell Nanofabrication Facility.

Begin with an oxidized polished silicon wafer. Silicon oxide is not crucial; it is
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just important that the substrate be insulating. This procedure describes a process
using 3”7 wafers, but it can be straightforwardly be scaled up to larger wafers as
well, without needing to remake any photolithography masks. The layers can be
deposited via sputtering or thermal evaporation, although sputtering is preferred,
as it tends to yield more uniform films. First deposit a thin layer (2.5 nm) of Co;
this serves as a sticking layer for the layers that follow. Ti or Cr could also be used.
Next, deposit a thick (80-120 nm) Cu layer; this serves as the bottom electrode for
the device. Then, deposit the layers for the magnetic trilayer. For the procedure I
describe here, the thick layer should be deposited first. On top of this, a capping
layer of Au 15-20 nm thick is deposited. This will serve as a protective layer for the
top of the pillar throughout the process.

Next, spin a bilayer of electron-beam resist on top of the layers (Figure B.1la).
The bilayer technique I employ involves first depositing a thick layer of one kind of
resist, and then a thinner layer of a resist that is less dose- and developer-sensitive
then the first. After exposure and development, the resulting shape in the bilayer
should look like Figure B.1b, with a wider hole in the bottom layer than the top. This
enhances the liftoff quality when the mill mask is deposited, as the lithographically-
defined feature will form separated from the rest of the deposited film (Fig. B.1c).
There are a variety of resist combinations that can be used. For the thick layer, I
typically use 11% 1:1 MAA. Spinning this at 3000 RPM for 40 seconds leaves an
approximately 190 nm-thick film. Bake the wafer on the 170° C hotplate in the
e-beam resist room at CNF for 15 minutes after spinning, then deposit the thin
layer. I typically use 2% 495 PMMA for this layer. Spinning at 4000 RPM for 40
seconds yields a thickness of about 50 nm. Bake again for 15 minutes on the 170°

C hotplate.
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Figure B.1: Schematic of initial steps of nanopillar process (not to scale). The ma-
terials and thicknesses noted on the figure are representative. (a) The trilayer is

initially deposited, with a thick Cu electrode below, and a thin Au cap above. A
PMMA/MAA bilayer is spun on top of the layers. (b) After electron-beam lithog-
raphy and development, a hole is opened in the bilayer. (¢) An Au ion mill mask is
deposited. (d) After liftoff (not shown), a timed ion mill creates the nanopillar.
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Figure B.2: Layout of the electron-beam lithography pattern (not to scale) , showing
a 9 x 9 array with two alignment marks on either side of the array. The zoom shows
each element of the 9 x 9 array, which consists of four individual device pillars,
and, in the fifth slot, an array of pillars. The pillar array is used for imaging and
characterization.
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For the e-beam lithography, performed on the VB6 at CNF, I typically make
364 devices per wafer; by “device” I mean a single shape which will eventually
define the shape of the pillar in the device. The 364 devices are divided into a
9 x 9 array of four devices each (Figure B.2). The elements of the 9 x 9 array are
separated by 5 mm, while the four subelements are arranged on a line spaced 0.5 mm
apart. There is a fifth slot for each array element, on which a subarray of pillars are
exposed; this subarray will be used to characterize the pillars during the procedure.
On symmetric sides of the 9 x 9 array large alignment marks are placed; these are
typically put 2.3 mm to the left of the fifth element of the first column and 2.3 mm
to the right of the fifth element of the ninth column, as shown in Figure B.2. The
numbers [ use here are entirely customizeable; they are chosen simply to align with
the photolithography masks I use later to define the leads to the devices. Centering
the pattern is not crucial, although it makes alignment easier if the array is parallel
to the bottom flat of the wafer.

Of course, I should emphasize at this point that getting the desired shape out of
the VB6 is something of a black art; the optimal pattern and dose for a particular
desired shape will vary over time. Therefore it is imperative that a dose test be
performed prior to exposing a device wafer, in order to determine the appropriate
parameters. Also note that the ion mill, which creates the pillars, will not leave the
pillars with perfectly vertical walls; thus the pillars will be larger than the exposed
pattern. How much larger depends on the mill depth and angle of milling, but this
could add as many as 10-20 nm to the pillar size.

After exposure, develop in 1:3 MIBK:IPA for 60 seconds, rinse in isopropyl alco-
hol (IPA), and blow dry. Descum the wafer by running a short, low-power oxygen

plasma using either the Applied Materials or the PT72 reactive ion etchers (RIE).
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Typically I use the PT72, running process #1 (resist strip) for 6 seconds. This tends
to improve the liftoff characteristics.

Now is the time to deposit the mill mask. The purpose of the mask is to protect
the region under the mask during the ion mill, so that it will leave that area as a
freestanding pillar. The mill mask material type and thickness should be chosen
so that it is entirely milled away at the same time that the pillar is fully milled.
To do this, one needs to know the mill rates for each material used in the device.
The mill rate depends on the beam current of the ion mill, the angle of incidence
between the beam and the substrate, as well as the manner in which the material was
originally deposited (i.e., sputtering vs. thermal evaporation). Table B.1 displays
mill rates I have found for thermally-evaporated materials, using a beam current on
the VEECO ion mill of 50 mA, perpendicular beam incidence, and an Argon ion
pressure of 1.2 x 107* Torr. All values are to within £10%. Using these numbers,
if, for example, the plan is to mill down through 20 nm of Au, 3 nm of Co, and 6

nm of Cu, then the total time that the mill mask must survive is the following:

2
Total Time = 0 nm + ; + 6 = 38.6 sec. (B.1)
0.92 nm/sec  0.31 nm/sec .84 nm/sec

Appropriate mill masks would then be, for example, 38.6 *« .92 = 35.5 nm Au, or
38.6 % .11 = 4.2 nm Cr. I typically use Au as a mill mask, as it will not provide
significant oxidation problems if I do not manage to completely eliminate it during
the mill.

Once this calculation is completed, deposit the mill mask using thermal evap-
oration, as this method provides the smallest features for a liftoff process. After
deposition, place the wafer in acetone and let sit for a minimum of 8 hours. If the
liftoff is good there should be metal peeling off of the wafer rather quickly (within 15

minutes or so), but the resist may take considerably longer to dissolve completely.
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Table B.1: Ton mill rates for various materials used in nanopillar process, using
the CNF VEECO ion mill. The beam current used was 50 mA, the Ar pressure

1.2 x 10™* Torr, and the beam was oriented at normal incidence.

Material | Mill Rate
(nm/sec)
Co 0.31
Au 0.92
Cu 0.84
Cr 0.11
Py 0.38

Agitate the acetone by shaking gently every hour or so. I usually let the wafer sit
overnight. If metal is not cleanly coming off by the end of the period, it is possible
to sonicate the wafer to finish the job. This is a risky endeavour, and the sonicator
should not be run more than a few seconds, or the mill mask may be ripped off.
Rinse the wafer with acetone and IPA, and blow dry. The quality of liftoff can be
checked by inspecting the wafer under an optical microscope. The pillar patterns
will be invisible at this point, but the two alignment marks should be visible opti-
cally. It will take some searching to find them, but a careful survey should catch
them; they are visible even if they are gold on gold.

Now comes the first of five photolithography steps. The procedure is roughly
the same for all five steps, with the fifth differing only in that the lithography is
performed on a small chip rather than a full wafer. Each step requires a different
mill mask. The pattern on each mask represents the pattern (die) transferred to
one element of the 9 x 9 array. I provide drawings of the patterns for each mask,
along with a description of the mask I typically use, in Figure B.3. There is a set
of masks in the Ralph group drawers, but I have typically used the set that resides
in the Buhrman group drawers; it is to these masks that I specifically refer. For the

purposes of this recipe, however, it is really the function of each of these masks and
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not their specific patterns that is important, so I will describe them more generally
here in the text.

The first mask is designed to protect the contact pads for each lead of each device
from the first ion mill (Figure B.3a). As the wafer will eventually be covered in a
polyimide insulator roughly 220 nm thick, it is important that the pads through
which the outside world contacts the device remain as high above the wafer as
possible. In addition, wirebonds can more consistently be formed on the top Au
layer than the materials underneath. Therefore the result of this step will leave
small squares of photoresist that serve as mill masks for all the contact pads of the
device. The appropriate Buhrman group mask is labeled “Protect Au”.

Clean the surface of the wafer with acetone and IPA on a photolithography
spinner. Spin on 1813 Shipley resist for 30 seconds at 2000 RPM; this should put
roughly 2 microns of resist on the wafer. Bake this resist on the 115° C hotplate
for 1-2 minutes. Use the 5X stepper for photolithography. A process on the 5X will
have to be written that steps the pattern onto each element of the 9 x 9 array. The
alignment marks, located as described earlier, are nonstandard, and their positions
relative to the array will have to be entered into the process file. A pre-existing
process for the first four photolithography steps exist in my directory ($EM$DX0),
with process name “myers”, run name “ed”. A typical exposure time is 1 second,
and, for the focus, the default number is acceptable. After exposure, develop in 300
MIF for 60 seconds. It is better to err on the side of overdeveloping rather than
underdeveloping, as the features are large and their exact size is not important.
Rinse in water and blow dry. The pattern can be imaged optically after developing,
to check on shape and consistency.

Next is a standard descum, which removes the residue from photoresist and
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Figure B.3: Schematic of the five photolithography masks used during the nanopil-
lar process, for a single device. For each mask, the black color is the patterned
photoresist left on the wafer after development. The grey oval in the first image
shows the location of the pillar. (a) The first mask defines the contact pads for the
four leads. (b) The second mask defines the bottom leads and a portion of the top
leads. In addition, a test mesa and alignment marks (neither shown) are defined at
this step. (c) After the polyimide is spun, the third mask is leaves only the contact
pads exposed so that they can be cleared of polyimide. This mask also leaves a
window on the test mesa exposed so that the polyimide thickness can be measured.
(d) The fourth masks opens up a small window above the pillar, through which a
precision etch exposes the top of the pillar for the top electrode. (e) The fifth and
final mask defines the top electrode. (f) Optical image of a completed nanopillar
device.
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developer in the cleared areas. I have usually used the Applied Materials etcher
for this. Preclean the chamber with oxygen first, as is standard. For the descum,
standard parameters are 12 seconds at 30 Watts, 40 mTorr of oxygen at 30 standard
cubic centimeters per minute (SCCM).

Following this is the first ion mill step, using the VEECO ion mill. From the
earlier calculations for the mill mask, the total etch time should be known. The
wafer is very quickly heated by the sputtering process of the ion mill, so the full
etch time should not be done in one continuous go; otherwise, the photoresist will be
burned onto the wafer and impossible to remove, and the mill rates will increase from
heating. I typically follow a duty cycle of 20 seconds with the shutter open (beam
hitting the wafer), and 40 seconds with the shutter closed. Use the Dow Corning
grease provided to heat sink the wafer to the chuck. As mentioned earlier, use 50
mA of beam current an Argon ion pressure of 1.2 x 10™* Torr, and perpendicular
beam incidence to achieve the previously-cited mill rates. 1 usually wait until the
ion mill pressure dips below 1 x 107 torr before letting the Ar gas in. Keep the
wafer rotating during the mill, so that the mill is even across the wafer. The pillar
formed at the end of this step is schematically shown in Figure B.1d.

Soak the wafer in acetone for several hours. Often I let it sit overnight. Even
after extended soaking, the photoresist rather stubbornly stays onto the wafer, so
a short sonication is usually necessary. In some cases it is impossible to remove all
of the resist from the wafer. This is a very annoying consequence of the ion mill,
and if a more reliable method for removing the resist without risking damage to the
pillars can be found, more power to the reader.

Next is the second photolithography step. This step defines the bottom leads

and eliminates electrical contact between the pillars (Figure B.3b). In addition, an
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additional shape called a test mesa is formed next to the fifth slot in each array
element, where the pillar array resides. The thickness of the polyimide is measured
on this mesa in a later step. The purpose of the test mesa is essentially to mimic
the environment around the pillars so that a more accurate determination of the
polyimide thickness can be made without having to measure the locations around
the pillars directly. The second photolithography step also defines alignment marks
for each element of the 9 x 9 array; these alignment marks will make it possible to
perform the final aligned photolithography step on individual elements of the 9 x 9
array. The alignment marks are placed 2.3 mm horizontally from the center of
each element of the 9 x 9 array. The appropriate Buhrman group mask for this step
is labeled “Layer 17.

The procedures for photolithography and a subsequent descum are the same as
those for photolithography step #1. After this is a second ion mill, which transfers
the photolith pattern to the metal layers. The goal as described here is to mill
through the rest of the layers down to the insulating substrate; the total time needed
to accomplish this can be calculated the same way as in the earlier ion mill step.
Remove the photoresist as before—it will be just as difficult to get off as the first
time.

This is a convenient point to stop and characterize the pillars via imaging tools.
This can just as easily be done after the first ion mill, but it is easier to locate
the pillars for imaging after the second mill step. Image the subarrays in the fifth
slot of each element of the 9 x 9 array and not the device pillars themselves, as
imaging the pillars (particularly with the SEM) risks damage to them. Use an AFM
to determine the height of the pillars. This gives information as to the degree of

success of the first ion mill (the number measured should be close to the calculated
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number), and also is important for the final precision polyimide etch. SEM imaging
gives information about the shape of the pillar; its cross-sectional area and aspect
ratio are important numbers to know when trying to make quantitative comparisons
to spin-transfer theory. AFM and SEM also show how uniform the pillar fabrication
process is; the imaged arrays should be fairly regular in shape and height if the
previous steps have gone well. Image several arrays at different points on a single
wafer, to check uniformity across the wafer. See Figs. 2.2 and 2.3 of Chapter 2 for
characteristic AFM and SEM images of array pillars.

At this point the pillar, the bottom leads, and part of the top leads have been
fabricated. It is now time to prepare for the very last step, which is to deposit the
rest of the top leads and complete the device. In order to make sure the top and
bottom leads only contact each other through the pillar, however, an insulator has
to first be deposited which physically separates the area of overlap of the two leads.
The insulator I use is polyimide, which is a polymer that is kept in solvent and can be
spun on a wafer like photoresist or PMMA. There are a large varieties of polyimides
available; the kind I use (Duramide 285, 2:1 in solvent) requires preapplication of an
adhesion promoter, which essentially “primes” the surface of the wafer so that the
polyimide will stick better. The adhesion promoter used is labeled QZ3289. This is
diluted with another chemical labeled 73290, which, despite the arcane name, is
nothing more than 5 parts (volume) of DI water mixed with 95 parts of IPA. The
chemicals should be mixed in a ratio of 1 part Q73289 to 9 parts QZ3290; they need
to be combined fresh just prior to spinning. The proportions can be determined
roughly by using an eyedropper. Try to mix as small an amount as possible, as very
little is required per wafer.

Mount the wafer on a chuck in the e-beam resist room at CNF and clean the
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surface with acetone and TPA. Before applying the adhesion promoter, make sure
the polyimide (Duramide 285 2:1) is within reach, as it will need to be deposited
within seconds of applying the promoter. Spin the diluted adhesion promoter on,
at a rate of 3500 RPM and a time of 40 seconds. Within several seconds, spin
the polyimide on at a rate of 3000 RPM and 40 seconds. This should generate a
thickness of 220-240 nm.

After spinning comes the bake, which is extremely important in determining the
final polyimide quality. First rest the wafer onto the 170° C hotplate for several
seconds. This drives off the solvent from the polyimide, a process that can be
seen visually (it’s neat!). The remainder of the baking is done in the 170° C oven
in the e-beam resist room. The most important quantity during the bake is the
final temperature, but it is also important that the baking be ramped to that final
temperature in several steps. A sequence that has worked for me, but is not unique
to creating successful polyimide films, is to bake at 150° C, then 170° C, then 220° C,
all in 20 minute increments, for a total bake time of 60 minutes. The resulting wafer
should have a roughly uniform color, except perhaps at the edges. The color itself
is determined by the material underneath. Depending on the shade of the silicon
oxide (which is blue), I have seen quality polyimide films that are either green or
red. The pillar after polyimide deposition is shown in Figure B.4a.

The third photolithography step follows the polyimide spin. The pattern here
covers everything in photoresist except for the contact pads and two small squares
above the test mesa (Figure B.3¢). These two squares will later be used to measure
the polyimide thickness. The Buhrman group mask used here is labeled “Clear
Polyimide”. Follow the procedures of the previous two photolith steps.

The polyimide can be removed in an oxygen plasma; [ typically use the Applied
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(b)

(c)

Cu (150 nm)

Figure B.4: Schematic of the final steps of the nanopillar process, after the creation
of the nanopillar (not to scale). (a) A polyimide insulator is spun on the pillar. (b)
Through photolithography and a precision oxygen plasma etch, the top of the pillar is
exposed through the insulator. (¢) Further photolithography and evaporation/liftoff
create the top electrode.
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Materials etcher for this. Run a plasma using 40 mTorr of oxygen at 30 SCCM,
and a power of 40 watts, for 240 seconds. This will clear the contact pads of the
polyimide, and etch squares down to the test mesa. Image the contact pads after
etching; they should be gold-colored. If not, etch a little longer.

After removing the photoresist with acetone and IPA (it will be blissfully easy to
do so), measure the depth of the polyimide holes on the test mesas. This can be done
with a standard profilometer (there are ones in CNF and in TOL at Clark Hall), or
with an AFM. Measure at various points on the wafer; the polyimide thickness is
typically uniform to within 10-20 nm.

Next comes the fourth photolithography step. This exposes a small window
above each device pillar (Figure B.3d). The Buhrman group mask for this step is
called “#4”. The procedure is identical to the three previous photolith steps.

Following this is the precision etch, which exposes the top of the pillar through
the polyimide. An ideal etch will remove enough polyimide so that only the top
Au cap is exposed, with the rest safely covered by the polyimide (Figure B.4b). To
do this, the height of the pillar, the thickness of the polyimide, and the etch rate
must all be known. Even if these numbers are known well, however, there can still
be variations due to the deformation in the polyimide caused by the pillar (Figure
B.4a). Therefore, a range of etch times need to be tried, to ensure that at least
some devices are optimally etched. Use a scriber to cut the wafer into 9 squares,
each consisting of a 3 x 3 array. Label each by scribing a number on them, noting
from what region of the wafer they were cut, in case the pillar height or polyimide
thickness varies across the wafer. The etching is performed in the Applied Materials
etcher, using an oxygen plasma at 40 mTorr, 30 SCCM, and 30 Watts. The default

polyimide etch rate with these parameters is 1.2 nm/sec, but this number can vary
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by as much as +20%.

This is a tricky and not-always-successful procedure, but I have had some luck by
performing the etching steps as follows: Start with one square from the wafer, which
will be sacrificed to determine the etch rate. Using the measured pillar height, the
measured polyimide thickness, and the default etch rate, calculate the time needed
to etch so that the Au cap is roughly halfway exposed. Etch the wafer using a time
10-20 seconds shorter than this value; this is done to ensure that the polyimide
is not completely removed, in case the actual etch rate is much larger than the
default etch rate. Afterwards, immediately measure the etch depth (after removing
the photoresist, of course) on the profilometer or AFM, and from this calculate the
actual etch rate. Then go back and, using this etch rate, etch several more squares,
varying the etch time on each by 5-10 seconds. In general it is desireable to have
the average of the etch times slightly smaller (5-10 seconds) than optimal, since the
device will be etched a second time after the fifth photolithography step during the
descum. The optimal etch time may be different between different squares due to
variations in polyimide thickness or pillar height.

Next is the fifth and final photolithography step, which creates a pattern for
the top leads above the pillars (Figure B.3e). The Buhrman group mask for this is
labeled “Top Lead”. This step is different from the previous four photolithography
steps in that individual 3 x 3 squares will be used, rather than the full wafer. There
are small spinner chucks designed for chips of this size, so the resist can be spun
in the normal way. Center the square on the chuck of the 5X stepper. I have used
a process for 3 x 3 arrays that is in my 5X directory called “mf”, with run name
“ed”. This process aligns using the two alignment marks on the center element of

the 3 x 3 array. They must be located optically. To ensure that I am above the



273

correct alignment mark, I move the stage until [ am along an edge of the square,
so that I can count along until I am at the center element. Alignment can be a
painstaking process, and will involve many small adjustments of the square by hand
so that it is level. Expose and develop in the usual way.

Peform a descum using the same parameters as before. An unknown portion of
this descum time etches the polyimide as well, which is why it is safer to underetch
by a few seconds during the precision etch. After this, [ usually perform a short ion
mill in the VEECO to remove the top layers of the Au cap. An in situ ion mill can
also be performed on the CHA evaporator in the Buhrman group immediately prior
to deposition of the top lead. I have not tried this approach with great success, but
it appears to make a marked improvement in the contact resistances of the devices
made in Buhrman group. I typically run the VEECO at 50 mA for 5 seconds—this
should remove roughly 4-5 nm of the Au cap.

Deposit the top Cu lead, about 150 nm of material (Figure B.4c). Place the
squares in acetone and soak for 30-60 minutes. The Cu should peel off cleanly; if
there are scratch marks in the photoresist, it may become stuck in places. A finished

device is depicted in Figure B.3f. Enjoy!
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