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Chapter 1

General Introduction

By analogy with the developments in semiconductor physics, the considerable progress
in metallic magnetic thin film deposition techniques of nanoscale magnetic layered
structures has led to a number of fascinating discoveries both fundamentally and tech-
nologically appealing. This has fueled a booming and widespread interest in the mag-
netism and specifically the magneto-transport properties of these materials, as wit-
nessed during the last decade. The triggering event was the unexpected discovery by
Carcia et al. [1] of a perpendicular easy axis of magnetization in a stack of thin alter-
nating non-magnetic Pt and magnetic Co layers. The next major breakthrough was the
discovery in 1986 by Griinberg et al. [2] that the magnetic interaction between two thin
ferromagnetic Fe films separated by a thin (thickness # ~ 1 nm) nonmagnetic Cr layer
could be made to change from ferromagnetic to antiferromagnetic depending on the
exact thickness of the nonmagnetic layer.

Shortly after the latter report, it was realized that exciting new magneto-transport
phenomena were to be expected in multilayers of Fe and Cr, in which the Cr layer
thickness was tuned such that the magnetic interaction was antiferromagnetic. Indeed,
the Giant Magnetoresistance (GMR) effect was discovered two years later by Baibich
et al. [3] and Binasch et al. [4] in this type of metallic magnetic multilayers. The effect
was named ‘Giant’ after the order of magnitude larger magnetic field induced decrease
of the electrical resistance for the multilayer (of the order of 100%) compared the largest
Anisotropic Magnetoresistance (AMR) effect known for bulk ferromagnetic materials
(of the order of a few percent). It was recognized early on that this newly discovered
magnetoresistance effect had large application potential, and numerous companies and
university research groups all over the world have been working in this field of research
ever since. It is illustrative in this respect that, within 10 years after the GMR effect has
been discovered, and driven by the never-ending quest for miniaturization to obtain and
handle higher storage densities of information, commercial devices based on this new
technology are available on the market (for example, high-end hard-disk read-heads,
magnetic field sensors, and magnetic memory chips).

Although the discovery of the GMR effect in magnetic metallic multilayers can be
considered as a triggering event in the recent history of magneto-transport studies, the
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effect was neither the first nor the last magnetoresistive effect to be discovered. As early
as 1857, Thomson (later Lord Kelvin) [5] discovered that the resistance of ferromag-
netic metals depends on the orientation of the magnetization of the sample relative to the
direction of the measuring current. This effect has been named the Anisotropic Magne-
toresistance (AMR) effect and originates from the spin-orbit interaction, see Fig. 1.1(b).
An excellent review of the experimental work and understandin g of the AMR effect has
been provided by McGuire and Potter [6], who also briefly discuss the ordinary magne-
toresistance effect. The largest reported relative change in resistance at room tempera-
ture, caused by the AMR effect, for the series of 3d transition metals and their alloys,
is about 6.6% for the alloy NizgFesq [6]. The magnetic field range in which the AMR
effect occurs, is governed by the field needed to change the direction of the magnetic
moment of the material. For some magnetic alloys, such as permalloy (NigoFeyo), this
field can be as small as 0.3-0.5 kA/m, i.e., only one order of magnitude larger than the
earth magnetic field. The field range and the magnitude of the AMR effect have proven
to be sufficient to be applied for magnetic recording purposes, where information is
stored in a magnetic medium and is read-out by detecting the escaping magnetic flux.
It should be noted that due to the weaker technological constraints and the robustness
against, for instance, atomic diffusion processes at high temperatures, AMR materials
may remain to be an interesting alternative to the more sensitive, but also less robust
magnetoresistive materials discussed below.

Apart from the AMR effect in ferromagnetic metals, magnetoresistive effects of
different origin have been reported for both bulk and thin film materials. The already
mentioned ordinary magnetoresistance effect is relatively large in some semiconductor
materials, and is applied in some commercial magnetic field sensors [7]. It originates
from the effect of the Lorentz force due to the magnetic field on the electron trajectories
in the sensor material, see Fig. 1.1(a).

A particularly interesting second example is the so-called ‘colossal’ magnetore-
sistance (CMR) effect in the family of doped manganate perovskites, for which the
material Laj3Ca;/3MnOs is the prototypical example [8-11], and the close related py-
rochlore Tl;Mn,07 [12-14]. The CMR effect can be very large, changes in the electri-
cal resistance of several orders of magnitude are fairly common. The CMR effects is
the result of a magnetic field driven metal-insulator transition at the magnetic ordering
temperature of the manganate perovskite, which implies that the effect is only seen in
the temperature range in the vicinity of the Curie temperature of these materials and
always requires magnetic fields in the range of several Teslas. Due to these properties
the applicability of these materials as such for sensitive magnetic field sensors is fairly
limited.

The giant magnetoresistance arises for metallic devices in which magnetic and non-
magnetic materials are combined, as for instance in the Fe/Cr multilayers mentioned
earlier. The resistance depends on the relative orientation of two or more magnetic en-
tities, see Fig. 1.1(c). The magnetoresistance originates from the different scattering
rates (the scattering rate is proportional to the resistivity) for majority and minority spin
electrons, either in the bulk of a ferromagnetic layer or at the ferromagnet/normal metal
interface. As an example, consider the electron transport through a trilayer containing
two magnetic layers, separated by a nonmagnetic layer. In an extreme case, a majority
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spin electron traverses a magnetic layer without scattering (i.e., a low resistance), while
a minority spin electron scatters many times (i.e., a high resistance). When both mag-
netic layers have their magnetizations aligned parallel, the majority spin electrons will
traverse the whole system freely and the resistance of the whole system for the majority
spin electrons is low. The minority spin electrons, however, undergo scattering events
in both magnetic layers, and their total resistance is high. Consider next the situation in
which the magnetization direction of one of the magnetic layers is reversed. The roles
of majority and minority spin electrons in that layer are now also reversed. Electrons
which are majority spin electrons in one layer, are minority spin electrons in the other
layer. Electrons in both spin-channels will therefore undergo an equal (relatively high)
rate of scattering. As a consequence, the resistance of the whole device will increase.
This GMR effect is not limited to metallic magnetic multilayers alone. Any system in
which separate magnetic entities exist and are able to change the relative orientation of
the magnetic moments shows the effect. The only requirement is the distance between
the magnetic entities, which should be within the mean-free-path of the conduction
electrons. ,

Well before the discovery of the GMR effect, it was known that the tunneling cur-
rent between two metallic magnetic layers separated by a very thin insulating barrier
(called a magnetic tunnel junction, MTJ) depends on the relative orientation of the mag-
netization in the adjacent magnetic layers in much the same way as found for the GMR
effect, see Fig. 1.1(d). This magneto-tunneling effect has been named junction mag-
netoresistance (JMR), sometimes also called tunnel magnetoresistance (TMR). Julliere
performed pioneering experiments on such junctions already in the seventies [15]. Un-
til recently, however, only a relatively modest number of studies were reported. Partly
this was caused by the technologically demanding fabrication process, which makes it
extremely difficult to realize robust and reliable Jjunctions. Additionally, also the fact
that the reported magnetic transport effects were small (AR/R at most a few percent)
did not trigger considerable interest in view of alternative possibilities for sensor ap-
plications. Recently, however, a few groups [16-20], including our own, succeeded in
preparing tunnel junctions with high magnetoresistance at room temperature and low
magnetic switching fields. For device geometries which are considered for potential
applications, the JMR effect in magnetic tunnel junctions is larger than the GMR in
layered magnetic metals. This makes these Junctions rather promising candidates for
the use as magnetic sensors and non-volatile memory elements.

It should be stressed at this point that the JMR effect, which is due to ballistic
(i.e., non-diffusive) spin-dependent transport, has to be distinguished from the giant
magnetoresistance (GMR) effect in layered magnetic metals, where the spin-dependent
scattering probability (i.e., diffusive transport) of the carriers is the major physical ori-
gin. One significant difference from a device point of view is the geometry. Where the
JMR effect is an intrinsically perpendicular effect, in that the sense current must flow
perpendicular to the film plane (so-called CPP-geometry), the GMR effect is usually
applied with the sense current in the film plane (CIP-geometry).
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1.1 This Thesis

In this thesis, a selection of the work performed over the past years is presented, cover-
ing several aspects of magneto-transport properties in different magnetic layered struc-
tures. The systems under study varied from single magnetic metallic layers to multilay-
ers containing both metals and nonmetals, from homogeneous thin films to structured
device geometries, using a range of materials, such as magnetic and nonmagnetic met-
als, insulators, conducting oxides, and superconductors. The thesis has been divided
into two Parts, each focusing on a different magneto-transport phenomenon. Part I dis-
cusses the electronic noise of test structures of AMR and GMR based magnetoresistive
elements optimized for use as magnetic field sensor in read-heads for, e.g., tape record-
ing. In Part II the focus is on the transport properties of magnetic tunnel junctions,
which is presently regarded as a possible long term successor of the devices studied in
Part 1.

In Part I, Chapter 2, electronic noise in magnetic devices is discussed, with the em-
phasis on noise with a magnetic origin. Most attention in previous research had been
focussed on optimizing the magnetoresistance effect to obtain a more sensitive magnetic
field sensor. Here, two of the proposed optimized devices geometries have been inves-
tigated for their electronic noise behavior. The first is a traditional device consisting
of a single magnetic layer, where the magnetoresistance is caused by the AMR effect.
The second is a metallic multilayer consisting of a pinned and a free (i.e., not pinned)
soft-magnetic layer separated by a nonmagnetic metallic spacer layer. The magnetore-
sistance of the latter device is a superposition of the AMR effect found in the magnetic
layers and the much larger GMR effect resulting from the relative magnetization reori-
entation in the trilayer structure. The noise has been measured in the low frequency
range (1 Hz < f < 100 kHz) and can be separated in a frequency independent (also
called white) contribution, which dominates at the higher frequencies, and a magnetic
field dependent 1/f (also called pink) contribution, which dominates at low frequencies.
A model is proposed to account for the variation of the 1/f contribution as a function of
the applied magnetic field.

In Part IT research on magnetic tunnel junctions is discussed. A wide range of topics
has been covered. Chapter 3 gives an overview of the field. In the Chapter 4, various
experimental results on a good FM-I-FM junction are presented, and the importance of
the interface properties is established.

The next chapters focus each on a specific research topic. Chapter 5 discusses a
model calculation on the well known problem of the interpretation of experimental re-
sults which arises when the value of the resistance of the device becomes comparable to
the resistance of the connections to the measuring equipment. Chapter 6 discusses the
temperature dependence of the junction magnetoresistance effect. It is found that the re-
sults can not be interpreted based on a so-called elastic tunnel conductance contribution
alone, thermally or bias voltage activated additional conductance contributions need to
be included. Two distinctly different models proposed in the literature are discussed and
both are found to yield a good description of the experimental results. Inelastic con-
duction mechanisms in the tunnel junctions are studied using Inelastic Electron Tunnel-
ing Spectroscopy (IETS) measurements, which is the subject of Chapter 7. Chapter 8
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presents results of transport measurements of a series of devices with the aim to study
the influence of the duration of the oxygen glow discharge time, used for preparing the
oxide barrier layers, on the magneto-transport properties. The effect of the develop-
ment of quantum well states in layers of nonmagnetic metals added at the interface of
the barrier layer is the subject of Chapter 9. And finally, in Chapter 10, results will
be presented of direct measurements of the tunneling electron spin polarization, using
the well established spin polarized tunneling technique. In the concluding Chapter 11,
the results will be shortly reviewed and a personal view on future developments will be
presented.

Regarding the structure of this thesis, the reader should be aware that several of the
Chapters have been published in or submitted to the scientific literature, with or without
minor changes. The advantage is that these Chapters can be read independently. On the
other hand, some redundancy occured as a result of the inclusion of similar information
in several Chapters.



Part 1

1/f Noise in Magnetoresistive
Elements






Chapter 2

1/f Noise in Anisotropic and
Giant Magnetoresistive
Elements

Abstract:*

Microfabricated magnetoresistive elements based on either the anisotropic or the
giant magnetoresistance effect were tested for their frequency dependent resistance
noise behavior at room temperature in a dc magnetic field, using a dc sense current.
Thermal resistance noise was the dominant noise source above about 10 kHz. At
low frequencies the resistance noise was found to be dominated by a 1/f contri-
bution that depends on the applied magnetic field. The 1/f noise is relatively low
and field independent when the element is in a saturated state and contains a rela-
tively large and field dependent excess contribution when the magnetic field is in
the sensitive field range of the element. The 1/fnoise level observed in saturation is
comparable to the 1/fnoise level found in nonmagnetic metals; the excess noise has
a magnetic origin. The variation of the excess noise level with the applied dc mag-
netic field can be explained qualitatively using a simple model based on thermal
excitations of the magnetization direction.

*The contents of this chapter has been published [R. J. M. van de Veerdonk, P. J. L. Belién, K. M. Schep,
J. C. S. Kools, M. C. de Nooijer, M. A. M. Gijs, R. Coehoorn, and W. J. M. de Jonge, J. Appl. Phys. 82, 6152
1997)1.
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2.1 Introduction

Magnetoresistive elements (MREs) are being applied in magnetic recording read-heads
and in sensor applications including position, velocity, acceleration, and angle detec-
tors. Presently, these devices are based on the anisotropic magnetoresistance (AMR)
effect [6], which is the resistance change due to the rotation of the magnetization of a
single magnetic layer with respect to the sense current. The relative resistance change
in an applied magnetic field (the AMR-ratio A Ryyux/Ro, where ARy and Rg are the
maximum resistance change and the minimum resistance, respectively) is about 2% in
magnetically soft permalloy (NigoFeyo, for which below the notation Py is used) films,
which are most commonly applied in high sensitivity sensors. Due to ongoing minia-
turization there is a drive for more sensitive MREs, which are able to measure smaller
magnetic fields or less flux (e.g. from a smaller bit on a magnetic information carrier).
One of the options for improvement is the use of the giant magnetoresistance (GMR)
effect [3, 4], which is the resistance change due to changing the relative orientation of
the magnetization of at least two stacked magnetic layers. One of the most promising
structures showing the GMR effect is the so-called spin-valve structure consisting of
two magnetic layers (typically Py) separated by a nonmagnetic layer (typically Cu) [21].
One of the magnetic layers has a fixed magnetization direction due to exchange biasing
with an adjacent antiferromagnetic layer (typically FesoMnsg), while the other magnetic
layer is free to rotate in a small applied magnetic field. The relative resistance change
(GMR-ratio) of such a spin-valve structure can be several times larger than the AMR
effect for the individual magnetic layers, whereas in unpatterned films the switching
takes place within approximately the same magnetic field range [22].

To assess the applicability of GMR sensor elements the GMR-ratio and the switch-
ing field range are not the only relevant parameters. Equally important is the signal to
noise ratio (see, e.g. Ref. [23]). One contribution to the sensor noise is thermal resis-
tance noise (also called Johnson or Nyquist noise), which is always present in resistive
devices and is caused by thermal smearing of the distribution function of electrons near
the Fermi-level. This noise source contributes a constant background to the voltage
spectral density in the frequency range considered equal to Sy = 4kTR (in units of
V2/Hz), where k is the Boltzmann constant, T is the temperature, and R is the total
resistance of the sensor.

A second noise source is Barkhausen noise, which arises from sudden and irre-
versible domain wall motion. This noise source can be suppressed by stabilizing a
single magnetic domain state and by promoting a coherent rotation process of the mag-
netization during switching. This can be achieved by providing an easy axis of magne-
tization perpendicular to the applied magnetic field, by using a specific sensor design
(such as the “picture frame” geometry) [24], or by applying a small stabilizing mag-
netic field (externally or from the applied sense current, such as in the “barber pole”
geometry) [25].

This Chapter focusses on a third noise source, namely 1/f noise (also called flicker
noise) [26-28]. This contribution to the sensor noise is a potential limiting factor for
applications of MREs as low frequency magnetic field sensors, or when sensors are
miniaturized to allow for higher spatial resolution. Recently, a number of studies have
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been performed on the 1/f noise behavior of magnetic multilayers [29-35]. In these
studies the amplitude of the 1/f noise was observed to be significantly enhanced with
respect to nonmagnetic metals. This has been attributed to the complex domain struc-
ture in the studied magnetic multilayers. The lack of information on the micromagnetic
structure prevented, however, a more detailed understanding.

We feel that single magnetic domain test structures in which the magnetization ro-
tates coherently in an applied field are much better suited for the investigation of the
relation between magnetism and 1/fnoise. The magnetic state of these structures is well
characterized and can be modified in a controlled way. This provides an additional knob
that is accessable experimentally and that allows to change parameters reproducibly and
continuously using a single device. This is in contrast to nonmagnetic materials where
only the temperature can be varied.

In this Chapter we present a comparative study of 1/f noise in AMR-based and
GMR-based MREs. The investigated GMR-based MREs are exchange biased spin-
valve structures, containing only a single magnetically sensitive layer. These elements
are microfabricated in the “picture frame” geometry, which makes it possible to prepare
a magnetic structure such that it is essentially in a single magnetic domain state [36]. It
has been shown that the switching of the free layer occurs as a coherent magnetization
rotation process, although the edges of the elements saturate in higher magnetic fields
than the center [37].

We find that also for these single domain structures there is a strong, magnetic field
dependent contribution to the 1/f noise in the sensitive field range. The results are
interpreted in terms of thermal excitations of the magnetization direction and explained
qualitatively using a simple model based on a Stoner—Wohlfart description of the total
energy.

2.2 Experiment

The MREs used in this study are deposited on nonmagnetic polycrystalline ceramic
substrates (an Al-TiC mixture called “Alsimag™). A layer of 30 nm Py is used for the
AMR-based MRE. The GMR-based MRE consists of the multilayer 8 nm Py/2.8 nm
Cu/6 nm Py/10 nm FesoMnsp. Both MREs are grown on a buffer layer of 3.5 nm Ta
and have a capping layer of 10 nm Ta. Deposition was performed by dc magnetron
sputtering in a multitarget ultrahigh vacuum (UHV)-sputtering apparatus in a magnetic
field in order to induce uniaxial magnetocrystalline anisotropy. The magnetic field H; of
~15 kA/m is applied along the direction that after patterning is parallel to the long axis
of the element (longitudinal direction). After deposition the films are microfabricated
in a picture frame geometry using optical lithography and Ar ion milling [36] (see
Fig. 2.1). In this geometry the magnetic layers form an almost closed yoke in order
to essentially eliminate domain wall formation in the sensitive part (active area) of the
MRE.

A 100-nm-thick gold metallization layer is used to make low resistive connections
to the active area of the microfabricated (multi)-layer. The active area is 10-pm-wide
and varies in length [ between 10 and 70 wm. The metallization layer connects on both
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sides to a single contact pad, which is used as both voltage and current lead. This adds a
contact resistance from the metallization connections to the resistance of the active area
of the MRE. The metallization connections also contribute to the noise by increasing
the thermal noise and adding 1/f contact noise. Despite these disadvantages the two
terminal geometry has been chosen over a four terminal geometry in order to resemble
more closely the designs used for read-head applications. The influence of the geometry
on the experimental results was verified, see below, and was found to be minor and eas-
ily distinguishable. AMR-based MREs have been fabricated both with [Fig. 2.1(a)] and
without [Fig. 2.1(b)] a slanted pattern of 100-nm-thick gold stripes, a so-called barber
pole metallization [25], on top of the active part of the MRE. The barber pole metal-
lization is commonly used to linearize the response around zero applied magnetic field
and will be discussed in more detail below. The AMR-based MREs without barber pole
have been microfabricated with varying length of the active area on a single substrate,
which makes it possible to determine the contact resistance (noise).

After processing, the GMR-based MREs were heated to 140 °C and subsequently
cooled in an applied magnetic field H, along the short axis of the MRE (the trans-
verse direction). This procedure rotates the exchange biasing direction of the top
(or “pinned”) magnetic layer [36]. The growth induced uniaxial magnetocrystalline
anisotropy promotes hysteresis free rotation of the other (“free””) magnetic layer in an
applied transverse magnetic field [22].

The measurements have been performed in mumetal shielded boxes using the setup
as shown in Fig. 2.2. A static magnetic field H = (H}, H,) can be applied in the film
plane using two orthogonal sets of Helmholtz coils with a maximum field strength of
about 4 kA/m each. The current for these coils is generated by mains powered supplies
(Kepco BOP36-12). The sense current /; through the MRE is provided by a battery
unit and can be varied by changing the series resistor R,. The voltage is measured by
two pairs of voltage leads and is preamplified by two battery powered ultra low-noise
ac voltage amplifiers with a gain of 1000 (EG&G Brookdeal 5004) before they are
transferred to the analyzer. The analyzer [HP3562A dynamic signal analyser (DSA)]
was used in cross-correlation mode to minimize the spurious noise contributions of the
voltage lead connections and the preamplifiers. The voltage spectral density Sy (f, H)
has been measured for frequencies f between 10 Hz and 100 kHz. The relative error in
the presented noise levels is within +10%.

2.3 Experimental results

An example of a spectrum for 2 GMR-based MRE is given in Fig. 2.3(a). In Fig. 2.3(a)
the 1/f contribution to the spectrum is apparent in the low frequency range while at
higher frequencies the noise is dominated by thermal noise (in the example the cross-
over frequency is ~8 kHz). The thermal noise level was never observed to deviate
significantly from the expected 4kT R level. The results presented below will focus on
the amplitude of the 1/f component in the spectra.

The voltage spectral density for 1/f noise can be described phenomenologically by
the Hooge relation [38]:
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Figure 2.1: Schematic representation of the geometries used for (a) the AMR-
based and GMR-based MREs and (b) the AMR-based MREs with additional bar-
ber pole metallization. The 170 x 150 wm? magnetic yoke form (not shaded, also
called picture frame) consists of a single magnetic layer for the AMR-based MREs
and of a multilayer for the GMR-based MREs. The active area of the element
is determined by the distance / between the two outermost metallization contacts
(shaded). ¢ is the angle between the magnetization M and the long axis of the
element. The magnetic fields H, and H, can be applied in the transverse and lon-
gitudinal direction with respect to the long axis of the element, respectively. The
AMR-based MRE with barber pole (b) has slanted 4-um-wide metallization stripes,
spaced 7.5 um apart (measured in the long axis direction) and at an angle of 45°
with the long axis.
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DSA

Figure 2.2: Experimental setup as used for the noise measurements; all sensitive
parts are placed in two mumetal shielded boxes. After preamplification, two in-
dependent signals are fed to the DSA. The Helmholtz coils (not shown) used to
generate the magnetic fields are located inside the inner box.
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where the exponent y is of order one and the total number of conduction electrons in
the sample N is taken equal to the number of atoms in the active area of the MRE. The
dimensionless normalizing constant ¢ is called the Hooge constant which for magnetic
materials depends on the magnetic state which in turn depends on the applied magnetic
field. The exponent y was also found to have a significant dependence on the applied
magnetic field, which we will not discuss in this article, and ranged between 0.85 and
1.20. We will use the voltage spectral density extrapolated to 1 Hz as a measure for the
1/f noise. Since Sy depends on the volume and resistance of the MRE as well as the
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applied sense current, only a values can be used to compare the intrinsic 1/fnoise levels
between different MREs. The buffer and cap layers are disregarded in the analysis of
noise data because of the high resistivity of Ta.

According to the Hooge relation Eq. (2.1), Sy should be proportional to I’S2 for
constant applied magnetic field. In Fig. 2.3(b) the voltage spectral density at 1 Hz
is shown to increase linearly with the square of the applied dc sense current density
upto a critical film averaged current density j. ~ 5 x 10'® A/m2. For higher current
densities the 1/f noise is higher than expected from the Hooge relation Eq. (2.1). All
experiments reported in this article have been conducted at current densities below Je-
For comparison, in our laboratory a sense current of 10 mA is the standard operating
condition for all MREs. This corresponds to a current density of 6 x 10'® A/m?) in
Fig. 2.3(b) which is slightly above j,.

The volume scaling predicted by the Hooge relation Eq. (2.1) has to be used with
caution for a magnetic element due to the influence of the geometry on its magnetic
properties. When the magnetic properties are changed (e.g., by varying the thickness
or the width of the stripe) this will have an additional effect on the noise, mainly via
the o parameter. Only the length of the active area can be varied without changing
the magnetic properties. This can be done by changing the layout of the nonmagnetic
metallization layer. We will use this below to estimate the contact noise contribution.

© We note that for metallic thin film elements the analysis of the 1/f noise in terms of
the Hooge relation Eq. (2.1) is principle incorrect due to the nonuniform current density
across the film thickness. First, this is due to the effect of the film boundaries (see, e.g.,
Refs. [39] and [40]). In multilayers an additional nonuniformity is caused by the differ-
ent resistivities for the various materials and the scattering of electrons at the interfaces
between them. Nevertheless, we will use Eq. (2.1) below as a first step towards a more
complete analysis of the experimental results because we are dealing with systems for
which the values of & are different by more than one order of magnitude.

23.1 AMR-based MRE without barber pole

The first system studied is an AMR-based MRE consisting of a 30-nm-thick Py thin
film without barber pole metallization. The geometry is a narrow magnetic stripe with
the sense current flowing in the longitudinal direction, see Fig. 2.1(a). The easy mag-
netization axis is along the length of the stripe and its magnetization rotates coherently
in an applied transverse magnetic field H,. The resistance is highest for the magneti-
zation aligned parallel to the current and lowest for a perpendicular alignment. This
particular geometry is well suited for initial measurements because of the high degree
of symmetry both electronically and magnetically.

2.3.1.1 Contact resistance and contact noise

First the contact resistance and contact noise were determined from resistance and noise
measurements without applied magnetic fields. In Fig. 2.4(a), the total MRE resistance
is depicted as a function of the length of the active area. The data points extrapolate



2.3 Experimental results 17

linearly towards an intercept of 19.3 £ 0.4, which is the contact resistance. All re-
sistance measurements reported in this article are taken from MREs with an active area
length of 70 x«m and have not been corrected for this nonmagnetoresistive contact resis-
tance, although it has been taken into account in the quantitative analysis of the noise.
As a result of the contact resistance, all the reported MR-ratios will be lower than their
intrinsic values.

The 1/f contact noise contribution has been determined by measuring Sy as a func-
tion of the dc sense current using a number of similar MREs with different lengths of
the active area. To compare the 1/f noise between these MREs the slope of the linear
part of the measured voltage spectral density at 1 Hz as a function of j2 has been used
[this is the resistance spectral density at 1 Hz Sg = aR?/N o [, also see Fig. 2.3(b)].
In Fig. 2.4(b), Sk has been plotted versus the active area length. It can be fitted with a
linear curve with an intercept of (1 +2) x 10712Q%/Hz due to 1/f contact noise. For the
MRE:s with ! = 70 wm the 1/f contact noise (if any) contributes negligibly to the overall
1/f noise level, and has therefore been discarded in the remainder of the Chapter.

2.3.1.2 Magnetoresistance

The resistance of the MRE is shown in Fig. 2.5(a) as a function of an applied transverse
magnetic field H;. The smooth, hysteresis free curve indicates coherent rotation of the
magnetization from the longitudinal direction in zero field to the transverse direction
at high fields. For a uniformly rotating magnetization a parabolic behavior of the re-
sistance versus field is expected with the saturation field H, equal to the sum of the
demagnetizing field H, and the anisotropy field H,. The demagnetizing field can be
approximated by Hy ~ M,t/w = 2.6 kA/m (M, is the saturation magnetic moment
and ¢/w the thickness to width ratio of the magnetic layer) and H, ~ 0.4 kA/m for
Py, which yields H; &~ 3.0 kA/m (dashed lines in Fig. 2.5). For low H, the expected
parabolic behavior is observed.

The rounding of the resistance curve near H, reflects that the edges of the stripe sat-
urate at higher fields than the middle of the stripe. An additional rounding comes from
microscopic lateral variations of the magnetization direction [41], called ripple, which
are most prominent near the saturation field [37,42]. Both the nonuniform rotation pro-
cess and the ripple cause the maximum slope of the resistance curve to be reached at
fields slightly below H;. Even in the maximum available field, full saturation cannot be
reached for the whole stripe in this geometry.

2.3.1.3 Noise

The dependence of Sy at 1 Hz on H, is shown in Fig. 2.5(b); similar results have been
obtained for a number of these MREs. Peaks are present at two fields close to where
the maximum slope in the magnetoresistance curve is obtained. The peak values for the
voltage spectral density are not equal. This is probably due to a small alignment error
in the transverse magnetic field direction, which leads to an asymmetry in the measured
Sy versus H; curve. From the Hooge relation Eq. (2.1), values for the Hooge constant
are found between ain = 2.8 x 1073 and oty = 1.7 x 102 (i.e., ~ 6 X &min). The min-
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Figure 2.4: Influence of the length of the active area of an AMR-based MRE
without barber pole metallization on (a) the resistance and (b) the scaled 1/f noise
level at 1 Hz without applied fields. The lines are linear fits to the data.
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Figure 2.5: Transverse magnetic field dependence of (a) the resistance and (b)
the voltage spectral density at 1 Hz for an AMR-based MRE without barber pole
metallization. The MR-ratio for this MRE is 1.3% in the available field range.
The noise spectra have been measured with a dc sense current I, = 5.74 mA,
corresponding to a film averaged sense current density j = 1.9 x 10" A/m?. The
dashed lines indicate the estimated saturation fields 4= H, for this geometry. The
data given in (b) are taken with increasing H,, as indicated by the arrow.

imum value corresponds well to values commonly found for nonmagnetic metals [27].
The observed field dependence of the excess voltage spectral density can obviously not
be explained by the resistance change, via the dec term in the Hooge relation Eq. (2.1),
as this would be a much smaller effect with a different field dependence. Thus the
observed field dependence seems to clearly have a magnetic origin.

2.3.2 AMR-based MRE with barber pole

The second MRE design studied is also based on the AMR effect but its output has been
linearized around zero field using the barber pole geometry [25]. On top of the active
area a well conducting metallization layer is microfabricated in the form of a pattern of
parallel stripes with the stripe axis rotated from the longitudinal direction [in the present
case by 45°, see also Fig. 2.1(b)]. This effectively rotates the current direction in the
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magnetic layer between the metallization stripes. However, the analysis of the magnetic
response is complex due to the influence of the magnetic field generated by the sense
current flowing in the metallization stripes. In addition, the metallization stripes cause
a nonuniform current density which complicates the analysis of the magnetoresistance
and 1/f noise.

2.3.2.1 Magnetoresistance

The magnetoresistive response for this MRE to an applied transverse magnetic field H,
is shown in Fig. 2.6(a). The smooth, essentially hysteresis free curve again indicates
a coherent rotation of the magnetization direction. A small longitudinal magnetic field
H; = 80 A/m has in this case been applied to assure the same direction of this rotation
for all applied sense currents and was sufficiently small to have negligible other effects
on the measured results. As expected, the resistance varies linearly with H, around
zero field. For increasing transverse fields, a maximum or minimum in the resistance is
reached when the magnetization direction is aligned along or perpendicular to the cur-
rent direction in between the barber pole stripes, respectively. Increasing the transverse
field further will decrease the resistance towards the zero field value for fields above the
saturation field since the magnetization will again be at an angle of 45° with the current
in between the barber pole stripes. The estimated saturation field is identical to H; for
the AMR-based MRE without barber pole and is indicated by dashed lines in Fig. 2.6.
There is some rounding of the curve due to edge and ripple effects as discussed above
and some asymmetry that probably arises from a small alignment error. Also in this
MRE-type full saturation can not be reached in the maximum available magnetic field.

2.3.2.2 Noise

In Fig. 2.6(b) the H, dependence of Sy at 1 Hz is presented. The result is representative
for a number of measured MREs. Peaks are observed close to the three magnetic fields
where the slope of the magnetoresistance curve shows a local maximum. The o values
found for this MRE vary between am, = 4.4 x 10~2 and Omax = 2.4 x 107! (ie.,
~ 5.5 X otmin), which are over an order of magnitude higher than for the AMR-based
MRE without barber pole metallization. To obtain these « values, the total volume of
the magnetic layer in the active area was used. Also, the same contact resistance as
for the AMR-based MRE without barber pole was assumed, although the geometry of
the contact metallization was different. The contact resistance and contact noise were
not measured directly. As the o values depend quadratically on the resistance of the
element and the assumed contact resistance is about half the total resistance, this could
change the o values by at most a factor of four. Irrespective of these uncertainties,
the magnitude of the excess noise level and its field dependence point also here to a
magnetic origin.

The higher « values compared to the values found for the AMR-based MRE without
barber pole might be explained, at least partly, in the following way: The metallization
layer reduces the effective volume of the sample by creating “shorts” at the places
where it overlaps the magnetic layer, thus effectively reducing the volume of the mag-
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Figure 2.6: Transverse magnetic field dependence of (a) the resistance and (b) the
voltage spectral density at 1 Hz for an AMR-based MRE with barber pole metalliza-
tion. The MR-ratio for this MRE is 1.3%. The noise spectra have been measured
with a dc sense current I, = 2.16 mA, corresponding to a film averaged sense cur-
rent density j = 7.2 x 10° A/m? (not corrected for current distribution effects due
to the metallization layer) and an applied longitudinal magnetic field H, = 80 A/m.
The dashed lines indicate the estimated saturation fields £ H; for this geometry.
The data given in (b) are taken with increasing H,, as indicated by the arrow.

netic layer by some (unknown) factor depending on the current distribution within the
element. Therefore, the active volume is overestimated, which in turn will increase the
value of o obtained from Eq. (2.1). Insufficient information is presently available on
the current distribution and contact resistance (noise) to make a quantitative correction
for these effects.

2.3.3 GMR-based MRE

The last MRE design investigated is based on the GMR effect. Use is made of an ex-
change biased spin-valve type element. The resistance is low when the magnetizations
of the pinned and the free layer are aligned parallel and high for the antiparallel align-
ment. The AMR effect associated with the rotation of the free layer with respect to the
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current direction also contributes to the magnetoresistance.

2.3.3.1 Magnetoresistance

Fig. 2.7(a) shows the magnetoresistive response to an applied transverse magnetic field
H;. The smooth curve indicates a predominantly coherent rotation process, although
some hysteresis is still present. For a uniformly rotating magnetization a linear varia-
tion of the resistance with the transverse field is expected due to the GMR effect. A
parabolic variation due to the AMR effect in the rotating free layer is superimposed on
the GMR effect. The resistance saturates to a low (high) resistance state when the ap-
plied transverse field is increased above the saturation field and the magnetization of the
free layer is aligned (anti)-parallel to that of the pinned layer. This expected behavior is
indeed observed. '

There is some rounding near the saturation fields, which is, however, less pro-
nounced than in the AMR-based MREs. The estimated demagnetizing field for the free
layer H; ~ 0.7 kA/m is smaller than in the previously discussed MREs due to the thin-
ner magnetic layer. Added to the induced anisotropy field of H, =~ 0.4 kA/m this leads
to an estimated saturation field of H, &~ 1.1 kA/m, which corresponds fairly well with
the half-width of the magnetoresistance curve. We note that a shift in the magnetic field
range may occur due to the magnetic coupling between the two magnetic layers (Néel
and exchange coupling across the nonmagnetic layer and magnetostatic interactions due
to the stray field from the pinned layer). Combined with the parabolic distortion of the
magnetoresistance curve due to the AMR effect this may shift the center of the field
range of highest sensitivity away from zero field.

2.3.3.2 Noise

In Fig. 2.7(b) the corresponding H, dependence of Sy at 1 Hz is displayed for one of
the measured MREs. Similar to the results of the AMR-based MREs a large peak is
observed close to the field where the maximum slope of the magnetoresistance curve
is obtained, in this case at H; =~ 0.6 kA/m. A shoulder is observed extending to the
negative saturation field and a smaller shoulder to higher fields which is, however, not
observed in all (nominally equal) MREs. From the Hooge relation Eq. (2.1) values for
the Hooge constant between i, = 6.7 x 10~3 and Omax = 2.8x 107! (i.e., ~ 42 X Cmin)
are found, while the shoulder has ghoutger = 8.2 x 10~2 (i.e., ~ 12 x ayin). These a
values are obtained using the total volume of the multilayer and assuming the same
contact resistance as for the AMR-based MRE without barber pole.

Here, ain is more than twice the value obtained for the AMR-based MRE without
barber pole. This might be caused by a nonhomogeneous current density (on which «
depends quadratically) in the direction normal to the film plane, caused by the different
conductivity of Py and Cu. As a result the active volume and thereby o would be
overestimated. Also the interfaces might give rise to additional 1/f noise. We note that
the ratio between the maximum (or shoulder) and minimum noise level is much higher
than for the AMR-based MREs discussed above. Again, the field dependence and the
amplitude of the excess noise point to a magnetic origin.
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Figure 2.7: Transverse magnetic field dependence of (a) the resistance and (b)
the voltage spectral density at 1 Hz for a GMR-based MRE. The MR-ratio for
this MRE is 2.4%. The noise spectra have been measured with a dc sense current
I; = 2.36 mA, corresponding to a film averaged sense current density j = 1.4 x
10" A/m>. The data given in (b) are taken with increasing H,, as indicated by the
arrow.

2.4 Modeling

As has been shown above, the excess 1/f noise level depends strongly on the magnetic
field. The origin of this excess noise may in principle be external, if it arises from noise
sources in the experimental setup, as well as intrinsic. As will be shown in Section 2.4.1
noise from external sources cannot explain the experimental results presented in the
previous section. In Section 2.4.2 a model will be presented for the excess 1/fnoise that
is intrinsic to the sensor element.

2.4.1 Field fluctuations

For our experimental setup we expect that the dominant nonintrinsic source of field
dependent 1/f noise is a fluctuating applied magnetic field, due to 1/fnoise in the current
through the Helmholtz coils. Field fluctuations give rise to resistance noise via the
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dependence of the resistance on the magnetic field:

oR ‘
dH, H = H,

2
Sr(f, H) = ( ) x Sy, (), (2.2)

where Sg(f, H,) is the resistance spectral density and S #,(f) the spectral density of the
applied magnetic field. The influence of the field noise is estimated from the spectral
density in the current through the Helmholtz coils and is for the most noisy configura-
tion found to be Sy, ~ 2.5 x 107® (A/m)*/Hz at 10 Hz, decreasing as 1/fto lower values
at higher frequencies. The estimated maximum resistance noise corresponding to this
level is at least one order of magnitude lower as compared to the measured 1/f noise
levels. Also, no cross-correlation was found between the fluctuations in the resistance
of the MRE and the fluctuations of the current through the Helmholtz coils. Therefore,
field fluctuations may be discarded as an explanation for the observed field dependence
of the resistance noise.

2.4.2 Thermal excitations

A qualitative understanding of the measured field dependeénce of the excess 1/f noise
levels can be obtained from a model based on thermal excitation of the magnetic mo-
ment direction at a given nonzero temperature. The magnetic fluctuations are translated
into resistance fluctuations via the dependence of the resistance on the angle of the
magnetization.

In this Section we calculate the effect of thermal excitations on the variances of the
magnetization angle and the resistance. To obtain the variance of voltage, the variance
of the resistance has to be multiplied by the dc sense current squared. These variances
are equal to the frequency integrated corresponding spectral density. The frequency
dependence is not calculated directly. However, it is well known that thermal excitations
lead to 1/f noise when a sufficiently broad range of relaxation times is available around
the investigated frequency range [27]. Indeed, ferromagnetic relaxation mechanisms
have been measured with time constants in the us range to the Ms range, see, e.g.,
Refs. [43] and [44]. Since the explanation of the frequency dependence of the noise is
analogous to that for nonmagnetic materials [27] we focus completely on the magnetic
field dependence of the noise which is specific for magnetic materials. To study the
magnetic field dependence it is sufficient to consider the integrated noise spectrum, i.e.,
the variance.

In this Section, we will restrict the calculations to a single magnetic layer with a
uniform magnetization direction, i.e., a single magnetic domain with infinite intralayer
exchange energy. The magnetic behavior of this domain is described within a Stoner—
Wohlfahrt model which has been used extensively to describe the equilibrium properties
of MREs, see, e.g., Ref. [45]. The total magnetic energy E of the system is expressed
as the sum of all relevant interaction energies and depends on the direction of the mag-
netization vector which is assumed to remain in the film plane. The variances of the
magnetization angle and the resistance are calculated using Boltzmann statistics.
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Within this description, the expectation value (A ) of a quantity A at finite temper-
atures is given by:

2n
(A) = -;—[o do A(¢)exp[—E()/kT], (2.39)

2
Z= f dp exp[—E(¢)/kT], (2.3b)
0 i

where ¢ is the angle between the magnetization and the longitudinal axis, see Fig. 2.1.
The variance of the quantity A is defined as 02 = (A%) — (A)%. To lowest order in
temperature, the variance ag of the magnetization angle around the equilibrium value ¢
(which we assume to be nondegenerate) can be obtained by applying the stationairy
phase approximation to Eq. (2.3), which yields:

’E

-1
2 P R
o2 =kT ( 3y ¢O) ) (2.4)

This result is very similar to the expression for the variance in ¢ due to ripple caused
by lateral variations in the anisotropy direction, since both effects follow from a similar
energy minimalization procedure (see, €.g., Ref. [46] for an overview of ripple theory).
The difference is that the latter results in lateral (static) variations of the magnetization
direction, which show up in microscopy images [37,42] and in global magnetization
measurements [41], while the former results in variations in the time domain.

For small angle fluctuations, the variance o3 of the resistance is proportional to the
variance o} of the magnetization angle:

2
dR
0'1%=(-5$¢=¢0) XO’;

2 -1
oR ’E
=kT | — x| — . 2.5)
<8¢¢=¢0) <3¢2¢___¢,0>

Below, the transfer factor (8 R/36|s=4,) between o3 and o is abbreviated as n>.

This result has an intuitive interpretation: the magnetization direction fluctuates in
around the energy minimum with a variance inversely proportional to the curvature at
the minimum [see Fig. 2.8(b)]. The curvature at the minimum is a measure for the mag-
netic stability of the element, a deeper minimum meaning a more stable magnetization
direction. The angle fluctuations result in resistance fluctuations via the magnetoresis-
tance effect.

2.4.3 Application to model systems

In this Section the results will be presented of calculations for a number of model sys-
tems that correspond to the systems investigated experimentally. We model all systems
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% ¢

Figure 2.8: Schematic overview of (a) the simplified model system and (b) the
energy diagram. The magnetization direction ¢ fluctuates around the minimum
energy value ¢, due to thermal excitations.

by a single magnetic entity in the form of an infinite stripe of width w and thickness ¢
and a uniform magnetization with an angle ¢ with respect to the long axis of the stripe
[see Fig. 2.8(a)]. The magnetic energy density E(¢) of each system can be written as
the sum of the Zeeman, anisotropy and demagnetization energy densities:

E(¢) = —noM; (H, sin¢ + Hjcos ¢)
—K cos? ¢ — % oM, Hy cos? ¢, (2.6)

where M, is the saturation magnetization, K the in-plane (induced) uniaxial anisotropy
constant, and H,(, the applied transverse (longitudinal) magnetic field. The demagne-
tization field is approximated by H; ~ M,t/w. Within this model H,; does not depend
on the transverse coordinate due to the assumed uniform magnetization direction. The
energy terms that occur for GMR-based systems due to interlayer and magnetostatic
coupling between the free and pinned layer are neglected. Still assuming a homoge-
neous magnetization in the free layer, these terms only give rise to a shift along the
magnetic field axis.

Without longitudinal field, the magnetization will saturate at the saturation field Hy:

2K
Mo Ms’

H, = + Hj. (2.7)

By using this field to normalize the applied magnetic field strengths a relatively simple
expression is obtained for the normalized energy density e(¢) (normalized quantities
are denoted by lowercase characters):
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_ E@9)
e(¢) - .u'OM\'Hx

1
= —3 cosqu — hysing — hjcos ¢, (2.8)

where h, = H,/H, and h; = H;/H;. The dependcncies of the resistance on the angle
¢ have been modeled by:

ramMr(®) = %}\l’;&) = cos® ¢, (2.9a)
_Rep@)—Ry ¢ T
rpp(¢) = m‘ = Cos (¢ 4) , (2.9b)
R — R 1 ’
roan(8) = ~PRD L0 _ 2 (1~ sing), 2.9¢)

in which Ry is the minimum resistance and ARamr and ARgmr are the maximum
resistance changes for AMR and GMR, respectively.

Using these expressions, the field dependence of the variance of the resistance is
calculated for the three MRE types investigated and a comparison with the experimen-
tally determined 1/f noise level is made. First, the case without longitudinal magnetic
field will be described. Later, the dependence on this field will also be discussed, as
well as the influence of a small AMR contribution to the noise of a GMR-based MRE.

2.4.3.1 Without longitudinal field

In Fig. 2.9 the results of the model calculations are presented for the three different
MRE configurations [only AMR in figures 2.9(a)-2.9(e), AMR using the barber pole
geometry in figures 2.9(f)-2.9(j) and only GMR in figures 2.9(k)-2.9(0)] for applied
transverse magnetic field only, i.e. #; = 0. The top two rows of Fig. 2.9 represent the
variation upon applying a transverse magnetic field of the equilibrium magnetization
direction sin ¢ [figures 2.9(a), 2.9(f), and 2.9(k)] and the equilibrium resistance r(¢g)
[figures 2.9(b), 2.9(g), and 2.9(1)]. These are calculated from the equilibrium angle ¢
that follows from Eq. (2.8), and substitution in Eq. (2.9). The field variations of the
variances of the magnetization angle adf [third row, figures 2.9(c), 2.9(h), and 2.9(m)]
and the resistance 0,2 [bottom row, figures 2.9(e), 2.9(j), and 2.9(0)] are obtained from
Eq. (2.4) and Eq. (2.5), respectively. The transfer factor n> = (9R/3¢|s=g,)> between
these quantities is shown in the fourth row [figures 2.9(d), 2.9(i), and 2.9(n)].

The variation of the magnetization upon applying a transverse magnetic field is the
same for all three measuring geometries since all magnetic entities are assumed to be
identical. As can be seen in figures 2.9(a), 2.9(f), and 2.9(k), for {h,| < 1 the trans-
verse magnetization component M, sin ¢y increases linearly with transverse applied
field. This is the well known hard-axis magnetization curve for magnetic systems in
which the (effective) uniaxial anisotropy is dominant. For |h,| > 1 the magnetization
direction is along the field direction.

The magnetization direction is relatively stable at small applied fields and again in
high applied fields, as may be seen from the variance aj of the magnetization angle [fig-
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Figure 2.9: Results of the model calculations for MREs based on (a)—(e) the AMR
effect, (f)-(j) the AMR effect linearized using the barber pole geometry, and (k)—(o)
the GMR effect. Only a transverse magnetic field is applied (i.e., #; = 0).

ures 2.9(c), 2.9¢h), and 2.9(m)]. At the saturation field (Jh¢] = 1), however, ag diverges,
a characteristic result which is also present in Hoffmann’s linear ripple theory [46] and
is qualitatively confirmed by microscopy [37,42] and magnetization [41] data.

The field dependence of the resistance noise for the AMR-based MRE may be un-
derstood from figures 2.9(a)-2.9(e). The resistance change [Fig. 2.9(b)] upon applying
a transverse magnetic field shows the characteristic parabolic behavior for |, < 1
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and saturates to the low resistance state at higher fields. The variance ag of the mag-
netization angle [Fig. 2.9(c)] diverges as the saturation field is approached, but this is
compensated by a vanishing transfer factor n? [Fig. 2.9(d)]. The result is a finite vari-
ance o? of the resistance at || = 1 [Fig. 2.9(e)]. For |k < 1 the variance of the
resistance increases quadratically with the field, i.e., 0?/kT = 4h2. For higher fields

o? is zero.

The results for the AMR-based MRE with the barber pole geometry are presented
in the figures 2.9(f)-2.9(j). For this MRE, the divergence of the variance adf of the
magnetization angle [Fig. 2.9(h)] is not compensated by a vanishing transfer factor n>
[Fig. 2.9(i)] at |h;] = 1, and therefore the variance 0,2 of the resistance [Fig. 2.9(j)]
diverges, too. The low field part (J2,| <« 1) may be approximated by o2/kT ~ (h, —
1)(h,+1). The transfer factor n? [Fig. 2.9(i)] is nonzero above saturation (|4, | > 1),and
therefore this MRE does have a nonzero variance of the resistance 0,2 JkT = (jh,}—D™!
in the saturated state, unlike the other two MREs.

Figures 2.9(k)-2.9(0) show the results of the model calculations for the GMR-based
MRE. For these calculations, it is assumed that only the free layer is able to fluctuate,
i.e., the pinned layer is held fixed rigidly with the magnetic moment aligned along
the positive 4, direction or, i.e., the pinning to the antiferromagnet is assumed to be
sufficiently strong. As discussed above, no magnetic interactions have been assumed
between both magnetic layers. For this MRE type, the transfer factor n? [Fig. 2. 9(n)]
compensates the divergence at |,| = 1 of the variation a¢ of the magnetlzatlon angle
[Fig. 2.9(m)]. Like for the AMR-based MRE, this leads to a finite variance o, of the
resistance at |h,] = 1 [Fig. 2.9(0)]. Within this model, the variance of the resistance
o?/kT = 1 for || < 1. Because the transfer factor vanishes above saturation also o}
disappears for {h,| > 1.

Both AMR-based MREs show a qualitative similarity between field dependence of
the calculated variance of the resistance and the experimentally observed 1/f noise level
at 1 Hz. The AMR-based MRE without barber pole indeed shows the double peak
structure [Fig. 2.5(b)], where (as discussed in Sec. 2.3) the difference in the two ob-
served peak heights may be explained by a misalignment of the applied magnetic field.
The width of the peaks may be explained by demagnetization or ripple effects. Also for
the AMR-based MRE with barber pole the theory reproduces the three experimentally
observed peaks [Fig. 2.6(b)], two large peaks at the saturation fields and a smaller peak
at zero field. For the GMR-based MRE the agreement between experiment and theory
is less satisfactory. The experiment shows a huge peak [Fig. 2.7(b)] where the calcu-
lations predict a plateau. It will be shown below that by taking a small superimposed
AMR effect into account theory will yield a better prediction.

It is noted that within the present model the field dependence of the noise contri-
butions due to thermal excitations and due to field fluctuations are identical for fields
|k} < 1, if the amplitude of the field fluctuations is independent of the applied field, if
no longitudinal magnetic field is applied, and if only a cos? ¢ anisotropy term is present.
When h; # 0 or when the anisotropy also contains other terms, both contributions show
a different dependence on the applied transverse magnetic field.
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Figure 2.10: The calculated effect of a longitudinal magnetic field on (a) the mag-
netic response and (b) the variance of the magnetization angle of a single magnetic
film in an applied transverse field. The different curves are for &, = 0 (thick) and
h; =0.01, 0.02, 0.05,0.1,0.2,0.5, 1, and 2 (thin), increasing h, values correspond
to (a) a decreasing slope of the sin ¢, curve and (b) a decreasing ag.
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Figure 2.11: The calculated effect of an applied longitudinal magnetic field on (a)
the MR curve and (b) the variance of the resistance due to thermal excitations of
the magnetization direction, for an AMR-based MRE. The different curves are for
hy = 0 (thick) and ; = 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, and 2 (thin), increasing 4,
values corresponding to (a) a broadening of the MR curve and (b) a decreasing o?
at [k, = 1 (b).
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Figure 2.12: Experimental observation of the effect of an applied longitudinal
magnetic field on (a) the MR curve and (b) the voltage spectral density at 1 Hz
for an AMR-based MRE. The applied longitudinal fields are H, = 0 (circles),
0.4 (squares), and 1.6 (diamonds) kA/m, corresponding to k; = 0, 0.13, and 0.51,
respectively. The dashed lines indicate the estimated saturation fields +H; for this
geometry.

2.4.3.2 With longitudinal field

In certain applications a longitudinal field is applied to an MRE, e.g., when domain
wall formation should be prevented or when a specific rotation direction is desired. In
some cases the longitudinal field is not applied externally, but is already present due to
geometrical effects. For example, the current distribution in the metallization layer of
the barber pole geometry will generate a field with a longitudinal component.

The application of a longitudinal field can also be used as a tool to obtain additional
insight in the origin of the excess 1/f noise. The noise level depends on the magnetic
state of the system, which can be changed by the application of a longitudinal field. This
can be used as an additional test for the model presented above. In Fig. 2.10 the calcu-
lated effect of a longitudinal field on the magnetic properties of a single magnetic layer
is shown. The magnetic response [Fig. 2.10(a)] is smeared out, reflecting the smoother
reversal of the magnetic moment upon applying a transverse magnetic field. As a result
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the variance ag of the magnetization angle [Fig. 2.10(b)] reduces in amplitude in the
whole field range and the divergences at |h;| = 1 disappear.

A similar broadening is observed in the calculated magnetoresistance curve of an
AMR-based MRE, as shown in Fig. 2.11(a) for increasing applied longitudinal mag-
netic fields. This means that the MRE sensitivity (slope of the magnetoresistance curve)
decreases. As can be seen in Fig. 2.11(b), also the variance 0,2 of the resistance de-
creases, especially around |4;| = 1. Another observation is the shift of the maximum
in 62 to higher transverse fields for increasing longitudinal fields.

Qualitatively, these trends are also observed in the experiment as shown in Fig. 2.12.
The resistance curve [Fig. 2.12(a)] becomes broader as the longitudinal field is in-
creased and Sy at 1 Hz decreases significantly [Fig. 2.12(b)]. The shift in the peak
position is not resolved experimentally.

The same trends are predicted for the AMR-based MRE with barber pole metal-
lization, as is shown in Fig. 2.13. The resistance curve broadens [Fig. 2.13(a)], the
maximal variance of the resistance decreases and the field at which the maximum is
obtained shifts to higher values [Fig. 2.13(b)]. Also for the GMR-based MRE a broad-
ening of the resistance [Fig. 2.14(a)] and the variance of the resistance [Fig. 2.14(b)] is
predicted.

2.4.3.3 Combined GMR and AMR

In the experimental GMR-based MRE, in addition to the GMR effect also an AMR ef-
fect is present due to the rotation of the free magnetic layer. This AMR effect, although
small compared to the GMR effect, will also have an influence on the noise. Therefore,
model calculations have been performed in which both the GMR and the AMR effect
are present. The resistance is modelled by:

i
FAMRIGMR(9) = 2 (1 = sin ) + cos’ ¢, (2.10)

where § now represents the amplitude of the AMR effect relative to the GMR effect.
Using this formula, the resistance and noise have been plotted in Fig. 2.15 for § = 0.1.
Fig. 2.15(a) shows that as a result of the additional AMR effect the magnetoresistance
curve is nonlinear. The field dependence of the variance of the resistance due to thermal
excitations of the magnetization as shown in Fig. 2.15(b) is found to be not simply the
addition of the contributions due to GMR and AMR. The values at #, = +1 are found
to be strongly different and the variance of the resistance (as well as the sensitivity)
is expected to be lower than for a pure GMR-based MRE for #, < 0. The field de-
pendence of the variance of the resistance can be looked upon as an asymmetric single
peak, with a maximum at, or somewhat below #, = 1 for small applied longitudinal
fields, decreasing gradually down to the negative saturation field. This asymmetric field
dependence is roughly as observed in the experiment [Fig. 2.7(b)]. It should be noted
that the amount of asymmetry of the noise is very sensitive to the ratio between the
GMR and AMR effect.
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Figure 2.13: The calculated effect of an applied longitudinal magnetic field on (a)
the MR curve and (b) the variance of the resistance due to thermal excitations of the
magnetization direction, for an AMR-based MRE with barber pole metallization.
The different curves are for #; = 0 (thick) and hy = 0.01, 0.02, 0.05, 0.1, 0.2, 0.5,
1, and 2 (thin), increasing h; values corresponding to (a) a broadening of the MR
curve and (b) a decreasing 0,2 at b, = 0 (b).
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Figure 2.14: The calculated effect of an applied longitudinal magnetic field on (a)
the MR curve and (b) the variance of the resistance due to thermal excitations of
the magnetization direction, for a GMR-based MRE. The different curves are for
h; = 0 (thick) and k; = 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, and 2 (thin), increasing h;
values corresponding to (a) a broadening of the MR curve and (b) a decreasing o2
at |, < 1 (b).
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Figure 2.15: The calculated effect of an applied longitudinal magnetic field on (a)
the MR curve and (b) the variance of the resistance due to thermal excitations of
the magnetization direction, for an MRE in which both GMR and AMR are present
(6 = 0.1). The different curves are for h; = 0 (thick) and A; = 0.01, 0.02, 0.05,
0.1,0.2,0.5, 1, and 2 (thin), increasing 4, values corresponding to (a) a broadening
of the MR curve and (b) a decreasing o2 at || < 1. The dashed lines are the
results for only GMR (i.e., 8 = 0) without applied longitudinal field (i.e., h; = 0).

2.5 Discussion and Conclusions

In this article we have presented results of resistance noise measurements on microfab-
ricated magnetoresistive elements based on either the AMR or the GMR effect. These
MREs are designed to behave as a single magnetic domain, i.e., domain walls are ex-
cluded from the active area of the element. The resistance noise spectra are obtained
for frequencies between 10 Hz and 100 kHz under dc sensor operation at room tem-
perature. Thermal resistance noise was the dominant noise source above about 10 kHz.
At low frequencies the resistance noise is found to be dominated by a magnetic field
dependent 1/f contribution. The 1/f noise is low in high applied magnetic fields and
increases by a factor of ~six (AMR-based elements) to ~40 (GMR-based elements) in
the most sensitive region of the magnetoresistance curve. The low value is comparable
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to the 1/f noise level which is also found for nonmagnetic metals. The difference be-
tween the relative increase in noise level between the AMR- and GMR-based elements
can be understood from the larger magnetoresistance effect, the reduced thickness of
the layers, and the lower saturation fields for the GMR-based MRE. ‘

The field dependence of the excess 1/f contribution could be qualitatively under-
stood from a simple Stoner—Wohlfahrt type model. The model calculates to lowest
order in T the variance of the resistance of a thermally excited magnetic moment. The
fluctuations of the magnetic moment direction result in resistance fluctuations via the
magnetoresistance effect.

The agreement between the model calculations and the experiment is satisfactory
for the investigated AMR-based MREs, while for the GMR-based MREs only a rough
agreement could be obtained. More detailed measurements of the dependence of the
resistance noise on both the applied longitudinal and transverse magnetic fields are
needed to test the model. Future improvements of the model should include effects
which have been neglected in this article, such as the influences of demagnetization
effects, which cause a nonuniform magnetization profile, local anisotropy variations,
which cause ripple, coupling between the two magnetic layers, and the coupling be-
tween the pinned magnetic layer and the antiferromagnetic layer.
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Magnetic Tunnel Junctions







Chapter 3

Introduction to Magnetic Tunnel
Junctions

Tunnel junctions consist of two electrodes, with an insulating separation layer separat-
ing the two, usually refered to a the “barrier” layer, see Fig. 3.1. When the insulating
layer is very thin (order of 1 nm), electrons can “tunnel” through this forbidden region
as a consequence of the wave-like nature of electrons, and can only be described in
terms of quantum mechanics.

The tunnel current shows a superlinear dependence on the applied bias voltage V.
From the form of the current-voltage curve, valuable information can be obtained about
the barrier shape. Using the WKB approximation, Simmons [47] derived an often used
analytical formula for the the current density J (expressed in A/cm?) for junctions with
a symmetric potential barrier shape, see Fig. 3.2,

6.17 x 1010 -
J(V) = — [(5 —V/2)exp (—1.025,/¢ -V/2 tba,)

bar

—(@+V/2)exp (—1.025\/$+ V/2 tba,)} ;

where ¢ (expressed in V) denotes the average barrier height, measured from the Fermi
level of the electrodes, #,, (expressed in Angstroms) denotes the barrier width. When
two different electrodes are present, the barrier shape decomes asymmetric. This leads
to deviation to Eq. (3.1), which has been described by Brinkman [48] within the same
formalism,

3.n

tbarA¢
~—3/2
? /

12
J(V) =Gy [v -G V24 G % V3, (3.2)
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Figure 3.1: Basic tunnel junction layout, with corresponding connection for trans-
port measurements.

< lar s
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Figure 3.2: Schematic representation of the potential energy shape of a symmetric
tunnel junction, in the antiparallel alignment.

where now ¢ = (gres; + Pright) /2, the asymmetry parameter A¢ = Pres — Gright, and

bar

Go = C t‘/—a exp (~1.025 azba,) , (3.3)

where the prefactors are given by C; = 3.16 x 10 m~'V~=15, C, = 0.0854 m~'v-!5,
and C3 = 0.0984 m~2V~2, It should be noted that due to the approximations made,
both Equations do not contain information about the density of electron states of either
electrode.

Since the discovery in the fifties that in superconductor based tunnel junctions the
tunnel current shows a dependency on the density of electron states, speculations have
been made about junctions with the superconductors replaced by ferromagnets. In fer-
romagnets, the density of states of electrons is spin-split due to the exchange interac-
tion and a magnetic moment results from the difference in the number of majority and
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Figure 3.3: Typical resistance versus applied magnetic field curves for a
Co/Al,O3/NigyFey junction at two temperatures. Arrows indicate the alignment
of the magnetic moments of the two ferromagnetic layers.

minority electrons. It also results in a spin-asymmetry (polarization) in the electron
density of states near the Fermi energy. When the current would also be related to the
density of states in junctions containing magnetic metals instead of superconductors,
this should directly lead to a spin-polarized tunnel current. Indeed, in the early sev-
enties Tedrow and Meservey [49] showed that the tunnel current in a superconductor-
isolator-ferromagnet junction was spin-polarized and that the tunnel process in itself
was spin-conserving. :

The first pioneering experiments on a ferromagnet-insulator-ferromagnet tunnel
Junction were presented by Julliere in 1975 [15]. At low temperatures, he found a 14%
magnetoresistance effect, i.e., a change in resistance when a magnetic field is applied,
in a Fe-Ge-Co junction which was oxidized after depositing Ge. The results could be
accounted for with a simple model based on evidence gathered from the experiments
with superconductor based junctions. The tunnel conductance (G = I/V = 1/R) is
given by the product G o« N N, of two factors, one for each electrode, representing,
within the most simplified approach, the effective density of states at the Fermi level.
For ferromagnetic electrodes, the factor N; depends on the electron spin o. Since the
spin is conserved during the tunnel process, the total conductance is the sum of two
independent spin contributions: G = G4 + G,.

For a ferromagnet-insulator-ferromagnet junction, two extreme situations can be
distinguished, as can be seen in Fig. 3.3. In the first situation, the magnetic moments
of both electrodes are aligned parallel (P). Both electrodes will have majority electrons
of the same spin, and therefore Gp = Ni,maj N2,maj and Gp y = Nimin No min- In the
second case, the magnetic moments of both electrodes are aligned antiparallel (AP), for
example by reversing the magnetic moment of ferromagnet 2 under the influence of an
externally applied magnetic field. In that case, the majority (and minority) electrons of
both ferromagnets have opposite spins. The tunnel conductances will in this case be
given by Gap,t = Ni,mj X No,min and Gar,y = Nimin X N2,maj, i.€., different from the
situation with parallel aligned magnetic moments.
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The junction magnetoresistance (JMR), sometimes also called tunnel magnetoresis-
tance (TMR), can now be defined as the ratio of the difference in conductance (AG =
Gp — Gar) and the conductance in either one of the magnetic alignments (Gp or Gap),
each normalization resulting in a different value for the JMR. This definition can also
be written in terms of the tunnel resistances Rap and Rap, respectively. Unfortunately,
both normalizations are widely used in the literature and which definition is used is not
always clearly stated. Even in this thesis both definitions have been used, due to histor-
ical reasons. To avoid further confusion, the JMR is always denoted as in its definition,
thus either AR/Rp or AR/ Ryp. Using Julliere’s model [15,50], the magnetoresistance,
in terms of the tunnel resistances, is given by:

AR 2P P.
—_— = —-—-——l 2 , or (34)
Rp 1—P P,
AR 2P, P,
e (3.5)
Rap 14+ P P
where
Nioi — Nio
= M (1=1,2) (3.6)

Ni,maj + Nz‘,min

is called the tunneling electron spin-polarization of the ferromagnets. One can easily
verify from the equation that the JMR can vary over a wide range. For a vanishing
polarization of one of the electrodes the magnetoresistance disappears, while for a full
polarization of the tunneling electrons of both electrodes (Pr = P, = 1) the effect
will become infinitely large in Eq. (3.4), corresponding to a value of 1 (or 100%) in
Eq. (3.5).

This simple model is successfully used to interpret the experiments, although the
interpretation of the polarization term as a direct measure of the difference in the elec-
tron density of states at the Fermi level is still under debate. In recent calculations on
JMR [51] a second, often ignored, contribution to the polarization has been put forward,
which is due to the matching of the electron wave functions at the ferromagnet-insulator
interface. To account for this complicating effect, the polarization in Eq. (3.4) is often
referred to as an effective polarization P and can experimentally be obtained from
tunneling experiments with a superconductor as counter-electrode [49], as will be dis-
cussed in Chapter 10. One of the main focus points of the present and future research
is related to the manipulation of this (spin dependent) interface matching term.

Since the pioneering (and never repeated) experiment of Julliere little progress has
been made until the mid-nineties, when independent reports by Miyazaki et al. [17]
and Moodera et al. [16] showed magnetoresistance ratios of about 20% at room tem-
perature. The main obstacle was of technological nature: the fabrication of a good
tunnel barrier. The requirements for this layer are severe. For example, the barrier
thickness must be in the range of 2 nm or less, since the tunneling probability depends
exponentially on the barrier thickness. Due to this exponential dependence, thickness
variations should be limited, such as to prevent dielectric breakdown of the device due
to current concentration at a single thin spot. Pinholes, i.e., spots of direct metallic
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contact between both ferromagnets, are obviously fatal. Furthermore, the quality of
the interfaces between barrier and ferromagnets determines the magnitude of the mag-
netoresistance effect. A dirty interface reduces the effect and may, e.g., result from
less ideal (non-UHV) vacuum conditions between deposition of the ferromagnet and
the barrier in order to change target material or mechanical masks. Finally, the bar-
rier should be free of defect states, which could result in leakage current and thereby
obscure the magnetoresistance effect.

Recently, a fabrication process has been developed by Moodera [16] which is rather
successful. An Al,Os barrier layer is deposited in a two step process. In the first step a
thin metallic Al film is deposited. A metal is evaporated because metal-on-metal wet-
ting is generally much better than insulator-on-metal wetting. A smooth, homogeneous,
and completely covering Al layer is obtained by evaporation on cold substrates (cooled
to reduce surface mobility) or by sputter-deposition (the higher deposition rate and ran-
dom angle under which the atoms hit the surface reduce the need to cool the substrate).
In the second step the metallic Al layer is oxidized in a reactive oxygen plasma to form
Al Os. Using this process, or variations thereupon, several groups have now been able
to fabricate ferromagnet-insulator-ferromagnet tunnel junctions with magnetoresistance
effects of over 40% at room temperature.

3.1 Preparation

A number of processes have been designed over the years to prepare a tunnel barrier
between two metallic electrodes. One of the earliest reports of successful preparation
of tunnel junctions was by Giaever and Megerle in 1961 [52], who prepared Al-oxide-
metal junctions by the formation of a natural Al,Os layer in an oxygen gas of atmo-
spheric or reduced pressures. Proof of tunnel characteristics was given in the form of
the bandgap of Al and several other superconducting materials. Although the method
worked, a number of disadvantages were found for this oxidation scheme, e.g., irre-
producible junction resistances. Shortly after, more reliable and cleaner methods were
developed, among which plasma oxidation seemed very successful. The first results
for plasma oxidized junctions were reported by Shapiro in 1963 [53] for Al-oxide-Sn
junctions. However, the details of the fabrication process were unclear. Also in 1963,
Miles and Smith [54] presented the first extensive results for plasma oxidized junctions.

The tunnel junctions for which the results are reported in this Thesis are also pre-
pared by an in-situ dc plasma glow-discharge. A detailed description of this technique,
and the preparation of tunnel magnetic tunnel junctions in general, can be found in [55].
It should be mentioned here, that there is no general recipe for the preparation of a
good tunnel junction. Especially for glow-discharge prepared barriers, the optimum
conditions vary widely from system to system and should be optimized for each glow-
discharge configuration. The configuration used to prepare the junctions discussed here
(located in the group of Dr. J. S. Moodera at the Massachusetts Institute of Technology)
is home-built into a glass bell-jar vacuum system with a background pressure in the
low 107 torr range after bake-out. An about 5 mm thick pure Al rod of approximate
dimensions of 25 by 150 mm is used as a negative electrode, and is kept at a voltage of
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Figure 3.4: Examples of two processes to fabricate tunnel Jjunctions, each showing
one set of six junctions. The sequence of deposited materials starts with ‘bottom,’
and ends with ‘top,” with top-views of the complete structures in the lowest panel.
On a2 x 2 inch substrate, 12 such sets can be prepared, using a total of 5 different
masks (and without mask) and a sectored disk. (a) For a regular magnetic tunnel
junction, with two magnetic electrodes separated by a insulating barrier (needing
only two masks), and (b) for a tunnel junction with an additional interface layer and
use of insulating defining masks (needing al} five masks). The defining masks are
used in combination with broad (~1 mm) electrode strips to avoid mask alignment
problems. Through the defining masks, two relatively thick (4-8 nm) ALO; layers
are deposited, covering the sides of the electrode strips, leaving a junction area
comparable to the regular junctions uncovered. The areas enclosed by solid lines
are used as contact pads.

about -1.8 kV with respect to two shields at a distance of about 30 mm above and below
the rod. The direct line of sight between the sample substrate and the Al rod is blocked
by a metallic shield mounted electrically floating with respect to the other parts. The
function of this shield is to prevent the high energy ions generated near the negative
electrode to damage the sample. The Al rod is mounted asymmetrically with respect to
the sample holder, which results in a corresponding asymmetry in the glow-discharge
conditions over the substrate. However, within each set of 6 junctions the preparation
condition have been found to reproduce within about 10%, and the variation between
the sets is gradual. Before each oxidation, the bell-jar is flushed several times with
oxygen in order to flush the oxygen line. Before oxidation, an oxygen pressure of
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9 — 10 x 1073 Pa is established, after which the valve is closed. During oxidation,
the oxygen pressure is manually maintained at the same pressure by adding additional
oxygen when necessary. To oxidize 1.2 nm of Al, an optimal oxidation time has been
established of about 110 sec. The current drawn by the plasma is about 330 mA.

One or two samples with an area of two by two square inch can be processed in
a single day, each sample containing 12 sets of 6 junctions each, organized in 3 rows
of 4 sets each. The stacking of the materials making up a junction can be varied over
the substrate, where usually at least six nominally identical junctions are prepared for
each junction. The substrates of choice are standard Corning glass slides, cleaned in a
soap solution and degreased in alcohol vapor. Before the growth of the base layers, the
substrates are cleaned in-situ by a oxygen glow discharge. The materials can thermally
evaporated from three e-guns (typically Co), and a total of five resistive sources (typ-
ically W-boats are used for NiggFeyo and W-filaments for Al). During deposition, the
thickness is monitored using a quartz crystal monitor. To improve surface flatness, the
substrate can be cooled by a press-contact with a liquid nitrogen cooled Cu block (cold
finger). The approximate temperature of the substrate during cooled deposition is 90 K.

The junctions are structured in-situ using metal contact masks, five of which can
be used in the system in one run without breaking vacuum. A rotating sectored disk
with open area rations of 1:2:3 can be used to vary the layer thickness across the sub-
strate in three steps, each aligned with one row of four sets of junctions. With this
flexible masking system, many variations can be produced on a single substrate, such
that the preparation conditions are as equal as possible and the results may be directly
compared. In Fig. 3.4 two variations of used tunnel junction geometries and their basic
building blocks have been depicted. In Fig. 3.4(a) the process is shown for a regular
junction, consisting of a bottom electrode, barrier layer, and a top electrode (adhesion
and protection layers below and top have been omitted for clarity). Fig. 3.4(b) show the
more complex process used to fabricate the junctions used in Chapter 9 with an addi-
tional layer at the interface between an electrode (in this case bottom). To avoid mask
alignment problems, use is made of wider electrodes, which are subsequently partially
covered using two crossed insulating defining layers, leave a junction area comparable
to the regular junctions.

A cross-section HR-TEM image is shown in Fig. 3.5, showing the resulting growth
of a typical layered stack with a Co bottom layer and a NigyFey top electrode. A 0.6 nm
Cu interface layer is not visible due to the bad contrast between Co and Cu. As can been
seen, the metallic electrodes are polycrystalline, with no apparent preferential growth
direction. The Al,Oj3 layer, on the other hand, seems to be amorphous and rather good
homogeneity.

3.2 Prospects for applications

The characteristics of magnetic tunnel junctions can be summarized briefly as a large
electronic response to changes in the relative orientation of the magnetization direc-
tions, a relatively large resistance, and an intrinsic perpendicular device geometry. This
combination of characteristics has attracted much interest from industry, where now two
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Figure 3.5: Cross-section high resolution transmission electron microscope (HR-
TEM) photograph of a typical tunnel junction structure grown on a naturally oxi-
dized and oxygen glow discharge cleaned Si(100) substrate (bottom). The structure
buildupis 1 nm Si/8 nm Co/0.6 nm Cu/ 1.4 nm Al (oxidized 100 seconds) / 10 nm
NigoFey /1.2 nm Al The (dark) metallic Co/Cu (bottom) and NigFey, (top) layers
grow in polycrystalline form without preferred orientation, while the (light) Al,O,
barrier layer seems to be amorphous. [Courtesy of A. Petford-Long and X. Portier,
Univ. of Oxford, UK]

specific applications are actively being pursued. The first application is an extension of
the classical metallic spin-valve GMR sensor presently used for magnetic hard-disk
read-out. The larger magnetoresistance effect will make it possible to read smaller bits,
and its larger resistance makes it easier to distinguish the resistance of the read-out el-
ement from the series resistance of the contact leads, which become increasingly more
important as device sizes decrease. The principle design of a read-head based on a
magnetic tunnel junction is depicted in Fig. 3.6.

The second application actively pursued is the magnetic random access memory,
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Figure 3.6: Example of an application of a magnetic tunnel junction for mag-
netic recording applications. The magnetization of one of the magnetic layers is
‘pinned’ by direct contact to an antiferromagnetic layer (indicated with 1)), while
the magnetization of the other magnetic layer is ‘free.” The magnetization of the
free layer rotates to follow the magnetic flux emanating from the magnetic media.
This rotation is monitored by measuring the resistance of the element, and is later
converted to binary information.

Figure 3.7: One possible design of a magnetic random access memory (MRAM)
device, as proposed by IBM. Two perpendicular grids of lines make it possible
to select an individual storage bit, located at each crossing. Each bit consists of
a single magnetic tunne} junction. Such a junction can be optimized such that it
can store information by setting the relative orientation of the magnetizations. For
example, a parallel magnetization denotes a ”1” and an anti-parallel orientation
denotes a ”0.” The information will be contained after read-out and power shut-
down, and may thus be called non-volatile. A diode is connected in series with

each junction for the purpose of being able to uniquely sense the resistance of a -

single element.
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for which one of the possible designs is shown in Fig. 3.7. The advantage of magnetic
tunnel junctions over GMR or AMR based MRAM designs is in part located in the
intrinsic perpendicular device geometry. This makes it posstble to use a very high
packing density. In comparison with DRAM and SRAM semiconductor memory cells,
the advantages of the MRAM have to sought in the non-volatile operation, low power
consumption, and radiation hardness of the magnetic tunnel devices.



Chapter 4

Interface Magnetism and
Spin-Wave Scattering in
Ferromagnet-Insulator-
Ferromagnet Tunnel
Junctions

Abstract:*

Careful tunneling studies in high quality Co/Al,05/NigyFe, junctions show a junc-
tion magnetoresistance (JMR) of 20.2% and 27.1% at 295 and 77 K, respectively,
where the latter is in agreement with Julliere’s model. The temperature dependence
of the JMR can be explained by the temperature dependence of the interface mag-
netization. The decrease of the JMR with increasing bias voltage is intrinsic to
ferromagnetic junctions. The strong disagreement with recent theories in the low
bias voltage region can be attributed to magnetic excitations in these junctions, as
seen in inelastic tunneling measurements.

*The contents of this chapter has been published [J. S. Moodera, J. Nowak, and R. J. M. van de Veerdonk,
Phys. Rev. Lett. 80, 2941 (1998)].
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4.1 Introduction

The spin-dependent tunneling between two ferromagnetic (FM) films across an insu-
lator (1), successfully shown recently [16], has application potential in digital storage
and magnetic sensor technologies [16, 18,19, 56]. The magnitude of the junction mag-
netoresistance (JMR) at low temperatures nearly agrees with Julliere’s simple model
predictions [15]. This model is based on the difference in the density of states (DOS)
for the two spin directions at Er of the itinerant electrons in the FM [571, and earlier
results of spin polarized tunneling between a FM and a superconductor [58].

The JMR exhibits both a temperature () and a bias voltage (V) dependence [16].
These effects are surprisingly significant and depend on the quality of the junctions;
the lower the JMR, the larger the temperature and the dc bias dependence. Earlier,
others have reported a few percent JMR at liquid helium temperatures, whereas at room
temperature it was only (0-2)%. Likewise, junctions showed a factor of 10 drop in JMR
when V. was increased from 0 to 0.5 V [16, 59]. There are also cases where no JMR
is observed at any temperature despite having a good tunnel barrier.

Recently, theories have been proposed [51,60-65] to extend and make Julliere’s
model rigorous, in order to explain FM-I-FM tunneling and also some of the above
observations. So far, they have not been very satisfactory. For example, a decrease in
JMR with increasing bias voltage has been predicted [62, 63], but slower at low values
of V4. than seen experimentally.

In this Chapter, we present experimental observations that show the intrinsic behav-
ior of the ferromagnetic tunnel junctions. Our dynamic conductance (G) and inelastic
electron tunneling spectroscopy (IETS) results show unique features that provide an
experimental basis for a theoretical understanding of both the temperature and the bias
voltage dependence of the JMR.

4.2 Experimental

The tunnel junctions were prepared by cryogenic evaporation through shadow masks
and glow discharge oxidation, as described in previous publications [16]. Out of the 72
junctions that were prepared, there were 12 Junctions with CosoFeso or NiggFeyq as the
top electrode for each barrier thickness (Al film thickness ranging from 0.4 to 1.8 nm).
The bottom electrode was Co for all Junctions. The measured junction resistances (Ry)
were in the range of 1 to 30 kV depending on the Junction type. The junctions showed
a resistance increase of less than 20% upon cooling from room temperature down to
77 K and negligible below that, comparable to Al/AlL,O3/Al reference junctions. The
junctions were temperature cyclable and stable in ambient atmospheres even after six
months, displaying the same characteristics. The IMR (defined as the resistance change
in a magnetic field relative to the peak value) ranged between (14-20)% at 295 K and
(24-27)% at 77 K. The best junctions (showing the highest IMR at room temperature)
were Co/Al,O3/NiggFes with 0.8 nm of Al [66]. Several of these junctions showed a
room temperature JMR of 20%. One of these best junctions was selected for detailed
studies and its characteristics will be discussed in the remainder of this Chapter. Similar



4.3 Results 53

R [kQ]

uH [Ce ]

Figure 4.1: Resistance vs applied magnetic field for a Co/Al,03/NigyFey junc-
tion at room temperature and 77 K showing JMR values AR/Rap = 20.2% and
27.1%, respectively. This measurement was done using an LR-700 ac resistance
bridge with an excitation ac current at 100 nA. Arrows indicate the magnetization
configuration of the two ferromagnetic layers according to Julliere’s model [15,16].

features were seen for other good junctions as well.

4.3 Results

The current-voltage (I-V) characteristics for the junctions were measured from room
temperature down to 1 K, both for parallel and antiparallel orientations (see the section
on magnetoresistance). Tunnel current was higher for the parallel than for the antipar-
allel orientation at all temperatures, up to 0.8 V. The I-V data were fitted to Brinkman’s
formula [48]. The fitted average barrier height at 295 K (1 K) for parallel orientation
was 3.34 (3.59) eV, in excellent agreement with that of similarly prepared AI/Al,O3/Al
reference junctions. The corresponding barrier asymmetry and thicknesses were 0.32
(1.24) eV and 1.22 (1.19) nm, respectively. A 0.8-nm-thick Al film, as used in the
barrier formation, is expected to increase to a thickness of about 1.1 nm after oxida-
tion [67]. The fitted barrier thickness is within 10% of the expected value, thus showing
good barrier uniformity. This is further substantiated by atomic force microscope ob-
servation of Al,O3 covered Co films, showing an rms roughness of less than 0.5 nm. All
of these qualities indicate that the optimum barrier with relatively clean FM interfaces
is achieved. (Note that the tunneling current depends not only on the barrier properties,
but also on the DOS of the electrodes and inelastic tunneling processes [68], which are
not explicit in the tunneling theories. Hence, the barrier heights and the thicknesses
given above are the “effective” values.)

The junction magnetoresistance curves at room temperature and 77 K are plotted in
Fig. 4.1. They show hysteresis and a peak at low fields for either sign of the applied
field. The peaks and valleys correspond to antiparallel and parallel orientations of the
magnetizations ( M) of the two FM electrodes, respectively [15]. The peak occurs
in between the coercive fields of NigoFeyy (~5 Oe) and Co (~25 Oe) films. Nearly
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Figure 4.2: Dynamic conductance at two temperatures as a function of dc bias for
parallel and antiparallel orientation of magnetizations for the same junction as in
Fig. 4.1.

flat peaks indicate good antiparallel alignment of M, with the peak width increasing
slightly with decreasing temperature. The JMR obtained from these data are 20.2% and
27.1% at room temperature and 77 K, respectively. Cooling the junction from 77 K
down to 1 K caused only a marginal increase in R; and the IMR stayed at 27.3%. The
same trend was seen in all junctions, irrespective of the type of FM used.

Dynamic conductances measured at room temperature and 1 K for parallel (upper
curve) and antiparallel (bottom curve) M configurations of the electrodes are shown
in Fig. 4.2. The curves are asymmetric with respect to zero dc bias, the parallel config-
uration showing more asymmetry. G increases by less than a factor of 2 between 0 and
0.75 'V, indicating a high barrier. Features can also be seen in these curves between 0
and 200 mV, more apparent in the parallel case. The curves sharpened near zero bias
as T decreased, more for the antiparallel orientation. This behavior is similar to the
zero bias anomaly usually seen with transition metal electrodes or with impurities in
the barrier [68, 69]. However, in the present experiments, there were no changes in G
between 4.2 and 1 K, unlike in the case with impurities or states in the tunnel barrier.

Fig. 4.3 shows the zero field [ETS spectra, i.e., the derivative of G, measured at 295,
77, and 1 K in zero field. There was little difference in these curves when measured in
an applied magnetic field up to 300 Oe. Looking at the room temperature data, one can
see a broad peak (dip) at about 100 mV, slightly better defined upon cooling down
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Figure 4.3: IETS spectra at three temperatures for the same junction as in Fig. 4.1,
measured at H = 0. Similar spectra are seen for junctions where one electrode
is a FM and the other electrode is Al. The inset shows an IETS spectrum of an
AV/AL,Os/Al reference junction for comparison. Note that the features for all Al
junctions were only seen at liquid He temperatures.

to 77 K. At 4.2 K, in addition to this peak, a sharp feature appears at 17 mV, with no
change occurring between 4.2 and 1 K. Finally, a small peak at 450 mV is sometimes
observed. These spectroscopic features were seen in other junctions where one of the
films was ferromagnetic, such as Al/Al,03/Co, as one can expect.

For comparison, the IETS spectrum for a Al/Al,O3/Al reference junction taken at
1 K is shown in an inset in Fig. 4.3. The peak at ~110 mV in the IETS spectra for
Al/A1,O3/Al junctions, seen only at liquid helium temperatures, has been identified
by others as due to an Al-O stretching mode [19]. The small peak sometimes visible
at 450 mV has been attributed to a surface O-H™ stretching mode [19]. In the IETS
spectra for ferromagnetic junctions, the peak at 450 meV due to the surface O-H~
stretching mode is barely visible at low temperatures. The broad peak around 100 mV
is not the same as in reference junctions, in that it is also seen at room temperature.
Hence, this peak is not due to the Al-O stretching mode alone. Tsui et al. [70] have
observed a magnon peak in IETS spectra of NiO at 107 meV. Therefore, part of the peak
seen in Fig. 4.3 at about 100 mV and also the sharp peak at 17 mV can be interpreted
as due to magnons generated in the FM electrodes.

The bias voltage dependencies of the IMR at 295,77, and 1 K are shown in Fig. 4.4
for both polarities of V. (defined with respect to the Co electrode). A slight dependence
on the polarity is observed. As previously reported by us [16], and by others [18,19,59],
the JMR decreased monotonically as Vg, increases, in the present case by 60% at 0.5 V.
Earlier, the corresponding drop in JMR was at least a factor of 10 for “unoptimized”
Jjunctions [16,59]. Present good junctions show great improvement. The normalized
data shown in Fig. 4.4(b) is nearly independent of temperature, even near zero bias
voltage, where G shows the anomaly at low temperatures.

According to the calculations of Bratkovsky [62] and Zhang et al. [63], the bias
voltage dependence of JMR arises from the influence of the applied electric field on the
barrier shape. Increasing V. increases the overall conductance and, hence, decreases
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Figure 4.4: JMR vs bias voltage at three temperatures for the same junction as in
Fig. 4.1. Data shown are (a) the actual percentages and (b) normalized at zero bias
voltage. The inset shows the JMR in the low bias voltage region displaying near
constancy of JMR. The dashed line in (b) is the theoretically expected variation for
a Fe/Al,05/Fe junction with a 3 eV barrier height (from Fig. 1 in Ref. [62]).

the JMR ratio. The dashed line in Fig. 4.4(b) is according to Bratkovsky (from Fig. 1
in Ref. [62]). The calculated JMR falls much slower than the experiment, especially at
low bias voltage. A bigger decrease in the JMR vs Ve was observed for MgO barriers
whose barrier height was in the range of 1 &V (as in the calculation of Zhang ez al. [63]).
Thus, it is important for applications to have a high tunnel barrier.

We propose that part of the large decrease in JMR can be attributed to the excitation
of magnons, thereby randomizing the tunneling electron spins and increasing the total
conductance. (The energy dependence of the spin polarization due to band structure
effects may also reduce the JMR at high bias.) The peaks at 17 and 100 mV in the IETS
spectra support this interpretation. In fact, there was little dependence of JMR on V,,
below about 15 mV, as shown by the data at 1 K [see inset in Fig. 4.4(a)]. This suggests
a possible gap of this order in the magnon spectra.

For a FM;-I-FM, tunnel junction, Julliere’s model [15], based on Stearns’s the-
ory [57], gives IMR= 2P; P,/(1 + P, P,), where P; and P, are the tunneling electron
spin-polarizations measured by tunneling with a superconductor counter electrode as a
spin detector [58]. These latter measurements, performed at 0.4 K and near the Fermi
level, yielded Pco, = 35% and PriyFe,y = 45%. These give an expected JMR of 27.2%
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for a Co/Al;03/NiggFey junction, in perfect agreement with the measured values at 77
and 1 K. However, at 295 K, a JMR of only 20.2% is observed.

From spin wave theory [71] and experimental observations [72-75], on clean sur-
faces in systems such as FeNiBg s, NigoFe,o, and Fe, it is known that the interface mag-
netization [M; (T)] folows a Bloch 73/2 temperature dependence: M;(T) = M; (0)[1 —
;T*/?]. Values of o; up to twice or more the bulk value have been reported, depend-
ing on the interface cleanliness. In the above ferromagnets, about 15% (or higher for
a contaminated interface) decrease in M; has been observed as T increases from 77 to
300 K, with only ~ 2% or less change below 77 K. Also, the spin polarization P(T)
has been shown to be proportional to M;.

Tunneling electrons come from the top one to two monolayers of the FM and, hence,
should reflect interface properties. This has been shown in a series of spin polarized tun-
neling experiments involving ultrathin FM films near the barrier and a superconducting
spin detector [58]. The polarization of these tunneling electrons is, thus, expected to
follow the temperature dependence of the interface magnetization. Assuming the po-
larization to follow a T%/? dependence and Julliere’s model, and choosing values for o;
such that it reproduces the ratio of the experimental conductance difference (between
parallel and antiparallel configuration) at 77 and 295 K, the JMR ratio at room tempera-
ture can be evaluated. This yields an estimate for the JIMR value at room temperature of
22.8%, which is in fair agreement with our experimental value of 20.2%. Below 77 K,
both M, and JMR do not change significantly. The lower value of IMR at higher T can
thus be attributed to the temperature dependence of the interface magnetization of the
FM films. A more detailed discussion of the temperature dependence of the JMR can
be found in Chapter 6.

The data published for NiFeBgs and thin films of NiggFeyy, with even a small
amount of interface contamination [72-75], show a stronger temperature dependence
and reduced magnitude of M, (with T¢ below room temperature for NiggFe,). This
might explain the irreproducible, low, or absent IMR at room temperature in many of
the reports in the literature, whereas cooling these junctions down to low temperatures
sometimes restores the JMR to nearly its expected value [59, 76].

In addition to P, the factors that influence the JMR value are the following: (i)
the FM/I interface cleanliness, (ii) the barrier quality, and (iii) well defined and sepa-
rated H, of the FM electrodes. It is nontrivial to completely oxidize the barrier Al film
without oxidizing the FM interface of the bottom FM and also achieve a clean FM/I
interface, to reach the full JMR value. Oxidation of the interface near the barrier can
affect the IMR by spin scattering due to the strong paramagnetic nature of the magnetic
transition metal oxides at higher temperatures. At low temperatures, in the antiferro-
magnetically ordered state of these oxides, the spin scattering is negligible [77], thus
showing a finite JMR in many cases, see also Chapter 8. Also, impurities in the barrier
are detrimental to the JMR [62,78].
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4.4 Conclusions

In conclusion, detailed tunneling studies as a function of temperature and bias voltage
in well-characterized, good junctions reveal some of the fundamental phenomena in
FM-I-FM tunnel junctions. The temperature dependence of MR has been attributed to
the temperature dependence of the interface magnetization of the EM electrodes, also
explaining the failure to observe JMR at room temperature in many earlier reports. The
dc bias dependence of JIMR does not agree with recent theories, especially in the low
bias voltage region where magnetic excitations play a role, as shown by the inelastic
tunneling spectra.



Chapter 5

Current Distribution Effects in
Magnetoresistive Tunnel
Junctions

Abstract:*

The influence of an inhomogeneous current density on the (magneto)resistance of
a ferromagnet-insulator-ferromagnet tunnel junction in the cross-strip geometry is
analyzed using a finite element approach. The four-probe resistance is smaller than
the actual resistance for electrode resistances (in the junction area) comparable to
or higher than the junction resistance. Even negative four-probe resistances can
be obtained. The apparent resistance change due to the junction magnetoresistive
effect also decreases, but always remains positive. This results in unrealistically
large apparent magnetoresistance ratios which can even approach infinity, which
explains some recent experiments.

*The contents of this chapter has been published [R. J. M. van de Veerdonk, J. Nowak, R. Meservey, J. S.
Moodera, and W. J. M. de Jonge, Appl. Phys. Lett. 71, 2839 (1997)].
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5.1 Introduction

Tunnel junctions consisting of two ferromagnetic layers separated by a thin insulating
layer show large magnetoresistive effects when the magnetizations of the ferromagnetic
layers change their relative orientation from parallel to antiparallel in an applied mag-
netic field [16,17,79]. This result has attracted considerable attention due to its potential
applicability in low power magnetic field sensors or nonvolatile memory devices. The
largest magnetoresistive effects have been observed in low resistance Junctions (com-
pared to the lead resistance in the same area). Low resistances can in some cases be
explained by a large surface area (i.e., scaling effect) or by a low tunnel resistivity (i.e.,
barrier property). Moodera et al. {79] observed that by reducing the barrier resistivity
the magnetoresistance ratio, defined as the resistance change divided by the resistance in
a reference state, increased to significantly higher values for otherwise identical junc-
tions. This was qualitatively attributed to the measuring geometry artifact described
here. Similarly, Kumagai et al. [80,81] observed that for microfabricated junctions the
magnetoresistance ratio is smaller than for similar macroscopic junctions [17].

Most results up to now are obtained with the tunnel Junctions in the cross-strip ge-
ometry, shown schematically in Fig. 5.1. Two (ferromagnetic) electrodes are confi gured
perpendicular to each other and are separated by an insulating layer; the intersection
defines the junction area. The four-probe resistance is measured by sending a current
using one of the facing contacts on each electrode and measuring the voltage difference
between the other two. Resistance measurements in similar geometries [82-84] are
known to cause problems due to inhomogeneous current distribution effects when the
electrode resistances (in the same area) become comparable to the perpendicular resis-
tance. The four-probe resistance appears to be lower than expected, and even negative
resistances have been found. Qualitatively explanations have been proposed [82-85]
based on one dimensional (1D) analytical models taking into account the electrode re-
sistances. However, to the best of our knowledge no analytical solutions exist for the
current distribution in the cross-strip geometry. Also the effect on magnetoresistive
properties is not accounted for in previous models. Therefore, we performed finite
element calculations taking into account the whole geometry.

5.2 Modeling

In order to calculate the four-probe resistance, we model the junction by two perpen-
dicular stripes extending some distance outside the Junction area (see Fig. 5.1). Perpen-
dicular current flow within the electrodes is neglected. The current distribution within
the bottom electrode is governed by Ohm’s law:

m=—p;' VV, (5.1)

where 3, is the local in-plane current density, p,, the resistivity, and V,, the local voltage
in the bottom electrode. From current conservation we find:

db A\ T + jtun = 01 (52)
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Figure 5.1: Schematic of the cross-strip geometry. The junction area is defined as
the intersection of the two perpendicular electrodes (hatched), which are separated
by a thin insulating layer.

where dj, is the thickness of the bottom electrode, and jy, is the local tunnel current
density. Similar equations hold for the top electrode. The tunnel current is modelled as:

Juwn = Pj_l Vo=V, (5.3)

where p; is the tunnel resistivity in 2m?, which in general depends on the voltage
difference between top and bottom electrode. In the present case, we restrict the calcu-
lations to the linear (low voltage) regime, although the inclusion of nonlinear effects is
straightforward.

By substituting these equations we find two coupled equations for the voltage dis-
tributions in the top and bottom electrodes:

Vowy | *Viy _ Rope

= Viey — Vi) s 54

2 5y py (Vo — Vi) (5.4)

where RO sy = Pb(r)/dp) is the square resistance of the bottom (top) electrode. The

only free parameter in this equation is the ratio between the square resistance of the
electrodes and the tunnel resistivity. This parameter can be written as:

Pj 2 R;

2/12
= = —Lw(?), 5.5)
Rasey ™ Ry (

where lyyp is the typical length scale of the current distribution, R; and Ry are the
expected resistances of the junction and the electrodes (within the junction area), re-
spectively, for a junction area with length [ and width w. When the typical length scale
lyp < I, w or, alternatively, when the junction resistance R i < Ry, the current density
distribution will become inhomogeneous.
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Figure 5.2: (a) The calculated voltage distribution in the top electrode for a junc-
tion with /(= [, w) = 200 um (Rj = Ryyy = 20 Q). (b) The tunnel current
density distribution shows an increased current density in the corner where the cur-
rent leads meet. Only the junction area is shown.

A finite element approach is used to solve Eq. (5.4). As boundary conditions a
voltage of 1 V at the end of each of the current leads is used. An example of the
calculated potential and tunnel current density distributions within the junction area are
shown in Fig. 5.2. Both leads have a square resistance of R = 20 Q, the junction area
is a square with 200 wm sides, and the tunnel resistivity p; is chosen such that the actual
Junction resistance equals the resistance of the electrodes. The voltage distribution for
the bottom electrode is not shown for this symmetric junction. As can be seen the
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Figure 5.3: The calculated (a) scaled four-probe resistance R4/ R; and (b) scaled
resistance change ARyp/AR; for a junction with [, w = 200 um, Ry = 20 ,
with varying p;.

in-plane voltage drop within the junction area is significant and as a result the tunnel
current is largest in the corner where both current leads meet (i.e., the current takes the
shortest path). Since the voltages are measured at the other sides, the apparent junction
resistance is smaller than the actual junction resistance.

The four-probe resistance Ry, can be calculated similar to the experiment by divid-
ing the voltage difference in the voltage leads by the total tunnel current. In Fi 2.5.3 Ry
and A R4y due to a small magnetoresistive change in the tunnel resistivity are shown for
varying p;. Both quantities are scaled to the actual values for the junction resistance R f
and junction resistance change AR;. As shown in Fig. 5.3(a), a considerable reduction
of the scaled four-probe resistance occurs for R; < Ry or, alternatively, for ly, < [, w.
Also the scaled four-probe resistance change shows a reduction, as shown in Fig. 5.3(b).
However, its value always remains positive. This can be understood when this quantity
is viewed as a (scaled) derivative with respect to R ; of the four-probe resistance, which
shows a monotonic behavior. Combined, these effects lead to an infinite apparant mag-
netoresistance ratio at the point where the apparent junction resistance in the reference
state approaches zero.
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5.3 Discussion and Conclusions

Using the approach described above, the experiments reported in Refs. [17] and {79}
have been reinterpreted by modeling the four-probe resistances in the parallel and an-
tiparallel states, using only the tunnel resistivity as a parameter. For the 10 Q junction
in Fig. 2(a) of Ref. [79], a corrected magnetoresistance ratio of 19% is found (rela-
tive to the high resistance state) instead of the 30% obtained from the measurement.
The corrected value is consistent with the values obtained for high resistance junc-
tions [16,79, 86]. For the junction with the negative resistance of Fig. 2(c) of Ref. [79]
a corrected value of 15% is found, compared to the observed value of over a thousend
percent (relative to the high resistance state). Also for this junction the corrected value
is more in line with the results obtained for higher resistance Jjunctions [16,79, 86].

Similarly, for the data presented in Fig. 1 of Ref. [17] for a 1 mm? area tunnel junc-
tion with a 7 mS2 resistance we find a corrected magnetoresistance ratio of 1.2%, much
reduced from the measured 18% (relative to the low resistance state). Recently, new
measurements have been presented by this group on microfabricated tunnel Jjunctions
(where liy, > I, w) with magnetoresistance ratios of a few tenths of a percent [80, 81].
Also in this case the corrected value is more in line with the data for Jjunctions without
the inhomogeneous current distribution effect (in this case by reducing the area).

In conclusion, we would like to state that care should be taken when comparing
experimentally obtained data on magnetoresistive tunnel junctions. The measurements
for low resistance junctions should be corrected for inhomo geneous current distribution
effects. It should be noted that the apparent enhancement of the magnetoresistance ratio
does not lead to increased application potential, since the actual resistance change (and
hence the signal) is reduced. The inhomogeneous current distribution effects occur for
Junctions with resistances of the electrodes (in the Junction area) comparable or higher
than the junction resistance or, similarly, when the typical length scale of the effect
becomes smaller than the junction dimensions. Problems can be avoided by increasing
the tunnel resistivity, decreasing the junction dimensions, or lowering the electrode
resistances by adding well conducting layers.



Chapter 6

Temperature Dependence of
Tunnel Magnetoresistance

6.1 Introduction

Most theoretical explanations to date of the magnetoresistance of magnetic tunnel junc-
tions are based on model calculations performed for zero temperature and in the limit
of zero bias voltage. Under these conditions, only elastic conduction processes need
to be included, in which both the energy and the spin of the conduction electrons are
conserved. The conductance can then be calculated by summation of the individual
conductance contributions of all incident electrons. Because only elastic tunneling
contributions are considered, each incoming electron state has a single corresponding
transmitted electron state. Also only the electrons with energies at the Fermi level will
contribute to the tunnel current, since only for those electrons empty states are avail-
able in the counter electrode to tunnel into. Thus, the number of available states for
each incident electron to tunnel into is restricted, while also the number of electrons
contributing to the conduction is limited.

At elevated temperatures or at non-zero bias voltages, however, these assumptions
may not be completely valid. The obvious effect of the increase of the temperature
will be a change in the occupation of the electron states in the energy range of a few
kT around the Fermi level, which is determined by Boltzmann statistics. The obvious
effect of a non-zero bias voltage is a change of the form of the barrier and a change of
the kinetic energy of the transmitted electron compared to that of the incident electron.
These obvious effects have been modeled within the framework of the elastic tunnel
theory in the sixties [47,48].

In addition to the above-mentioned Fermi-distribution effect on the temperature de-
pendence of the JMR, there is another effect, related to the decrease of the magnetiza-
tion of the electrodes. As proposed by Moodera et al. [87] and Shang e al. [88], this
leads to a decrease of the effective tunneling electron spin polarization of the electrodes,
as defined in Eq. (3.4), and hence to a reduction of the JMR ratio.
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Thirdly, at finite temperatures inelastic tunneling processes become possible, for
which the initial and final energy of the tunneling electrons are not equal. The en-
ergy difference is released by excitation of phonons (lattice vibrations) and/or magnons
(spin-waves), or gained by their absorption. As phonon excitations conserve spin, the
resulting additional conductance will not have a large influence on the Jjunction magne-
toresistance. Magnon excitation or absorption, on the other hand, leads to spin-flip
and thereby reduces the JMR. As a result of the additional degree of freedom of-
fered by the excess energy, the number of final states available for electrons to tun-
nel into increases. These inelastic conductance contributions can visualized by spec-
troscopic measurement of the tunnel conductance, called Inelastic Electron Tunneling
Spectroscopy (IETS), as will be described in more detail in Chapter 7.

In this Chapter, two recent models are presented within which these effects on the
temperature dependence of the (magneto)-resistance of tunnel Junctions are described.
Both will be compared to experimental data. In Section 6.2, a phenomenical model is
presented is based on spin-wave excitations in the electrode, desturbin g the alignment of
the magnetizations [87,88]. A method is described to separate the effect of temperature
into a magnetic and a nonmagnetic contribution, which is equally applicable to non-
magnetic junctions. The model presented in Section 6.3 uses a Transfer Hamiltonian
calculation of the inelastic tunnel conductance contribution resulting from the absorp-
tion or emission of spin-waves during the tunnel process at elevated temperatures [89].
This model makes predictions of both the bias voltage as well as the temperature de-
pendence of the magnetoresistance, but since it is based on spin-wave excitations, is not
applicable to nonmagnetic tunnel junctions.

Special for the case of magnetic tunnel junctions in comparison to nonmagnetic
tunnel junctions is that apart from the evolution of the conductance as a function of
temperature, additional information can be obtained from the magnetoresistance effect.

Note that the presented list of candidates for the explanation of the temperature de-
pendence is not complete. Of the other candidates, the temperature dependence of the
dielectric constant of the barrier material is briefly mentioned. The value of the dielec-
tric constant determines the amount of mirror charges created in an insulator when it
is in direct contact with a metal. These mirror charges influence the potential energy
landscape of the tunnel barrier, which in turn is important for the junction magnetore-
sistance.

6.2 Spin-wave excitations in the electrodes

For a typical junction, the temperature dependence is first analysed following a model
proposed by Moodera et al. [87] and in more detail by Shang er al. {88]. The con-
ductance G of a tunnel junction is assumed to consist of two independent conduction
channels: a contribution G4 due to direct tunneling and a contribution G; due to indi-
rect tunneling (for instance, tunneling via defect states in the oxide layer). The latter
contribution is assumed to be phonon-assisted (inelastic), and is therefore absent at
T = 0 K. Itis assumed that only the direct contribution depends on the angle 8 between



6.2 Spin-wave excitations in the electrodes 67

the magnetic moments of the two electrodes {51]. Thus, the conductance is written as:
GO) =G.(0) + G, (6.1)
with
G4(0) =Gr x (1+ Py Pycosf), (6.2)

where Py, is the effective tunneling electron spin-polarization and the prefactor G is
the average direct elastic conductance for parallel and antiparallel alignment of the elec-
trode magnetizations. All the variables in Eqgs. (6.1) and (6.2) depend on temperature
and are discussed separately below.

Firstly, the well documented temperature dependence of the average direct elastic
tunneling conductance G is discussed. The electrons responsible for the tunnel current
originate from an energy interval of the order of kT /e wide, centered around the Fermi-
level. At elevated temperatures, the width of this interval increases, and thus electrons
levels at higher energy become occupied. Due to the exponential dependence of the
tunnel probability on energy, these “hot” electrons contribute more to the tunnel current.
The relative increase of the tunnel conductance with increasing temperature has been
calculated by Simmons [47]:

Gr(I)  CT
Go  sinCT’

(6.3)

where Go = Gr(0) is the conductance at zero temperature and the constant C is given

by C = 1.387 x 1074 /?51/ 2, with the barrier width d in A and the average barrier
height ¢ in eV. For typical barrier parameters (¢ = 2.0eV and d = 15 &) Gy increases
by 3.3% between 0 K and room temperature. This is much less than the ordinarily
experimental observed 20-25% (also for non-magnetic junctions). Therefore, even for
non-magnetic tunnel junctions, other (inelastic) conductance contributions need to be
considered. However, at sufficiently low temperatures, the inelastic tunnel contribu-
tions are small and only the elastic contribution prevails. Thus, the barrier parameters
obtained from fits to /-V measurements at low temperatures can be used to predict
Gr(T) at elevated temperatures.

The second factor in the right hand side of Eq. (6.2) depends on temperature via
the product Py P, cos 8. Pierce et al. [72] have found that the polarization of secondary
electrons in a photo-excitation experiment follows the temperature dependence of the
interface magnetization M;. Furthermore, the temperature dependence of the (bulk)
magnetization can be understood by considering magnon (also called spin-wave) ex-
citations at elevated temperatures, see for instance Chapter 15 in [90] or Chapter 33
in [91]. The predicted dependence (in the temperature regime of interest) is the Bloch
T3 law, i.e., M;»(T) = M;,(0)[1—a; ,T*?]. This dependence has also been found to
hold for surfaces [71-73,92,93], although the proportionality constant ; ,, describing
the magnitude of the decrease of magnetization, is usually larger by a factor of two or
more for the interface (i) of a thin film compared to the bulk () value, i.e., o; > 2ap.



68 Temperature Dependence of Tunnel Magnetoresistance

The difference is caused by a change in the number and strength of the magnetic ex-
change interactions for atoms near an interface. Using these results, Shang er al. [88]
proceed by writing the polarization of the tunnel electrons as:

P(T) = P(0) [1 — oy T3], (6.4)

where the value P(0) can be measured at low temperatures using the Spin Polarized
Tunneling experiment (see Chapter 10). Using Eq. (6.4), the product can be rewritten
as:-

PI(T)Py(T) cos 6 = Pi(0)P2(0) [1 — ;i T**] [1 — 0, T3/*] cos 6 (6.5)

For a more general interpretation of the factor P; P, cosé, the original definition
needs to be considered. The cos @ results from a spinor transformation introduced by
Slonczewski [51] to account for the change of the spin quantization axis for electrons
transfering between two layers with non-colinear magnetic moments. Thus, the product
can be written as:

PPM;,-P,M;,

, 6.6)
(3, M) (

Py PycosO =

where Py ; are constant scalar parameters, independent of temperature, as long as short
range ferromagnetic order exists. M;; and M i,2 fluctuate as a results of thermal
excitations. At elevated temperatures, due to magnon excitations, the dot product in
Eq. (6.6) needs to be replaced by the average { M;; - M i2) & (cos@). Due to the
randomness introduced by thermally excited spin-waves, the extremal values of the dot
product are not obtained over the whole interface area of the sample at the same time
(this is what also causes the global magnetic (interface) moment to decrease, while all
individual moments remain the same). When the magnon excitations are independent
for the two magnetic layers, the extremal values for (cos 8) are (for (¢) = 0 or 7):

(M) (M)
| M| [ M|

(cosO)pap = *

= [1 = @i T*?][1 — ;2 T%?], (6.7)

which is mathematically equivalent to Shang et al. [88]. However, in a situation where
interface spin-waves are coupled across the barrier, a lower reduction would be pre-
dicted.

Independently, but along similar lines of reasoning MacDonald et al. [94] proposed
the concept of shadow-bands. Shadow bands are the mingling of the majority and
minority spin-densities of states due to magnetic disorder and effectively reduce the
polarization the same way as proposed by Shang et al. [88].

The third contribution to the temperature dependence is the spin-independent indi-
rect (inelastic) conductance G; in Eq. (6.1). This contribution is assumed to be ther-
mally activated and therefore negligible at low temperatures; this assumption makes it
possible to separate the direct and indirect contributions using the experimental data,
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Figure 6.1: (a) Resistance and (b) magnetoresistance for a Co/Al;05/NigyFey
junction as a function of temperature. The symbols are the measured values, the
solid lines are the result of the analysis as discussed in the text. For the temperature
dependence of G7(T) use is made of Eq. (6.3) with barrier parameters ¢ = 3.4 eV
and s = 0.94 nm.

using:
Ge(T) — Gap(T) = 2G1 (TP P2 [1 — 0y T*?] [1 — ;2 T?]
=2Gr(T)P 1P, [1 — (o1 + 0:0) T + ALY (6.8)
Ge(T) + Gap(T) = 2[Gr(T) + Gi(T)], (6.9)

where P and AP denote magnetization configurations in which (cos@) = 1 and -1, re-
spectively. As G; is thermally induced, G;(T = 0) = 0, thus G7(0) can be determined '
from Eq. (6.9) and low temperature data. At elevated temperatures, G7(T) can be ob-
tained using Eq. (6.3) and the barrier parameters found from fits to the low temperature
J-V data. The indirect conductance G;(T) is subsequently obtained using Eq. (6.9)
and subtracting the extrapolated values for G7(T). Also from the low temperature data
the product P;(0) P»(0) is obtained using Eq. (6.8) and the value G (0). The values for
;1 and @; ; are obtained from a fit of the experimental data to Eq. (6.8).

In Fig. 6.1 the temperature dependence of the resistance and magnetoresistance is
shown for a Co/Al,03/NigoFeyo junction. The magnetoresistance AR/R(P) decreases
from 33% at T = 10 K to 19% at room temperature, a reduction of 40%. The cor-
responding reduction of the resistance is 15% (23%) for parallel (antiparallel) aligned
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Figure 6.2: Analysis of the resistance and magnetoresistance data of Fig. 6.1.
(2) Product P\(T)Py(T) = AG(T)/AG(0) x G(0)/Gr(T) and (b) normalized
inelastic tunnel conductance G;(T) = [{G(TY) — Gr(T)}/Gr(0). The symbols
are the derived from the measured data, the solid lines are the result of the analysis
as discussed in the text. For the temperature dependence of Gr(T) use is made of
Eq. (6.3) with barrier parameters ¢ = 3.4 eV and s = 0.94 nm.

magnetizations. These numbers are typical for “good” tunnel junctions, i.e., having a
magnetoresistance at room temperature in excess of about 10%.

The data have been analysed using the model developed above, the result of which
is shown in the figure as the solid lines. In all fits, the temperature dependence of
the elastic tunnel contribution G is assumed to follow Eq. (6.3) using average barrier
parameters obtained by fitting the low temperature current-voltage characteristics for
both parallel and antiparallel aligned magnetizations. As can be seen, the model de-
scribes the data perfectly. The individual temperature dependent contributions to the
conductance are shown in Fig. 6.2. In Fig. 6.2(a) the normalized conductance differ-
ence AG(T)/Gr(T) = 2P;(T)P5(T) is shown. As can be seen from the figure, the
product of the polarizations decreases in the full temperature range by about 22%. In
the absence of an indirect tunnel contribution, this drop may be related to a reduction of
the magnetoresistance using Eq. (6.2). This results in an expected magnetoresistance at
room temperature of 25%, significantly higher than the experimentally found 18%.

By fitting the data in Fig. 6.2(a) to Eq. (6.8) the parameters ;| and a; 2 in Eq. (6.4)
have been obtained. Because the dependence of the model on the individual param-
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Figure 6.3: Analysis of the temperature dependence of the inelastic part of the |
conductance of an Al-Al,0;-Al reference junction. The normalized inelastic tunnel
conductance G;(T) = [{(G(T)) — Gr(T)]/Gr(0). The symbols are the derived
from the measured data, the solid lines are the result of the analysis as discussed in
the text. For the temperature dependence of Gr(T) use is made of Eq. (6.3) with
barrier parameters ¢ = 2.1 eV and s = 1.42 nm.

eters o; is weak, only the sum ;1 + ;2 ~ 4.66 x 10~ K~3/2 could be obtained,
which consistent with the values reported for similar junctions by Shang et al. cite-
Shang:prb98. Note, however, that a significant difference in the ; parameters for Co
and NigoFey electrodes is to be expected, based on the difference in Curie temperatures
(T¢ = 1360 K for Co, T¢c = 850 K for NiggFes0). The obtained values are in the same
range as have been reported for interface and bulk magnetization [93].

In Fig. 6.2(b) the indirect part of the tunnel conductance has been shown, as ob-
tained using Eq. (6.9). The amount of indirect conduction at room temperature is about
22% of the direct tunnel contribution at low temperatures. Since the indirect conduction
within this model is independent of the magnetic configuration, the additional conduc-
tance results in an extra decrease of the magnetoresistance at room temperature on top
of the reduction discussed above.

The data can be fitted well using a power-law dependence of the conductance
G; o TV, where for this sample y = 1.56 + 0.01. The possible origins of the ob-
served power-law behavior are several, but most proposed mechanisms are related to
conduction processes involving indirect tunneling paths via impurities or defects in the
barrier [88]. Impurities in the barrier may be introduced during the fabrication process
in a number of different ways. Firstly, during the deposition of the barrier material (in
this case Al) impurities can be introduced depending on the purity of the target mate-
rials and the background pressure, and for sputtered layers also of the sputter gas. A
second possibility arises during the process of plasma oxidation, which is assumed to
involve diffusion processes of metal ions (not necessarily only Al) towards the vacuum
interface and/or oxygen ions (and possibly other negative ions) into the barrier. Recent
progress by several groups in the characterization of the thus produced barrier by TEM
and other techniques seems to support the idea that the formed barrier is mostly amor-
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phous, see for instance Fig. 3.5), and it would therefore not be surprising if this would
be an intrinsic source of defect states. Also, during the deposition of the top electrode,
impurities may be introduced in the barrier due injection of highly energetic particles.
Even when the fabrication process is completed, impurities may still be introduced by
intermixing at the interfaces due to diffusion processes.

The indirect contribution is not special to the case of magnetic tunnel junctions,
since the mechanisms discussed for the inclusion of impurities also apply to the case
of nonmagnetic junctions. In Fig. 6.3 the results of the temperature dependence of a
nonmagnetic junction is analysed using the same model. Also in this case, the indirect
contribution at room temperature amounts about 21% to the total conductivity. The ex-
ponent, however, is larger, in this case y = 2.21 + 0.01. Glazman and Matveev [95]
presented a theoretical model in which that the value of the exponent y for a tunnel pro-
cess involving multiple impurity sites depends on the number of sites. If the number of
impurities in a conduction path is N, and the N — 1 hops between two impurities involve
inelastic processes to compensate for the difference in energy levels (the hop from the
electrodes to the first and last impurity is assumed elastic as a result of the continuum
of available states in the electrodes), the exponent y(N) = N — [2/(N + 1)]. Thus,
for a larger number of sites, the temperature dependence is stronger. This theoretical
prediction has proved valuable in the case of amorphous barrier of Si and Ge, where
the behavior of the resistance as a function of temperature can be interpreted as a shift
of the dominant conduction mechanism to less abundant conduction paths involving an
increasing number of defects [96-98]. In the present case the whole temperature regime
is fitted using a single exponent, with an effective value in between the value predicted
forone [y (N = 2) = 1.33] and two [y (N = 3) = 2.50] inelastic hops.

6.3 Spin-wave emission or absorption during tunneling

A second theory on the dependence of the JMR on the temperature has been developed
by Zhang et al. [89]. It also provides an explanation for the dependence of the JMR on
the applied bias voltage, which will be included here for completeness. In this theory,
thermal or bias voltage assisted spin-wave emission or absorption by the tunneling elec-
trons during the tunnel process is considered. This is an inelastic process whereby the
tunneling electron loses or gains energy. The energy difference is available due to the
application of a bias voltage, which raises the potential energy of one of the electrodes,
or due to elevated temperatures, where energy levels are occupied in accordance with
the Fermi-distribution. When an electron emits a spin-wave during the tunnel process,
the spin of the electron flips. Therefore, the role of the spin-direction in the receiving
electrode is reversed. As a result, the JMR contribution for this process is opposite in
sign compared to direct tunneling, and the IMR always decreases.

Zhang et al. [89] have derived expressions for the extra conductance contribution
in the limiting cases of low bias voltage or low temperatures. In the derivation, a two
dimensional (2D) parabolic spin-wave dispersion relation is assumed, with a low en-
ergy cutoff resulting from the finite size of the magnetic grains, magnetic anisotropy,
or the limited interaction area of a tunneling electron [99]. In both cases, a single addi-
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tional term can describe the excess conductances [their Egs. (8-10)']. The conductance
G = J/V at zero voltage and zero temperature is denoted G, o, where y = (P, AP)
determines the alignment of the magnitization directions of the electrodes. The added
components for the bias voltage and temperature dependence are denoted AG,,y and
AG,, 7, respectively. For two identical electrodes, the conductance can be written as:

Gy(V)r=0 = Gy o+ AG,v(V) (6.10)
Gy(T)y=0 = Gy + AG, 1 (T) (6.11)
where
Ame’ rogp2 2|77 12
Gro= = [IT +28* T[] & 6.12)
47 e?
AGyy(V) = —— 1T/ vov)e, (6.13)
4mre* 2SkT
AGyr(T) = —— —— |1’ I z(T)e, (6.14)
m
and
oY+ p2 wheny =P
£ = (6.15)
20mbPum when y = AP
1%
(V) = SeV/E, foreV < E, 6.16)
SQ2—-Ey,/eV) foreV > E,
©(T) = —In[1 — exp (—E./kT)] forkT > E. (6.17)

where T% and T are the transfer matrices for direct (as a result of the overlap of the
wave-functions inside the barrier) and spin-dependent (as a result of the overlap of the
wave-functions at the interfaces) tunneling, respectively, and are assumed independent
of energy and spin. In the analysis below we assume that the spin quantum number
§ = 3/2. The factors py, describe the spin density of tunneling electrons for the
majority (M) and minority (m) electrons, respectively. For the direct elastic tunneling
contribution G, o the Julliere result [15,50,51] is recovered. Both inelastic contribu-
tions have the same dependence on & as the direct elastic contribution, except that the
parallel and antiparallel alignments have been exchanged (i.e., they contribute nega-
tively to the JMR). The bias voltage and temperature dependences are described by the
functions v(V) and 7(T), respectively, which do not depend on the alignment of the
magnetic moments of the electrodes.

Two critical energy scales are introduced, both related to the magnetic properties
of the electrodes. The bias voltage dependence scales with the energy E,,, which is

1A factor |17 |2 has incorrectly been omitted by Zhang e al. [89, 100] from their Eq. (10), here correctly
presented in Eg. (6.14).
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Figure 6.4: Comparison of the temperature dependence of the temperature in-
duced conduction increase according to Eq. (6.19). The symbols are the derived
from the measured data (o for y = P, o for y = AP). The solid line is a fit to
the data, as discussed in the text. A correction has been made for the temperature
dependence of G, ,(T), using Eq. (6.3) with barrier parameters ¢ = 3.4 eV and
s = 0.94 nm.

related to the Curie temperature T¢ by E,, = 3kTc /(S + 1). For bias voltages below
this energy scale, AG,,y increases linearly with bias voltage, and more slowly for
higher bias voltages. The temperature dependence depends on E,,, and also weekly on
the lower wavelength cutoff energy E, of the spin-wave spectrum,

Due to the assumption of constant |T¢ |2 and |T’ |2 at non-zero bias voltage, the
derived equations are limited to voltages where the conductance (in the absence of
inelastic scattering) is constant, or the I-V curve is linear. The number of independent
parameters can be reduced by normalizing Egs. (6.10) and (6.11) using:

G,(V)r=0— G, ,lez
= w(V), (6.18)
G0 |Te|” +28 |1/ |
G,(T)v—o—G,o 2SkT T
= o(T). (6.19)
Gyo En |Tdf* 425|177

An advantage of this normalizing scheme is that the effect of some of the underlying
assumptions divide out, which makes the result more general. It also shows the principal
dependencies on both v(V) and 7(T'). Note that both right hand sides are independent
of alignment of the electrode magnetization directions. Thus, it should be possible to
normalize the data of both parallel and antiparallel alignment onto the same curve.,

Fig. 6.4 shows the same experimental data as used in the previous Section. Again,
the data have been corrected for the temperature dependence of the direct elastic tunnel
contribution G, o using Eq. (6.3). Note that the two experimental curves almost per-
fectly coincide over the whole temperature range, showing that an analysis based on
Eq. (6.19) is indeed possible.

The fit, using the fitting function f(T) = A kT/et(T), is in perfect agreement with
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the experimental data. The value for A = 4.28 4+ 0.04 V™! corresponds to a ratio of
|14 |2 /|1’ |2 ranging from 2 to 5, when E,, is varied between 90 meV (corresponding
to Tc (FegoNizg) = 850 K) and 140 meV (corresponding to T (Co) = 1360 K). These
values are significantly lower than the corresponding value of 17 obtained by Zhang et
al. [89], from an analysis of the bias voltage dependence of the JMR. They argued that
|Td [2 is expected to be one or two orders of magnitude larger than |TJ [2. As already
mentioned in Section 6.2, the Curie temperature at the interface may be reduced from
the bulk value, and therefore E,, might be overestimated in the present case. However,
in order to obtain the same ratio as Zhang et al., a value of E,, ~ 35 meV (T¢ ~ 400 K)
would be necessary, which seem unrealistically low. For the spin-wave cutoff energy, a
value of E; = 2.8040.07 meV is obtained, close to but slightly lower than the value of
4 meV obtained by Zhang et al. [89]. Unfortunately, the bias voltage dependence has
not been measured with enough accuracy to facilitate a full comparison with the theory.

It should be mentioned that the theory as proposed by Zhang et al. contains only
two parameters which can not be determined from independent measurements, the ratio
!Td ]2 / |TJ [2 and E,, the last of which has only a weak influence on the results. The
theory contains both the voltage and temperature dependence, which makes this theory
more generally applicable than the theory used in Section 6.2.

6.4 Conclusion

In conclusion, two models have been discussed which both can equally well account
for the experimental data on the temperature dependence of the junction magnetore-
sistance, using realistic parameters. The model presented in Section 6.2 describes the
temperature dependence in terms of the effects of spin-wave excitations in the elec-
trodes and an additional spin independent, temperature dependent conductance. The
effect of the spin-waves considered is a decrease of the alignment of the magnetizations
at elevated temperatures and how this influences the elastic tunnel contribution. The
model presented in Section 6.3, on the other hand, describes the temperature depen-
dence in terms of an inelastic spin-dependent conductance contribution, resulting from
the emission or absorption of spin-wave excitations during the tunnel process. Both
of these models predict that the magnetoresistance reduction scales with the exchange
stiffness at the interface between the magnetic electrode and the barrier. Thus, more
optimal magnetic tunnel junctions may be produced by preparing magnetic interfaces
with a higher Curie temperature.

An additional ingredient of the model dependence as described in Section 6.2 is a
thermally assisted tunneling processes which do not depend on the magnetic configura-
tion. This mechanism is also present in nonmagnetic junctions and causes an additional
reduction of the magnetoresistance for magnetic tunnel junctions. When the interpre-
tation is correct that the additional inelastic conductance is a consequence of thermally
assisted tunneling through impurity or defect states, reducing the relative amount of this
contribution might be found in improving preparation conditions of the barrier material,
or in reducing the barrier thickness. We note that the quest for lower tunnel resistances
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will anyhow lead to more interest in junctions with a reduced barrier thickness. Since
the elastic tunnel conduction depends more strongly on the barrier layer thickness than
impurity assisted conductance, already this effect will lead to a higher JMR ratio.



Chapter 7

Characterization of Magnetic
Tunnel Junctions Using IETS

Abstract:*

In this Chapter inelastic electron tunneling spectroscopy measurements are pre-
sented on tunnel junctions containing both magnetic and nonmagnetic electrodes.
Magnon excitations have been found near zero voltage; phonons are observed be-
tween 30 and 110 mV. Therefore, a model description of the transport properties of
magnetic tunnel junctions at elevated temperatures or non-zero bias voltage should
include both ineleastic contributions.

*The contents of this chapter is accepted for publication [R. J. M. van de Veerdonk, J. S. Moodera, and
W.J. M. de Jonge, J. Magn. Magn. Mater. (1998)}.
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7.1 Introduction

Tunnel junctions containing two ferromagnetic electrodes separated by an insulator
show a sizable junction magnetoresistance (JMR) effect depending on the relative ori-
entation of the electrode magnetizations [16]. The magnitude of the JMR at zero tem-
perature and zero voltage is determined by the polarization of the tunneling electrons
and can be understood by Julliere’s model [15,50,51]. However, the decrease of the
JMR at elevated temperatures and non-zero bias voltage is not yet understood. It has
been suggested that impurity, phonon, and magnon assisted tunneling processes con-
tribute to the decreasing JMR [62, 89, 101]. We have performed a detailed study on the
temperature dependence of the transport properties of tunnel junctions [87,88], with the
goal to provide an experimental basis for an improved model description. In this pa-
per inelastic electron tunneling spectroscopy (IETS) [68] is used to show that inelastic
phonon and magnon assisted contributions to the tunnel current are significant.

The junctions used in this study have been fabricated using shadow evaporation
onto glass substrates, similar to the the method described in Ref. [16]. This results in a
cross-strip geometry junction with an area of ~ 200 x 300 xm?2. The tunnel barriers are
formed as a native oxide or nitride on 10-nm-thick thermally evaporated Al strips using
an in-situ O or N; dc glow discharge. The 20-nm-thick counter electrodes were e-gun
evaporated Co, or thermally evaporated NiggFe,o, Cu, Al, or Au strips. The resistance
of the studied junctions was of the order of a few k<.

7.2 Results

In Figs. 7.1 and 7.2 the dynamic conductance (G = dI /dV) and the inelastic elec-
tron tunneling spectra, i.e., the derivative of the dynamic conductance versus volt-
age (dG/dV), of some of the tunnel junctions are shown. The results for the Al,O4
(Fig. 7.1) and AIN (Fig. 7.2) barriers are very similar. In Figs. 7.1(a) and 7.2(a) one of
the electrodes is magnetic, while in Figs. 7.1(b) and 7.2(b) both electrodes are nonmag-
netic. In all cases no fine-structure is observed in the IETS measurements at high volt-
ages, where contributions from water and carbon contaminations would show up [68].
This indicates that the barrier preparation process is very clean.

A peak around V = 115 mV dominates the IETS measurements, which has been
identified as an Al-O stretching mode for the AlyO3 barrier [68] and as a TO phonon
mode for the AIN barrier [102]. This large inelastic peak shows up as a clearly visible
knee in the G-V curves, which becomes even better resolved when the sample is cooled
to T = 1.1 K (not shown). Closer examination of the IETS measurements reveals that
the peak around 115 mV has a low voltage shoulder extending to about 30 mV [68,102].
This is best seen in Figs. 7.1(b) and 7.2(b), where a third order polynomial fit through
the high voltage data indicates the elastic tunnel contribution.

Near zero voltage an anomaly is observed in the G-V curves for the Jjunctions in
which the top electrode is magnetic [Fig. 7.1(a) and 7.2(a)], while the anomaly is ab-
sent when the top electrode is nonmagnetic [Fig. 7.1(b) and 7.2(b)]. In the IETS mea-
surements, this anomaly results in a large feature for which the sharpness is limited by
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Figure 7.1: Conductance and IETS measurements at T = 4.2 K of (a) an Al-
Al,O5-NiggFey junction (Co showed similar results) and (b) an Al-Al,O;3-Au junc-
tion (Cu and Al showed similar results). The ac voltage excitation was ~1 mV,_,
for the G-V and ~10 mV,_, for the IETS measurements. The vertical dashed
lines indicate 115 mV. The dotted line in (b) illustrates the elastic part of the IETS
measurement.

the modulation voltage only. Since the anomaly is only observed in the presence of a
magnetic electrode, this feature is tentatively ascribed to magnon excitations. The tem-
perature dependence of the peak around 115 mV in the IETS measurements also seems
to indicate a magnon contribution at that voltage, similar to an earlier observation of
magnons in NiO by Tsui et al. [70,87].

7.3 Discussion

The dip at zero voltage in the G-V curves for the junctions with magnetic electrodes
is significant and indicates that the inelastic magnon contribution to the tunnel current
can not be neglected in the description of the transport properties of magnetic tunnel
junctions. In this Chapter, the energy needed for magnons excitation was available
as a result of an applied bias voltage. However, also at elevated temperatures enough
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Figure 7.2: Conductance and IETS measurements at 7 = 4.2 K of (a) an Al-
AIN-Co junction (NigyFey, showed similar results) and (b) an Al-AIN-Al junction
(Au and Cu showed similar results). The ac voltage excitation was ~1 mV,_,
for the G-V and ~10 mV,_, for the IETS measurements. The vertical dashed
lines indicate 115 mV. The dotted line in (b) illustrates the elastic part of the IETS
measurement.

(thermal) energy is available to excite magnons (room temperature corresponds to an
energy of 25 meV). Thus, the magnons will be excitated both in the electrodes and
during the tunnel process. Both these effects will influence the tunnel current at elevated
temperatures, even at zero bias voltage. Indeed, we found in Chapter 6 that using
mainly magnon excitations, either in the electrodes [87, 88] (Section 6.2) or during the
tunnel process [103] (Section 6.3), the decreasing JMR of magnetic tunnel junctions at
elevated temperatures can be explained.

Likewise, the occurence of the knee in the G-V curves illustrates that also the in-
elastic phonon contribution to the tunnel current can not be neglected. However, since
the energy for phonon excitations corresponds to temperatures well above room tem-
perature, the effect of the phonons shows up mainly in the voltage dependence and will
not influence the temperature dependence much.

In conclusion, we performed IETS measurements on tunnel junctions containing
both magnetic and non-magnetic electrodes. No indications of carbon or hydrogen
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contaminations have been found, indicating that the barrier preparation process is very
clean. A significant contribution to the tunnel current is observed for inelastic magnon
and phonon excitations. Therefore we believe that both magnon and phonon contri-
butions must be included in an improved description of the temperature and voltage
dependence of the magnetoresistance of magnetic tunnel junctions.






Chapter 8

Influence of Oxidation Time on
the Properties of Magnetic
Tunnel Junctions

Abstract:*

The influence of the glow discharge oxidation time on the magneto-transport prop-
erties of cryogenically evaporated Co—Al,03—NigyFe,) magnetic tunnel junctions
has been studied. Initially, the starting metallic Al layer is found to progressively
oxidize. However, already before the Al oxidation is completed, degradation of the
barrier properties are observed. It is suggested that this is related to the premature
formation of CoO underneath or Al-Co-O within the barrier.

*The contents of this chapter is submitted for publication [R. J. M. van de Veerdonk, J. S. Moodera,
H. J. M. Swagten, N. C. W. Kuijpers, and W. J. M. de Jonge, to be published].
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8.1 Introduction

Magnetic tunnel junctions (MTJs) are presently being intensively researched for their
large junction magnetoresistance (JMR) effect, which may potentially be applied in
magnetic sensing or storage devices [16-20, 56, 104]. Although large JMR values have
been reported, the fabrication process itself is still far from standard. Quite often poor
JMR values have been found, while the other junction properties seemed to be fairly
good. In this Chapter a comprehensive study is presented on the influence of oxida-
tion time on the temperature dependent (magneto)-transport properties of Co—Al,03—
NigoFeyo MTIs fabricated by evaporation of the bottom electrode and of the Al on a
substrate at cryogenic temperatures and glow-discharge oxidation. It will be shown that
the experimental results can be explained from the progressive barrier oxidation and
the subsequent properties of the interface formed between the bottom electrode and the
barrier.

8.2 Experimental

The junctions used for this study have been prepared in-situ by evaporation through
metallic shadow masks, resulting in a crossed strip junction geometry with a junction
area of approximately 6 x 10~* cm? [16]. The junctions consist of glass / 1-nm-Si /
8-nm-Co / daj-Al (oxidized for #,, seconds) / 8-nm-NigoFeyo / 2-nm-AlO,.. The Si ad-
‘hesion layer, the Co bottom electrode, and the metallic Al layer have been evaporated
on a substrate at cryogenic temperatures to reduce surface roughness. The oxidation
took place at room temperature using a dc-glow-discharge method in an O, pressure
of 9 — 10 x 1073 Pa. After the room temperature evaporation of the top electrode the
whole substrate was covered with a protective Al layer to prevent further oxidation in
air. In both magnetic layers the magnetic easy axis was induced during growth by the
application of a magnetic field. In order to compare the results, 72 junctions were fab-
ricated in each run, containing three Al layer thicknesses (ds; = 1.0, 1.2, and 1.4 nm)
and four different oxidation times (¢,x ranging between 30 and 490 seconds). For these
types of junctions the optimum oxidation time had previously been established; it varies
slowly with Al layer thickness around 110 seconds [66]. Therefore we expected for the
Jjunctions oxidized for shorter duration to have leftover Al, while the longest oxidation
times should lead to oxidation of the bottom electrode. All the results presented in this
Chapter are for barriers formed from a 1.2-nm-thick metallic Al layer; the results for
the other two thicknesses showed similar behavior.

8.3 Results and discussion

In Fig. 8.1 the low-temperature current-voltage characteristics of a subset of the junc-
tions have been displayed. The shape of the curves is clearly different for the 7., = 30
and 150 sec junctions as compared to the #,, = 360 sec junction. The latter shows
more curvature at lower voltages, indicating a lower barrier height. Also, the resistance
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Figure 8.1: Current-voltage characteristics at T = 10 K (parallel alignment) for
barriers oxidized for (a) t,x = 30, (b) 150, and (c) 360 sec. Note the different scale
in (a).

[at zero-voltage and when the magnetic moments of the electrodes are aligned paral-
lel, R, = (dI/d V|v=0)~'] shows a five orders of magnitude increase with increasing
oxidation time, from R, = 68 Q to 8.0 M2 for #,x = 30 and 360 sec, respectively.
The current-voltage characteristics obtained at 7 = 10 K and at room temperature
were analyzed by fitting the data to the symmetric barrier model of Simmons [47],
resulting in model parameter values for ¢ and w which are the barrier height and barrier
width, respectively, see Fig. 8.2 [105]. The data taken at 7 = 10 K show two regimes.
For short oxidation times (f,x < 250 sec), the barrier height is roughly constant and the
barrier width increases linearly in time. This reflects the gradual transformation of Al
into Al,O3, which surprisingly starts with a 1.2 nm offset. The offset most probably
results from quasi-instantaneous thermal oxidation in an oxygen atmosphere before the
glow-discharge is started (at most one minute). At f,, = 250 sec, all Al seems to be
oxidized, resulting in an Al,O3 barrier thickness of w = 1.9 nm, which is about 20%
higher than expected, based on the 30% difference in density, for the 1.2-nm-thick Al
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Figure 8.2: (a) Barrier height ¢ and (b) barrier width w dependence on the oxida-
tion time £, obtained by fitting current-voltage characteristics (IV| = 0.4V, parallel
alignment) to Simmons’s tunnel formula (Ref. [47]) at (o) room temperature and
(e) 10 K. The dashed lines are guides to the eye, the solid lines are explained in the
text.

starting layer. For longer oxidation times (f,x > 250 sec) w still increases linearly in
time as the Co bottom electrode starts to oxidize. However, the slope differs, and ¢
decreases steadily.

These results can be understood within the WKB approximation used in Simmons’s
model [47] in which the tunnel current is dominated by the integral [ ¢'2(x)dx. For a
composite barrier, if it is assumed that the total barrier width Wiotal = WALO, + Weoo in-
creases linearly with oxidation time [as suggested by Fig. 8.2(b)] and the barrier height

for Al,O3 and CoO are constants, this leads to an effective barrier height

/2 1/2 172
¢ef/f Wrotal = ¢A{203 WALO; + ¢c{~,owC00, (8.1)

which is not inconsistent with our data as indicated by the solid line in Fig. 8.2(a)
[using @an0, = 2.1 €V, ¢coo = 25 meV (corresponding to the thermal energy at room
temperature), and way,0, and weeo as indicated by the solid line in Fig. 8.2(b)].

The data taken at room temperature present a completely different trend. For oxi-
dation times fox < 150 sec, the barrier width hardly changes from the low temperature
values and the height is reduced by only a few tenths of an eV. This decrease is most
likely the effect of additional thermally activated leakage currents on the fit, which is
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Figure 8.3: Room temperature and 10 K magnetoresistance curves for junctions
oxidized for (a,b) #,x = 60 and (c,d) 210 sec. Note the different scales.

based on elastic tunneling only. For a regular junction the estimated leakage current
contributes 15-20% to the total current at room temperature [87, 88]. For oxidation
times fox > 150 sec, however, the fitting parameters deviate significantly from their low

temperature values, settling to values independent of oxidation time for #,x > 200 sec.

By comparing the two data sets one finds, quite surprisingly, that the transition at
room temperature occurs for significantly shorter oxidation times (f,x &~ 150 sec) than
the transition at T = 10 K (f,x =& 250 sec). This observation seems to imply that
Co is being incorporated within (as impurities) or underneath (as CoO) the barrier be-
fore Al has been completely oxidized. The thus formed barrier seems to support a
thermally activated electron transport mechanism, which dominates at elevated temper-
atures over the regular elastic tunneling. Therefore, even though the electron transport
at low temperatures can be satisfactorily described by elastic tunneling through a com-
posite barrier, this is clearly not possible at room temperature. Supporting evidence for
this interpretation is found in all experiments described below.

In Fig. 8.3 the low temperature and room temperature magnetoresistance curves are
shown for a subset of the junctions. The room-temperature magnetoresistance curves
for the 30 and 60 seconds oxidized junctions [see Fig. 8.3(a)] show peaks for both field
directions due to the overlap of the coercive fields of both magnetic electrodes. This
means that the magnetoresistance ratios obtained for these junctions are not fully rep-
resentative of the intrinsic behavior, since a full anti-parallel alignment is not obtained.
For the longer oxidized junctions, however, a clear plateau is found in the room temper-
ature magnetoresistance curves, see Fig. 8.3(c). The details of the magnetic behavior
have been studied by MOKE and SQUID and will be presented separately [106].
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Figure 8.4: (a) Resistance (Rp, parallel alignment) and (b) magnetoresistance
(JMR) dependence on oxidation time f,, at (o, [J) room temperature and (o) 10 K
(1 indicates peaked magnetoresistance curves for which the fill MR ratio is larger
than the value indicated, see Fig. 8.3). The error bars represent the spread in the
observed values (6 per datapoint) at room temperature, the junctions represented
by a symbol are examined more extensively. The lines are guides to the eye.

The resistance of all measured junctions in the parallel alignment is shown in Fig.
8.4(a). At room temperature, the resistance increases almost exponentially with oxida-
tion time until saturation is reached around 150 seconds. For the short oxidation times
(tox < 150 sec), the resistance increase at 10 K is comparable to the 15-20% found for
regular junctions [87, 88]. For the longer oxidized samples (f,x > 150 sec), however,
this increase is much higher, the difference increasing with oxidation time. This ob-
servation reveals again that for the junctions at room temperature a thermally activated
conduction mechanism dominates over the tunneling contribution.

Fig. 8.4(b) shows the magnetoresistance for all junctions. For all initial Al thick-
nesses we find a general behavior of decreasing magnetoresistance with increasing ox-
idation time, with a false plateau between the critical oxidation times as found above.
Although it is tempting to relate this to progressive degradation of the barrier properties,
we like to emphasize that model calculations generally show a decreasing magnetore-
sistance with increasing barrier width [107]. However, the extra strong decrease of
the magnetoresistance at room temperature for oxidation times longer than 150 sec-
onds is very likely due to the presence of Co in the barrier. CoO is paramagnetic
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Figure 8.5: Temperature dependence of the resistance (parallel alignment) for
different oxidation times .

at room temperature and its loose spins act as an efficient spin-mixer. Upon cool-
ing (which was performed in a large magnetic field) through the blocking tempera-
ture of CoO (Tj,co0 ~ 280 K), an antiferromagnetic ordering takes place. In the or-
dered state of CoO the magnetic moments are fixed into a stiff co-linear alignment in
which spin-mixing is reduced. Consequently, the magnetoresistance reappears, as ob-
served in the data taken at 10 K. Another possible cause could be a lower effective
spin polarization for the dominating activated conduction mechanism at room temper-
ature (like for impurity assisted tunneling [108]). Parenthetically we note that the re-
sistances of the 30 seconds oxidized junctions are comparable to the sheet resistance of
the electrodes (~ 30 ) and is, therefore, influenced by the geometrical enhancement
effect [79,83,109] (in this case an estimated relative increase of about 15%).

Perhaps the most compelling evidence for the progressive degradation of the barrier
is the clearly visible additional conductance at elevated temperatures for the longer ox-
idized junctions, as shown by the temperature dependence of the resistance in Fig. 8.5.
For junctions oxidized for shorter duration (z,x < 150 sec) the conductance is domi-
nated by tunneling in the whole temperature range, resulting in the normal weak tem-
perature dependence [87, 88]. For longer oxidation times, however, an additional con-
duction mechanism contributes in the temperature range covered by the present exper-
iments. This contribution is clearly thermally activated and increasing with increasing
oxidation time. Note the decreasing resistance around room temperature for increasing
oxidation time. The higher conductance suggests a degradation of the Al,O; barrier,
possibly due to progressive diffusion of Co ions into the Al,O3 barrier during pro-
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Figure 8.6: Bias voltage dependence of the magnetoresistance at T = 10 K for
different oxidation times ¢,,.

longed oxidation. Considering the different onset temperatures for different oxidation
times, it should be clear that caution should be exercised when data at only a single
temperature are available.

As a final result, Fig. 8.6 shows the bias voltage dependence at T = 10 K for
Jjunctions with different oxidation times. Although the general shape of the curves is
similar for all junctions, both the asymmetry and the voltage Vpar at which the mag-
netoresistance is reduced to half the zero voltage value depend on the oxidation time.
The maximum Vi is found for z,, = 60 sec. For voltages with the Co electrode posi-
tive, Vhar amounts to 0.328 mV, whereas Vhar = 0.230 mV for negative bias. Also the
asymmetry in Vi is largest for this junction.

8.4 Conclusions

In conclusion, we find that initially the barrier formation behaves as expected, showing
a linear increase in barrier thickness with oxidation time (exponential increase in resis-
tance). However, already before all Al has reacted, effects related to the oxidation of the
underlying electrode are observed. In our case of a Co bottom electrode, this leads to
the formation of CoO underneath or diffusion of Co into the barrier. Both mechanisms
lead to loose magnetic Co moments within the barrier at room temperature, which act as
efficient spin-mixers and host a thermally activated transport mechanism, reducin g both
the resistance and magnetoresistance at room temperature. At low temperatures, the Co
magnetic moments are frozen and the thermally activated conduction disappears. This
causes a dramatic increase of the resistance and the reappearance of magnetoresistance.



Chapter 9

Observation of Quantum Well
States in Magnetic Tunnel
Junctions

Abstract:*

Magnetic tunnel junctions with a nonmagnetic interface layer have been studied
for their magnetotransport behavior. The initial effect of the added layer is to re-
duction the magnetoresistance effect. Also, the bias voltage dependence of the
magnetoresistance becomes increasingly more asymmetric. The dependence of the
magnetoresistance both on the thickness of the interface layer as well as on the bias
voltage can be interpreted as signatures of the development of quantum well states.

*The contents of this chapter is submitted for publication [J. S. Moodera, J. Nowak, L. R. Kinder, P. M.
Tedrow, R. J. M. van de Veerdonk, A. A. Smits, M. van Kampen, H. J. M. Swagten, and W. J. M. de Jonge,
to be published].
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9.1 Introduction

Ever since the first spin polarized wnneling (SPT) experiments were performed [49],
this technique has richly contributed to the understanding of thin-film superconductivity
and the behavior of magnetic films down to the sub-monolayer regime [58]. The latest
development is the observation of spin dependent tunneling between two ferromagnetic
(FM) electrodes [15-17,87]. The large junction magnetoresistance (JMR) in these latter
structures has attracted much interest due to the possible application of these FM-I-FM
trilayer structures (where I is the insulating tunnel barrier) as sensors and nonvolatile
memory elements. From a fundamental viewpoint JMR offers the exciting possibility
of studying conduction electron spin polarizations of various FM materials, at ambient
conditions, and their temperature dependence [87, 88], without the need for a supercon-
ducting detector and liquid helium temperatures as required by the earlier experiments.

In this Chapter, the spin polarized tunneling phenomenon in the presence of an
ultra-thin layer of a nonmagnetic metal (NM) at the FM-I interface in FM-I-FM tun-
nel junctions is carefully explored. OUr experimental studies show in some cases a
negative JMR effect and an unexpected bias voltage dependence. Recent theoretical
calculations by Vedyayev et al. [110] and Zhang et al. [111] have predicted oscillations
of the JMR in FM-NM-I-NM-FM systems as a function of the thickness of NM metal.
In these calculations, the authors show that the interface layer behaves as a quantum
well, leading to the formation of quantum well states (QWS) when a resonance condi-
tion is fullfilled. The occurence of a QWS at the Fermi energy results in an increase
of the JMR. Moreover, for an asymmetric structure, such as FM-NM-I-FM, the sign
of the IMR effect is predicted to oscillate as a function of the NM metal layer thick-
ness. The above calculations were performed for the condition of low bias voltage. We
have carried out experiments in search for these quantum effects and have extended the
calculations to include the bias voltage dependence.

9.2 Preparation

Ferromagnetic tunnel junctions were prepared by thermal evaporation through shadow
masks, as described in previous publications [16]. Onto liquid nitrogen cooled glass
substrates, Co bottom electrode strips were prepared, half of which were covered by
six different thicknesses of Au before the 1.4-nm-thick barrier Al film was deposited.
After forming the oxide barrier at room temperature by glow discharge oxidation of
the Al film, the top electrode of NigoFeyo film was deposited. Half of the resulting
Junctions were Co/Au/Al,03/NigoFe,, whereas the other half were Co/Al,O3/NiggFeyp
control samples. The Au thickness ranged from 0.1 to 1.2 nm, with 6 Jjunctions for each
Au thickness. Co and NigoFey films were grown in an applied magnetic field H to
obtain well defined and sufficiently different coercive fields such that clear parallel and
antiparallel magnetization states of the tunnel Junctions resulted. Between the 1 mm
wide top and bottom electrodes, an 8-nm-thick Al O3 layer was deposited to cover the
sides of the strips, leaving only a small Junction area. (This procedure helped in the
stability of the junctions and sustained bias voltages up to |Vy.| > 2 V, even at room
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Figure 9.1: Magnetoresistance at zero bias voltage and 77 K of control junction
and junctions with 0.3, 0.6, and 0.7-nm-thick Au interface layers. The curves are
offset for clarity. The curves for 0.6 and 0.7 nm thickness have been magnified by
a factor of 20.

temperature). Junction resistances (R;) were below 25 kQ and measured in a four
terminal geometry using an LR-700 ac resistance bridge as well as by dc techniques.
The latter method was used to obtain the bias voltage dependence of tunnel current,
conductance, and JMR (defined as the percentage change in R in an applied field with
respect to its peak resistance value). The measurements were carried out at 295 and
77 K. ‘

9.3 Results

In Fig. 9.1, the junction resistance is plotted as a function of the applied magnetic field
for a control junction and for junctions with an 0.3, 0.6, and 0.7-nm-thick Au interface
layer. Large JMR is seen for the control junction as expected. However, with 0.3 nm Au
over Co, a considerable drop in JMR is observed, showing only 4.9% JMR as compared
to 183.9% with no Au. But with both 0.6 and 0.7 nm Au, a dramatic change is observed;
the JMR becomes negative. This is the first case where a negative JIMR has been seen
in magnetic tunnel junctions. The dip occurs at exactly the same field range as the peak
for zero or low Au coverage. This effect is stable and reproducible even after storing
the sample for fifteen months in ambient conditions.

The above inverse JMR effect is observed at 295 and 77 K for Au coverage of 0.6
0.8 nm, both by ac as well as low dc bias voltage. Beyond about 0.9 nm Au, the JMR
is immeasurably small JMR < 0.01%) and remains so up to 1.2 nm Au, the highest
Au thickness studied. The JMR as a function of Au thickness is shown in Fig. 9.2.
The big drop in JMR as a function of the metal thickness in the range shown here,
was also observed for other elements including Cu, Cr, Pd, and Ag. However, one of
the junctions with 0.4 nm Cu at the interface also showed a negative JMR of 1.7%.



94 ' Observation of Quantum Well States in Magnetic Tunnel Junctions

20

100 X AR/ R,,
o o

(4]

o

2 i L i i i 1
0.0 0.2 0.4 0.6 0.8
t, [nm]

Figure 9.2: Dependence of magnetoresistance at zero bias voltage and 77 K on
the thickness of Au interface layer.

Otherwise, only positive JMR or no JMR for larger thicknesses of Cu were seen.

In general, as reported before [87, 112, 113], for a FM-I-FM junction the IMR de-
creases monotonically as a function of bias voltage (see 74, = 0.0 nm data in Fig. 9.3).
For the present control junctions, the JMR decreased to a few percent at |Vy.| ~ 0.7V
and in some cases the junctions withstood [Vae| > 1.8 V bias, still showing a mea-
surable JMR. Asymmetry in the bias dependence of the IMR was always observed, as
well as in the /-V data, as is generally the case for unequal electrode materials. These
1-V measurements yielded average barrier heights above 2.5 eV and thicknesses in the
range of 1.1-1.3 nm for the junctions, by fitting to Brinkman’s formula [48].

The bias voltage dependencies of the JMR for various junctions with increasing Au
at the interface are also shown in Fig. 9.3. An assymetrically decreasing JMR with bias
voltage is found for Au thickness up to 0.4 nm, see Fig. 9.3(a). But for Au coverage
of 0.5 nm and beyond, the bias voltage dependence is dramatically different; the JIMR
changes sign and the shape changes, see Fig. 9.3(b). For instance, with 0.5 nm Au,
the JMR slightly increases initially before showing a decrease with positive bias (Co
film positive), whereas for the reverse bias it is negative showing nearly a constant JMR
beyond about -0.3 V. For 0.6 and 0.7 nm Au, the JMR is negative even at V = 0 V. With
positive bias it becomes less negative and changes sign again between 0.2 and 0.4 V for
the these two thicknesses. There is a broad peak in the JMR between 0.5 and 0.7 V and
it crosses the axis once again at higher voltages. With reverse bias, the JMR continues
to be negative, with a broad dip between -0.2 and -0.4 V. The position of the peak or dip
is independent of the temperature between 295 and 77 K, even thou gh the magnitude of
the JMR changes. A very small (< 0.05%) negative JMR was observed for 0.8 nm Au.

9.4 Discussion

There are a number of phenomena related with the Co/Au interface which might in-
fuence the magnetoresistance. A first possible explanation, Moodera et al. [114], using
a superconducting Al film as a spin detector, has reported direct measurements of the
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Figure 9.3: Dependence of magnetoresistance on bias voltage for increasing thick-
nesses of the Au interface layer at T = 77 K. (a) Measurements for tyy < 0.3 nm;
(b) tynm > 0.4 nm.

tunneling electron spin polarization for Fe/Au/Al,03/Al junctions. The polarization
showed a steep decrease with Au coverage, from a value of 44% without Au to ~3%
for about 0.4 nm of Au, and continued to drop with further increase of Au thickness. A
similar reduction of the Co polarization with 0.4 nm added Au is not inconsistent with
the present experiments in the Au thickness range of 0-0.4 nm. However, the polariza-
tion results can not explain the negative magnetoresistance and distinctive bias voltage
dependence of the present results. As similar behavior is found for several elements,
also band structure effects (beyond the effect due to the formation of quantum well
states as discussed below) do not seem the main explanation.

In the remainder of this Chapter, we will show that quantum well states can qualita-
tively explain the features of the observed effects. Results from numerical calculations
are presented, based on a model first proposed by Slonczewski [51], including recent
extensions [63, 65]. Within the model, the transmission probabilities for electrons are
calculated by solving the Schrodinger equation for free, non-interacting electrons in a
potential energy landscape as defined in Fig. 9.4. Translation invariance is assumed
within the plane of the junction. Within the constraints of the model assumptions, the
tunnel current (at finite bias voltage) or conductance (at zero bias) is calculated exactly.

The configuration used in the calculations, see Fig. 9.4, consists of two identical
magnetic layers (FM; and FM,), the barrier layer (I), and a nonmagnetic metal (NM)
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Figure 9.4: The potential energy landscape of the tunnel junctions with an addi-
tional nonmagnetic metallic layer on one side of the barrier in the antiparallel state.
The sign of the bias voltage is defined with the right electrode being positive.
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Figure 9.5: Calculated magnetoresistance at zero bias voltage for several hypo-
thetical nonmagnetic metal layer thickness #yy, using Eppy; = 2.62 £ 1.96 eV,
Eenm = 5.51 eV, ¢y = 2.5V, and fy,; = 1.5 nm. The continuous variation (solid
line) is intersected at integer monolayers for several monolayer thicknesses IMLNM
(dashed lines). The monolayer thicknesses are (®) tmLnm = 0.2355 nm (represent-
ing Au<111>), (0) 0.25 nm, (W) 0.27 nm, and (03) 0.28 nm, respectively.

located between I and FM,. For both ferromagnetic layers the Fermi energy is chosen to
correspond with that of the well-known spin-split free-electron-like itinerant d-electron
bands of Fe [57], i.e., Egemi = 2.62 + (=)1.96 eV for the majority (minority) spin
electrons. A typical symmetric barrier height and barrier width are chosen, ¢p, =
2.5 eV and tyyr = 1.5 nm, respectively. The electronic parameters of the nonmagnetic
metal of thickness f\y are chosen to correspond to those of Au [90], i.e., Ernm =
5.51 eV. All electrons are assumed to have free electron mass and the calculations are
performed for zero temperature. In analogy with the experiments, the sign of the bias
voltage is defined as that of the FM,/NM electrode with the FM; electrode as common.
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In Fig. 9.5 the calculated magnetoresistance is shown for increasing thickness of
the nonmagnetic metal layer up to fnm = 5.0 nm. A number of qualitative observations
can be made which do not depend on the details of the chosen parameters [110, 111].
The magnetoresistance oscillates between positive and negative values. The rapid os-
cillations correspond to QWS which develop when the round trip phase accumulation
equals 27. The period of this oscillation is 77/ kgnwm (in this case 0.261 nm), with krnym
the wave number at the Fermi level inside the nonmagnetic metal layer. The envelope of
the short period oscillations approaches a non-zero value (different from the value with-
out nonmagnetic metal layer) in a damped oscillatory way for thicknesses tyy > 50 nm.
The persistence of the oscillations up to very large thicknesses results from the strong
forward filtering effect of the barrier (only perpendicularly incident electrons contribute
to the conductance). It should be noted that both Vedyayev et al. [110] and Zhang et
al. [103] showed that breaking of phase coherence in a thick interface layer results in
quenching of the JMR.

Since the thickness of the nonmagnetic metal layer can in the experiment not vary
continuously, but only in steps of full monolayers, Fig. 9.5 also shows intersections for
several fixed monolayer thicknesses. This aliasing effect [115] results in oscillations
with a much longer period. For a monolayer thickness of 0.2355 nm, corresponding to
the perpendicular bulk lattice parameter of Au<111>, the magnetoresistance initially
increases. However, with a suitable choice of the ratio between the monolayer thickness
and the Fermi wavelength of the NM metal, which within certain limits may be realized
in thin films, the model calculations can reproduce the experimentally observed initial
fast decrease of the magnetoresistance in a surprisingly quantitative way.

In Fig. 9.6 the calculated bias voltage dependence is shown for two monolayer thick-
nesses. A fast drop of the magnetoresistance is obtained with increasing nonmagnetic
metal layer thickness. Without the nonmagnetic metal layer at the interface, the bias
voltage dependence is symmetric around zero voltage and similar to previous model
calculations {61,63,89,108,116,117]. When the nonmagnetic metal layer increases in
thickness, an asymmetry develops which describes several of the key features observed
in the experimental data, such as the (multiple) zero crossings. Even the voltage scale
at which the features occur is reproduced surpisingly well. However, most remarkably,
the sign of the applied voltage seems to be mirrored, which is still not understood. A
possible experimental explanation for the reversed sign is the formation of an Al,-Au
compound, called “purple plague,” during the deposition. When, during the oxidation
of this compound, the Au remains on top of the formed oxide, as a kind of surfactant,
the actual measuring geometry would be reversed.

9.5 Conclusions

In conclusion, we have shown that the addition of a nonmagnetic interface layer causes
a sharp reduction of the junction magnetoresistance, which can even become negative,
and an unusual bias voltage dependence. Apart from the sign of the applied voltage,
surprising good quantitative agreement could be obtained in simple model calculations,
using realistic parameters. This study shows that the properties of magnetic tunnel junc-
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Figure 9.6: Calculated bias voltage dependence of the magnetoresistance at sev-
eral fixed nonmagnetic metal layer thicknesses, using the same parameters as in
Fig. 9.5, for (a) tmLm = 0.27 nm, and (b) 0.28 nm.

tions are not solely determined by the properties of the interfaces between the insulator
and the electrodes. In a next stage, electrodes may be engineered such that a stronger
spin filtering is obtained, for example by using a FM/NM/FM trilayer electrode, with a
suitably chosen thickness of the normal metal.



Chapter 10

Tunneling Electron

Spin-Polarization of Transition
Metal Alloys

Abstract:

For a range of Ni,_,Fe, and Co,_,Fe, alloys, the tunneling electron spin-polariza-
tion has been determined using a superconducting Al film as a spin sensitive de-
tector in a tunnel experiment. The junctions used in this study have been prepared
in-situ, using a glow-discharge fabrication process for the barrier layer. An im-
provement of the polarization has been observed for all alloys compared to pre-
vious reports on H,O vapor oxidized junctions. This increase has been attributed
to the difference in preparation conditions. The polarizations obtained using dif-
ferent barrier materials revealed little difference between Al,O3; and AIN, while
MgO barriers showed lower values. Using these new polarization values, the pre-
dicted magnetoresistance within the Julliere model for magnetic tunnel junctions
still exceeds present experimental reports.
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10.1 Introduction

Recently, the magnetoresistance of magnetic tunnel Junctions (MTJs), consisting of
two ferromagnetic (FM) layers separated by a thin insulating (I) layer, has attracted
much attention [16, 17]. Within the simple Julliere model [15, 50,51], the magnitude
of the magnetoresistance in this type of junction is determined solely by the product
of the tunneling electron spin polarizations P, which is a characteristic property of the
ferromagnetic electrode and the electrode/barrier interface. This polarization can be de-
termined from a Spin Polarized Tunneling (SPT) experiment using a S//FM tunneling
junction [49, 58], wherein Al is the most extensively used superconductor (S). In the
present study the polarization of a range of Ni;_,Fe, alloys, and of a few Co;_,Fe,
alloys has been determined for in-situ glow discharge formed Al,03, AIN and MgO
barrier layers. For the often used alloy permalloy, NigoFey, the observed polarization
is much higher than previously reported values [1 18] for ex-situ water vapor oxidized
Junctions. The improved values are the result of improved barrier and interface prepa-
ration conditions.

10.2 Experimental

The junctions were fabricated in-situ by thermal evaporation through metal shadow
masks onto glass substrates. As a base electrode a 4.0-4.2-nm-thick Al long strip is
evaporated on a cryogenically cooled substrate, which, for samples with an MgO bar-
rier, is subsequently covered by a 1.2-1.6-nm-thick Mg layer. After warming the sub-

~ strate to room temperature, an Al,O3, MgO, or AIN insulating layer was formed in a dc

glow discharge in an oxygen or nitrogen atmosphere. The last step consisted of evap-
oration of a 20 to 25-nm-thick FM cross strip, where the FM was either Ni;_,Fe, or
Coi_xFe,. The thickness of the layers was monitored using a quartz crystal oscillator.
In one run, 72 junctions of 6 x 10~ cm? area were prepared with resistances ranging
from hundreds of ohms (AIN) to few kilohms (Al,0O3 and MgO).

For each FM-I combination a number of Junctions was cooled to ~0.4 K using a
standard triple bath crystat (N,, pumped “He, and pumped *He). The T, of the Al strip
was obtained from resistance measurements on the Al long strip during the cooling of
the junctions, and ranged between 7. = 2.2 K and 3 K (T gauged from pressure in “He
bath). A magnetic field was applied in the film plane, which was achieved by rocking
the sample. The film could be aligned very precisely by minimizing the zero voltage
conductance in an applied magnetic field. During the measurements, a magnetic field
in the range between 3 and 5 T was applied.

10.3  The Spin Polarized Tunneling experiment
In a Spin Polarized Tunneling experiment use is made of the Zeeman splitting in an

applied magnetic field of the quasiparticle density of states (DOS) near the Fermi energy
of a superconducting electrode [119]. For an ideal BCS superconductor, the BCS-DOS
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PBcs at zero applied magnetic is given by:

pecs(E) [ZIZ:Z_I:ZT)IE for |E| > A,

onm(E) o for |E| < A,

where E is measured from the Fermi-level, pnm(E) is the DOS of the electrode in
the normal metallic state, and A is the superconducting energygap. In the absence of
an applied magnetic field the energygap at zero Kelvin (Ap) is related to the critical
temperature T, g by A9 = 1.764kT.p/e. As the temperature increases, the energy
gap reduced, and, in general, both A and T depend on the applied magnetic field.
The BCS-DOS has two distinct and sharp peaks for energies E = +A. In a strong
applied magnetic field H, resulting in a magnetic induction B = poH, the peaks in the
BCS-DOS will Zeeman-split by an amount equal to Ez = +gupB, see Fig. 10.1(a).
The two peaks for the spin-up electrons are shifted to lower energies, while the two
peaks corresponding to the spin-down electrons are shifted to higher energies. Thus,
the density of states of a BCS superconductor in an applied magnetic field has has
peaks at the positions E = +A + E3.

The tunnel current density J(V) and the differential tunnel conductance G(V) =
dJ/dV in a tunnel junction can for low bias voltages be approximated by:

(10.1)

J(V) & T paw f dE pacs(E) [f(E —eV) — f(B)],  (102)
00 df (E — eV’
G(V) x ITI? pxu / dE pacs(E) [—e—’i(‘i—E"J}, (103)

where f(E) is the Fermi-distribution function. The tunneling matrix element |7 |2 and
PnM are assumed to be constant in the considered energy range. The second factor in
the integrand of Eq. (10.3) is a strongly peaked function at E = ¢V, as can be seen
in Fig. 10.1(b). Therefore, at each bias voltage, the dynamic conductance G is mainly
determined by the BCS-DOS at the corresponding energy pgcs(eV). As a result, the
peaks in the BCS-DOS translate in corresponding peaks in the dynamic conductance
G(V).

For a nonmagnetic counter electrode, the same prefactor | T |2 pny is independent of
spin, and the resulting dynamic conductance curve G(V) is symmetric. However, for a
ferromagnetic material, both the tunneling matrix element |T'|? as the DOS pgy depend
on the electron spin. A tunneling electron spin polarization can be defined as:

2 2
_ Tl et — T3] oy
= > 3 .
T3 |” prmar + | T ] Py
A non-zero polarization results in an asymmetry in the dynamic conductance curves, as
shown in Fig. 10.1(c) for a model ferromagnetic material with P = 67%. It is easy to
show [58] that the polarization P can be obtained by measuring the four conductances
o; indicated in Fig. 10.1(c), using the formula:
8y — &4

P=—— 10.5
8i+5T ( )

(10.4)
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Figure 10.1: Model calculations showing the individual components of the dy-
namic conductance G(V) curve for a hypothetical ferromagnetic material with
a tunneling electron spin polarization P = 67% and an applied magnetic field
H = 2400 kA/m, corresponding to a magnetic induction B = 3 T. (a) The density
of states ppcs (E) for an ideal BCS superconductor (no spin-orbit interaction) with
a critical temperature 7, = 2.5 K. (b) The derivative d f(E —eV)/dV(E) of the
Fermi distribution function for V = 0.5 V and a temperature T = 0.5 K. (c) The
full differential conductance curve G (V) according to Eq. (10.3). The dashed (dot-
ted) lines show the individual spin-up (down) contributions to the total (solid line).
The conductances o; (i = 1-4) have been used to obtain the polarization values.
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Figure 10.2: Normalized conductance curves obtained for an Al/MgO/Nig;Feyq
tunnel junction. The curves are for increasing applied magnetic field of 0.0, 2.5,
33,and4.1T.
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All the experimental data presented in next Section have been analysed using Eq. (10.5).

When material used as a superconductor in the experiment does not behave as an
ideal BCS-superconductor, deviations from Eq. (10.5) are expected. For instance, the
effects of spin-orbit interaction, orbital depairing, and Fermi liquid effects have been
reported [58, 119, 120]. For Al,O; based junctions it has been found that these ef-
fects cause a relative reduction of about 8% of the measured conduction electron spin
polarization [118]. For AIN and MgO barriers comparative data is not yet available.
Therefore, all the values for the polarizations reported in the next Section have been
corrected for the 8% relative reduction found for Al,O3.

10.4 Results and discussion

Fig. 10.2 shows several experimental dynamic conductance curves for an Al-MgO-
NigoFeo tunnel junction. For the higher magnetic fields, the four peaks in the dynamic
conductance curve can be destinguished. For most of the MgO barriers, and several of
the AIN barriers, it was observed that the apparent splitting of the conductance peaks
was sometimes smaller than expected from the Zeeman splitting. This indicates that the
effects of non-ideal BCS-superconductivity in the Al electrodes underneath these two
types of barriers are perhaps more pronounced, as a result of the different preparation
conditions (nitrogen instead of oxygen, Mg instead of Al, different thickness of the
remaining Al electrode after barrier formation).

All obtained results have been summarized in Table 10.1. In general, the observed
conduction electron spin polarization reduces only by a small amount for AIN barriers
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Table 10.1: Polarization of Ni, Fe, Co, and some Ni,_,Fe, and Co,_,Fe, alloys
obtained with in-situ glow discharge formed A1,03, AIN, and MgO barriers. The
results have reduced by 8% in order to correct for the non-ideal BCS-like charater-
istics of the Al superconductor, as explained in the text. All materials have been
thermally evaporated by e-gun, unless otherwise indicated. The parameter x was
determined by XRF analysis of 20-nm-thick evaporated films.

P(ALO3) [%] P(AIN) [%] P(MgO) [%]

Ni 27 23

NigeFeyq 33 43 34
Ni']sF&na 45 41
N i74 Fez(, 46

Ni 59Fe4 1 48 35

Ni i47F853 52

NizoFes 51

Ni25 F€75 40 33

Ni 17Fes3 49

Ni 12Fﬁgg 50 34

NiyFeyq 45

Fe 41 39

COs()Fes() 51 50 33
C084Fem 49 46

Co 45 35 46

“evaporated from W-boat

compared to Al,O; barriers. The samples (mostly for MgO barriers) showing also
a reduced Zeeman splitting, also showed large reductions of the polarization (these
data have not been included in the table). Whether this was an intrinsic effect of the
barrier material is uncertain, but it is more likely the result of an unoptimized barrier
preparation process. One of the possible extrinsic causes is an increased spin scattering
at the interface between the superconductor and the insulator. For a clean Al-AlLLO;
and Al-AIN interface this is expected bo be lower than for the Al-MgO interface, where
some residual Mg might still be present after the oxidation step. Also, as a consequence
of the MgO barrier being formed from additionally deposited Mg, the thickness of
the Al layer in the MgO junctions is larger than for the corresponding Al,O5 or AIN
Jjunctions. Also the AIN barriers are slightly thinner than Al,O; barriers, as indicated
by the lower resistance. One effect of a changing thiockness of the superconductor
is via orbital depairing, which scales with the square of the Al layer thickness [119].
Orbital depairing couples the two spin directions and thereby smudges the BCS-like
features. This results in a larger correction factor and, therefore, a lower polarization.
As a consequence, when thinner Al starting layers were used for the AIN barriers, the
polarization values became comparable to those found for AlLOs.

Fig. 10.3 shows a comparison of the present experimental data for the Ni;_,Fe,
data with Al,O3 barriers with similar data from Paraskevopoulos et al. [118]. For all
the Ni;_,Fe,/Al,O; junctions the presently obtained polarizations are higher than pre-
viously reported for ex-situ water vapor formed Al,O; barriers [118]. A similar im-
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Figure 10.3: Overview of the polarization results for Ni;_,Fe, alloys. Various
results are plotted: (e) results of Refs. [58, 118] using ex-situ H,O-vapor formed
barriers, (o) result of Ni with in-situ O, glow discharge formed barrier [121], and
present results with ((J) e-gun evaporated and (¢) W-boat evaporated alloys. The
result for Co is indicated with an arrow. The lines are guides to the eye.

provement was found for Ni by Moodera ez al. [121] and is attributable to improved
barrier preparation and a cleaner FM-I interface. It also appears that the effect of the sur-
face cleanliness is more important for the Ni rich alloys. Also, the previously reported
correspondence between the value of the polarization and the value of the saturation
magnetic moment [118] could not be reproduced, as the present experiments show only
a week dependence on composition, except for the Ni rich alloys. This week depen-
dence has been confirmed by independent Andreev reflection experiments [122-124]
performed by Soulen et al. [125] on samples prepared in the same evaporation system.

Note the lower polarization value of the NiysFess alloy in Fig. 10.3, compared to
the values of the surrounding alloys. Although it might be an experimental artifact, the
composition is in the range of compositions for which a transformation from bcce crystal
structure for Fe richer to fcc crystal structure for Ni richer alloys has been reported.
Calculations, by for instance Williams et al. [126], suggest that at the transition the
magnetic moment of the alloy may be reduced, or even disappear.

10.5 Conclusions

In conclusion, the polarization values obtained for Ni;_.Fe, alloys using an in-situ glow
discharge oxidized barrier preparation method are larger than previously reported values
obtained using ex-situ water vapor oxidized barriers and vary only slightly on alloy
composition. The difference can be attributed to the progress in preparation conditions,
resulting in cleaner barrier-electrode interfaces. For Ni-rich alloys, the polarization is
lower than for Fe-rich alloys, which seems to indicate that Ni is more susceptible to
interface cleanliness. The obtained results for the Al,O3 and AIN barriers are similar,
while for most MgO samples the polarization was suppressed, most likely as a result
of non-ideal sample structure. The previously reported relation between the saturation
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magnetic moment and the polarization could not be reproduced.



Chapter 11

Discussion and Outlook

In this Chapter the results obtained in Part II will be briefly summarized, compared
to literature results, and future experiments will be suggested. The reader should bear
in mind, however, that many of the ideas put forward in this thesis are the result of a
limited set of experiments, most of them electron transport measurements. Therefore,
further experiments are called for, often involving characterization techniques suitable
to study one specific aspect. Furthermore, it should be noted that the work presented in
this thesis is complemented by the work in many other groups. It is surprising to note
that, despite all the new, more detailed, and in many ways improved experimental obser-
vations and model calculations, the clear and simple picture presented by Julliere [15]
in 1975 is still holding.

11.1 About the preparation

The key to the present success of magnetic tunnel junctions is the advance in preparation
methods. We have shown that junction magnetoresistance devices can be reproducibly
prepared by thermal evaporation onto cooled substrates using shadow mask technology,
in combination with glow-discharge oxidation to prepare an Al;O3 barrier. However,
different approaches on almost every aspect of the preparation technique have now
been reported in the literature, many resulting in tunnel junctions with reasonably good
properties.

For the deposition of the starting materials, numerous other groups have used sput-
ter deposition at room temperature as their method of deposition, as this is the pre-
ferred preparation method for industrial applications. The differences between sputter
deposition and evaporation are related to the details of the deposition process, like, for
instance, the kinetic energy of the deposited atoms, the growth rate, and the surface mo-
bility. Both techniques seem to give comparable, but not identical results. For instance,
by comparing the IETS experiments presented in Chapter 7 with similar measurements
on sputter deposited junctions [127], it follows that while during deposition of the top
electrode using sputtering magnetic atoms diffuse or penetrate into the barrier, where
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they give rise to magnetic impurity states, the corresponding IETS peaks are absent for
the evaporated junctions. In addition to both vacuum deposition techniques, it is worth
mentioning that Doudin ez a/. [128] have reported the first results on Ni-NiO-Co tunnel
devices prepared by electrodeposition. Even though in general this preparation method
is less flexible, some specific advantages make it an interesting alternative approach.
For instance, by growing tunnel junctions directly in the pores of ceramic filters, small
area junctions can be prepared without the need for additional microfabrication.

Also for the barrier preparation various techniques have been successfully em-
ployed. Most abundantly used, in several variations, is the glow-discharge oxidation
method also used in this thesis. However, the various glow-discharge geometries in use
differ in details, such that a process of tedious and extensive testing is required before
satisfactory results can be obtained, and comparison of the experimental parameters is
virtually useless. Despite the optimization needed for each glow-discharge geometry,
such as the applied dc or ac voltages, the oxygen pressure, and the duration of oxidation,
the oxidation process itself seems rather robust and seems fairly easy to implement. For
tunnel junctions of lateral dimensions in the range of a few to several hundred pm, the
glow-discharge oxidation method is ideal, in the sense that the obtained junction resis-
tance is in an experimentally easily accessable regime, i.e., high enough (i.e., the junc-
tion resistances larger than the square resistance of the electrodes) to avoid the contact
resistance problems as discussed in Chapter 5, and low enough for the most commonly
available equipment. Junctions in the envisioned applications, however, will have di-
mensions in the submicron regime. For these applications, the conductance per unit
area of the present glow-discharge oxidized junctions is too low, even for the thinnest
barriers and a very mild oxidation. Problems arise in terms of the shot noise (equiva-
lent to Johnson noise for eV < kT'), and the unavoidable delay time resulting from the
product of the resistance of the junction and the sum of the capacitance of the tunnel
Junction an the stray capacitance of the contact leads and electronics.

Various oxidation processes have been reported which result in higher conducatance
per unit area. In most of the alternative processes, a metallic Al layer is thermally
oxidized in an oxygen environment, which usually takes a much longer time (hours
to weeks) compared to glow-discharge oxidation (seconds to minutes). Various ap-
proaches have been suggested to increase to oxidation rate, among others, using ozone
instead of oxygen or using UV-light to dissociate oxygen molecules, both creating more
chemically active oxygen. Another alternative uses a multistep process, in which the
barrier layer is built-up in several sequences of deposition of a thin Al layer and ther-
mal oxidation [20, 129]. Reactive deposition of the barrier material, i.e., depositing the
barrier material in a background oxygen pressure, can be viewed upon as the ultimate
multistep process. Due to the intentionally high conductance of these tunnel junctions,
reliable transport measurements on these Junctions can only be performed on micro-
fabricated junctions or by using superconducting contacts at low temperatures (this is a
mild version of a similar problem presented by the measurement of the magnetoresis-
tance of metallic multilayers in the current-perpendicular-to-plane geometry [130]).

By depositing the bottom electrode and the metallic Al barrier material onto cryo-
genically cooled substrates, the surface roughness and diffusion processes were re-
duced. Using this approach, a homogeneous coverage of the bottom electrode is ob-
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tained, resulting later in the preparation of a closed barrier layer without metallic pin-
holes. This is important, since the tunnel conductance depends exponentially on the
barrier layer thickness, resulting in large local conductance variations for rough bar-
riers. From the good reproducibility of the resistance of nominally identical devices
prepared in one process, we conclude that the use of a cooled substrate leads to rel-
atively small lateral variations in the barrier thickness, and that we may consider our
Junction homogeneous in this sense. This conclusion is not only valid for the lateral
dimensions of the in-situ fabricated junctions presented in this thesis (order 200 um).
The area scaling of the resistance of ex-situ microfabricated junctions, starting from the
same stack [131], indicates that this conclusion can be extended to lengthscales down
to about 4 um. Other groups, see for instance [19, 132], using e-beam lithography and
sputtered deposited tunnel junctions stacks, have shown that the areal scaling of the
resistance continues down to lateral dimensions of the order of 0.1 pm.

The statistics of the conductance variations as a result of barrier thickness variations
was predicted by Bardou [133] and was experimentally tested by Watanabe et al. [134]
for a SiO; layer and by Da Costa et al. [135] for a CoO layer. The latter experiments
seem to indicate that below 0.1 um dimensions the area scaling will break down, al-
though this will depend critically on the preparation conditions. Another consequence
of roughness is related to dielectric breakdown of the junction, i.e., irreversible fail-
ures occur at lower voltages for rougher barriers, see for instance [55, 136, 137]. There
are also indications that the amplitude of the 1/f noise in magnetic tunnel junctions is
solely determined by the amount of “hot spots,” without any magnetic contribution (this
in contrast to the results for metallic magnetic systems as presented in Part I), see for
instance {138, 139].

The details of the preparation process, and the influence of the various parame-
ters on the result, has not yet been thoroughly understood. Specifically, more effort
needs to be focussed on studies of the barrier formation process itself, since very little
is known for these thin layers. Several groups have initiated research on this subject,
using either in-situ or ex-situ surface sensitive and element specific spectroscopic char-
acterization techniques like XPS, Auger, and RBS. Images taken with high resolution
transmission electron microscopes show that of the various barrier materials studied so
far, some result in an amorphous layer, while others form a crystalline layer. See for
instance [140]. Although these characterization measurements are just starting, already
a wealth of additional information has become available. A more detailed discussion
about these techniques can be found in [55].

11.2 Discussion of the Results

As the most important conclusion of Part II of this thesis, the results of Chapters 4,
6, 8, and 9 all indicate that the interface region surrounding the insulating barrier is
of extreme importance for the magneto-transport properties of magnetic tunnel junc-
tions. In Chapter 8 and 9, this influence is observed even at low temperatures, and
can be satisfactory understood in terms of model predictions taking into account elas-
tic tunneling processes only. The most dramatic effect is found for tunnel junctions
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with an additional nonmagnetic Au interface layer, as presented in Chapter 9, which
showed a negative magnetoresistance for Au layer thicknesses of 0.6 and 0.7 nm. For
the same junctions, also an extreme asymmetry of the bias voltage dependence was ob-
served, including several sign reversals. These experiments can be interpreted in terms
of quantum well states, i.e., for certain voltages or layer thicknesses tunneling electrons
at the Fermi level of one of the spin channels fullfil a resonance condition in the non-
magnetic layer, which results in an increase of the tunnel conduction, This, in turn,
changes the magneto-transport properties. The subject of nonmagnetic interface layers
is hotly debated during conferences, both experimentally as theoretically, although lit-
tle has been published yet. There are marked differences between the results obtained
for sputtering compared to evaporated junctions, for which no accepted explanation is
given. This will become an active area of research in the immediate future, also as a
result of the possible technological advantages of such an interface layer, for instance
as a oxidation barrier or to reduced magnetic orange peel coupling.

For the temperature dependence of the junction magnetoresistance, as discussed in
the Chapters 4, 6, and 8, however, models based on elastic tunneling alone are insuf-
fucient to explain the observations. In addition to elastic tunneling, inelastic tunneling,
upon which spin-waves are excited or absorbed in the magnetic interface layer, plays an
important role. A large portion of the experimentally observed temperature dependence
of the magnetoresistance (at zero applied bias voltage and in the temperature range be-
tween zero Kelvin and room temperature) can be explained on the basis of this effect,
as discussed in Chapter 6. Low energy spin-wave states are available and can medi-
ate inelastic tunneling processes at non-zero bias voltages, as has clearly been demon-
strated in Chapter 7, or at elevated temperatures. In addition, at elevated temperatures
spin-waves also influence the magnetization and/or the magnetic configuration of the
electrodes. Both the inelastic spin-wave conductance contribution (with a magnetore-
sistance contribution of the opposite sign) and the distorted magnetic configuration (via
a non-ideal magnetization alignment) lead to an additional reduction of the magnetore-
sistance at elevated temperatures. In this respect, it would be of fundamental interest to
perform detailed temperature and voltage dependent measurements on magnetic tunnel
junctions using a low Curie temperature material like Gd, in combination with a prop-
erly oxidized Al,O; barrier. Both effects are predicted to be less effective for thermally
more stable magnetic interface layers, which may be achieved by increasing the Curie
temperature of the material, or by introducing magnetic anisotropy. On the other hand,
from the IETS experiments presented in Chapter 7, it was found that the energy needed
for phonon excitation corresponds to temperatures above room temperature. Thus, the
opening of new conductance channels due to inelastic electron-phonon scattering pro-
cesses may be safely neglected when considering the temperature dependence of the
tunnel conductance (at zero bias voltage).

Just as in the case of the temperature dependence, part of the reduced junction
magnetoresistance at applied bias voltages, especially the sharp initial decrease at low
applied voltages, can not be understood within models including elastic tunneling only,
as has been shown in Chapter 4. Model calculations, see for instance {89, 108], argue
that again spin-waves are relevant for the additional decrease. Therefore, also the bias
voltage dependence will improve when more stable magnetic interface layers are used.
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Indirect evidence for this prediction can be found from the experiments described in
Chapter 8, where it was found that for overly oxidized tunnel junctions the bias volt-
age dependence is much steeper, in addition to a dramatic temperature dependence.
The temperature dependence has been interpreted as resulting from an interface layer
of CoO, which is an antiferromagnet with an ordering temperature just below room
temperature. When the junction is warmed through this ordering temperature, the mag-
netoresistance is found to disappear, apparently as a result of the loose spin-structure of
the paramagnetic CoO. The bias voltage dependence has not been modeled. However,
the weaker magnetic exchange interactions in the CoO as compared to Co may be part
of the explanation.

It should be noticed that for many of the early experiments, the barrier layer con-
sisted of the native oxides of NiO, CoO, or GdO,. All these substances are antifer-
romagnetic, with relatively low ordening temperatures. This may explain, in analogy
with the experiments of the overly oxidized junctions in Chapter 8, why a sizable mag-
netoresistance was sometimes obtained at low temperatures, while at room temperature
no effect was measureable. Only with the introduction of Al,O, barriers by Moodera et
al. [16] and Miyazaki et al. [17], large magnetoresistance effects at room temperature
were observed.

11.3 Novel Materials

According to Eq. (3.4), the magnetoresistance is determined by the tunneling electron
spin polarization, which has a specific value for each electrode material, potentially in
combination with a specific barrier material. In Chapter 10 results of direct measure-
ments of this polarization value have been presented for a number of metallic transition
metal alloys. From the initial model calculations of Slonczewski [51}, it is known that
this polarization value is not solely determined by the bulk properties of the ferromag-
net, but indeed also contains a factor containing the matching of electrode and barrier
wave-functions at the interface. However, from the presented experiments using three
different barrier materials, no positive observation of such a dependency can be claimed,
as plausible experimental artifacts might also account for the observed differences. The
highest observed polarization (at 0.5 K) was about 50% for a range of alloy composi-
tions containing Fe and either Co or Ni. For two electrodes with a polarization of 50%, a
magnetoresistance ratio AR/Rap = 67%, or AR/Rp = 40%, is predicted. This value
is higher than any reliable value reported so far for a junction based on magnetic 3d
transition metal materials or their alloys. However, in view of the constant increase of
the reported values of the magnetoresistance and the increasing polarizations as a result
of cleaner preparation conditions, even higher magnetoresistance ratios seem possible.

On the other hand, the transition metals and their alloys do not have the highest
known polarizations. Several classes of halfmetallic ferromagnets (HMF) exist, i.e.,
materials which conduct electrons of only one spin direction [141-143]. The most
well known class of HMFs are the Heussler alloy compounds, of which NiMnSb is the
prototypical example. Recently, tunnel junctions containing NiMnSb as one of the elec-
trodes have been successfully prepared [144, 145]. The results, however, indicate that
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the material used is not halfmetallic, plausibly as a consequence of a non-stoichiometric
electrode-barier interface.

A second hotly persued class of HMFs is the group of CMR materials, more specif-
ically the mixed valence manganese perovskites. Calculations have predicted, and
photoemission experiments have shown [146], that many CMR compounds behave as
HMFs in their low temperature, ferromagnetic phase. The cause is the hopping conduc-
tion mechanism, whereby a localized electron of one specific spin hops between Mn3+
and Mn** ions [147]. Large magnetoresistance ratios have been obtained using these
compounds in epitaxial all oxide tunnel junctions. See for instance [148] for a review
of these experiments. The drawback of these materials is the low Curie temperature,
which is around room temperature. Therefore, large magnetoresistance effects have
only been obtained at low temperature and are not expected to be raised to room tem-
perature. Another mixed valence compound, the inverse spinel magnetite, or Fe3O,, is
also expected to be halfmetallic, but with a Curie temperature of 860 K. This property
makes this compound favorable over the manganese perovskite compounds as an elec-
trode material, and has been tried by several groups, see for instance Li et al. [149],
including our own. In fact, the perspective for magnetic tunnel junctions offered by the
half-metallic characted of this compound was the initial motivation for performing the
study that has led to this thesis. However, no large magnetoresistance values have been
observed to date, most likely due to problems with the interface.

For the metallic junctions, most groups are presently optimizing the electrode com-
position, for instance by adding high Curie temperature interface layers. However, in
view of the predicted dependence of the polarization on an interface matchin gterm [51],
improvements might also be gained from the use of other barrier materials. The barrier
material of choice is almost exclusively Al,O3. Only few other nonmagnetic barrier
materials, among others AIN, HfO,, and MgO, have been tried, and hardly any opti-
mization has been performed for these materials. Especially for AIN, junctions with
large magnetoresistance ratios have been prepared, with high conductances per unit
area. The process to prepare AIN is similar to that of Al,Os, but with the additional
advantage of a slower growth rate, hence more control and possibly better homogene-
ity. A positive side effect is that overly nitridized barriers will not form paramagnetic
materials like CoO or NiO, which have been shown to be detrimental to the junction
performance.

A completely different approach can be taken using organic barrier materials. Self
Assembled Monolayers using molecules of defined length may prove to be an ideal
barrier material, at least from the point of view of roughness and barrier homogeneity.
A first attempt has been reported by Ando et al. [150], which showed that many prepa-
rational problems have yet to be overcome. Whether the properties of these barrier
materials is comparable to those of solid state barriers remains to be investigated.
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Summary

The work described in this thesis concerns experiments and modeling of spin-polarized
electron transport processes in magnetic layered structures, and has been divided in
two separate parts, each with a distinctly different scope. The first part focusses on the
characterization and understanding of electronic noise, in particular magnetism induced
1/f noise. For this study use is made of two types of magnetic model systems, both
designed for magnetic sensing applications. In the second part, on the other hand, focus
is on one system, called a tunnel junction. We present results of investigations using
various methods of their electrical transport properties.

The electronic noise measurements discussed in the first part of this thesis have
been performed in the frequency range between 1 Hz and 100 kHz. The noise has
been measured as a function of an applied magnetic field in the plane of two types
of microfabricated thin film magnetic structures of which the properties are optimized
for application in magnetic tape recording. The geometry of these devices contains
an active area in the form of a 10-um-wide stripe of varying length. The first type of
devices consists of a single magnetic film, and displays anisotropic magnetoresistance,
i.e., the resistance depends on the relative orientation of the magnetic moment and the
sense current. The more complicated built-up of the second type of devices is called a
spin-valve, in which two magnetic layers are separated by a nonmagnetic one. These
devices display the giant magnetoresistance effect, i.e., the resistance depends on the
relative orientation of both magnetic moments.

In both device types the magnetic moment of the sense layer is a single magnetic
domain and rotates coherently under the application of a magnetic field perpendicular
to the stripe direction. During this rotation, electronic noise measurements were per-
formed at fixed magnetic field and fixed sense current. The frequency resolved noise
spectrum is obtained as the Fourier transform of the output-voltage versus time trace
and consists of two independent contributions. A well understood magnetic field in-
dependent Johnson noise contribution was found for the highest frequencies. For the
lowest frequencies, a 1/f noise contribution was obtained, with a nonmagnetic back-
ground, comparable in size to that for other metals, and a magnetic field dependent
excess contribution. Using a simple Stoner—WohlIfart model to describe the free energy
of the magnetic sense layer, it was found that the excess magnetic field dependent con-
tribution to the 1/f noise can be well modeled as resulting from thermal fluctuations of
the magnetization direction of the sense layer. These magnetic fluctuations translate to
electric fluctuations as a result of the magnetoresistance effect.
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The tunnel junctions studied in second part of this thesis consist of two metallic
electrodes separated by a thin (order 1 nm) insulating barrier. An electron can surpass
the barrier in a tunneling event. The rate of tunneling events depends (in a simplified
picture) on the product of the densities of electron states at the Fermi level of the two
electrodes. For ferromagnets, the densities of majority and minority spin electron states
are unequal, which results in the junction magnetoresistance, or tunnel magnetoresis-
tance effect. This effect depends on the relative orientation of the magnetic moments in
the same way as the giant magnetoresistance effect, but with a much larger amplitude
for applicable device geometries. The obtainable amplitude can be fairly well predicted
from the product of the tunneling electron spin-polarizations. This parameter has been
measured for a range of magnetic 3d transition metal alloys containing Ni, Fe, and Co,
using the peaked structure of the Zeeman spin-split density of states of a superconduct-
ing Al film as a spin-sensitive detector. The presently obtained polarization values are
higher than previously reported results due to the cleaner fabrication process. The po-
larization depends slightly on the alloy composition, with a maximum of ~50% for the
alloys NisoFesp and CosgFesg. The Ni rich alloys showed a lower polarization value as
compared to MBE grown samples, indicating a higher sensitivity of Ni for contamina-
tion or oxidation. Junctions containing Al,Os, AIN, and MgO barriers did not reveal a
significant dependence of the polarization on the barrier composition.

Although the junction magnetoresistance effect has been discovered as early as
1975, difficulties of technological nature for a long time resulted in small, and diffi-
cult to reproduce effects, which were only observed at temperatures well below room
temperature. Only recently the reliable two-step fabrication technology called glow dis-
charge oxidation has been introduced, which is also used in this thesis. The magnetic
tunnel junctions fabricated using this technology show large magnetoresistive effects
also at room temperature. The process is performed in ultra high vacuum, where first a
thin metallic Al layer is deposited on top of the bottom electrode, which is subsequently
transformed in an insulating Al,03 layer using reactive oxygen formed in a glow dis-
charge between two metallic electrodes at a high differential voltage. The amount of
formed oxide depends, among others, on the duration of this second step. For prolonged
oxidation, an oxide forms at the bottom interface which deteriorates the magnetoresis-
tive properties at room temperature. In retrospect, this explains the poor results obtained
for magnetic tunnel junctions based on barriers of the native oxides of Ni, Co, and Gd in
the period between the initial discovery in 1975 and the first sizeable room temperature
results reported for Al,O3 barriers in 1995.

In general, the junction magnetoresistance decreases as a function of the applied
bias voltage and at elevated temperatures. The decrease is faster than can be pre-
dicted from elastic tunneling models. Characterization of the tunnel junctions using
current-voltage traces, inelastic electron tunneling spectroscopy, and the temperature
dependence of the junction magnetoresistance showed that spin-wave excitations in the
electrodes and/or during the tunneling process contribute significantly to the additional
decrease of the magnetoresistance. A final, intriguing result is that when a nonmagnetic
Au layer is added between the bottom ferromagnet and the barrier, the magnetoresis-
tance changes sign, accompanied with a very asymmetric bias voltage dependence. This
is attributed to the occurence of quantum well resonances in the interface layer.
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Samenvatting

Dit proefschrift beschrijft experimenten aan en modellering van spin gepolariseerde
elektron transport verschijnselen in gelaagde magnetische structuren en bestaat uit twee
gedeelten met eigen karakter. Deel één concentreert zich op het karakteriseren en mo-
delleren van elektrische 1/fruis van magnetische oorsprong. Hiervoor zijn twee soorten
magnetische model structuren gebruikt, beiden ontworpen als magneetveld-detector.
Deel twee concentreert zich op één systeem, een tunnel junctie, waarvan de elektrische
transport eigenschappen werden onderzocht met verschillende methoden.

De elektrische ruis experimenten die in het eerste deel van dit proefschrift wor-
den behandeld, zijn uitgevoerd in het frequentiegebied tussen 1 Hz en 100 kHz. De
ruis is bepaald als functie van een aangelegd magneetveld in het vlak van twee soorten
microgefabriceerde magnetische dunne film structuren, die zijn geoptimaliseerd voor
magnetische bandopname toepassingen. Het ontwerp bestaat uit een 10 wm breed strip-
vormig actief gedeelte van gevarieerde lengte. De eerste soort structuren bestaat uit een
enkele magnetische laag en vertoont het anisotrope magnetoweerstands effect, d.w.z.
dat de weerstand afhangt van de relatieve oriéntatie van het magnetische moment en de
meetstroom. De complexere opbouw van de tweede soort structuren wordt een spin-
klep genoemd en bestaat uit twee magnetische lagen die gescheiden worden door een
dunne (orde 2 nm) niet-magnetische laag. Deze structuren vertonen het reuzen mag-
netoweerstands effect, d.w.z. dat de weerstand afhangt van de relatieve oriéntatie van
beide magnetische momenten. ,

De gevoelige laag in beide structuren bestaat uit een enkel magnetisch domein, dat
coherent roteerd in een magneetveld in de richting loodrecht op de strip. Ruismetin-
gen zijn tijdens deze rotatie verricht met een constant magneetveld en met een con-
stante meetstroom. Een frequentie opgelost ruisspectrum wordt verkregen door Fourier
transformatie van de wisselspanning tegen tijd meeting. Twee onathankelijke bijdragen
worden onderscheiden. Een goed begrepen magneetveld onafhankelijke Johnson ruis-
bijdrage wordt gevonden voor de hoogste frequenties. Voor lagere frequenties wordt
een 1/f ruisbijdrage gevonden met een niet-magnetische component van vergelijkbare
grootte als in andere metalen, en extra magneetveld athankelijke component. Met een
eenvoudig Stoner-Wohlfart model kan de vrije energie van de magneetveld gevoelige
laag worden beschreven. Binnen dit model blijken de thermische richtingsfluctuaties
van het gevoelige magnetische moment de extra 1/f ruis bijdrage goed te kunnen mo-
delleren, als bedacht wordt dat magnetische fluctuaties zich vertalen in elektrische fluc-
tuaties door het magnetoweerstands effect.



128 Samenvatting

Deel twee van dit proefschrift beschrijft tunnel juncties, bestaande uit twee metalli-
sche elektroden, gescheiden door een dunne (orde 1 nm) isolerende barriére. Een elek-
tron kan de barriére doorbreken tijdens een tunnel gebeurtenis. De frequentie daarvan
hangt (binnen een versimpeld model) af van het product van de elektronen toestands-
dichtheden aan het Fermi niveau van beide elektroden. Voor ferromagneten verschilt
deze waarde voor meerderheids- en minderheids-spin elektronen, waardoor het Jjunctie
magnetoweerstands, of tunnel magnetoweerstands effect ontstaat. Het magnetische ge-
drag is gelijk aan dat van het reuzen magnetoweerstands effect, maar het effect is voor
toepasbare ontwerpen groter. De bereikbare grootte wordt redelijk voorspeld door het
produkt van de spin-polarisaties van de tunnelende elektronen. Deze grootheid is be-
paald voor een reeks magnetische 3d transitie metaal legeringen bestaande uit Ni, Fe en
Co. Hiertoe werd de Zeeman opgesplitste piek-structuur van de elektronen toestands-
dichtheid van supergeleidend Al gebruikt als spin-gevoelige detector. De gevonden
polarisatiewaarden zijn groter dan eerder gerapporteerd door de schonere preparatie en
varieren licht met de samenstelling, met een maximum van ~50% voor de legeringen
NisoFeso en CosgFesg. Voor Ni-rijke legeringen is de polarizatie lager dan voor MBE
gegroeide juncties, wat aangeeft dat Ni gevoelig is voor verontreinigingen of oxidatie.
Juncties met Al, O3, AIN en MgO barridres vertonen geen significant verband tussen de
polarisatie en de barriere samenstelling.

Hoewel het junctie magnetoweerstands effect al in 1975 is ontdekt, leidden techno-
logische problemen nog lang tot kleine, moeilijk te reproduceren effecten, die boven-
dien alleen bij lage temperaturen werden bereikt. Pas in 1995 werd het reproduceerbare
twee-staps fabricage proces geintroduceerd, plasma oxidatie genaamd, dat ook voor
dit proefschrift is gebruikt. De hiermee gemaakte magnetische tunnelstructuren ver-
tonen grote magnetoweerstands effecten, ook bij omgevingstemperatuur. Het proces
verloopt in ultra-hoog vacuiim door eerst een metallisch Al laag op een onderelektrode
te groeien. Het Al wordt daarna omgezet in AL,O5 door reactief zuurstof, wat wordt
aangemaakt in een plasma tussen twee metaalplaten met een groot onderling poten-
tiaalverschil. De gevormde hoeveelheid oxide hangt onder meer af van de duur van de
tweede processtap. Tijdens een verlengde oxidatiestap oxideert de onderste elektrode,
wat de magnetoweerstands-eigenschappen bij omgevingstemperatuur verslechtert. Te-
rugkijkend, verklaart dit mogelijk de mindere resultaten die werden bereikt in de pe-
riode tussen 1975 en de eerste substanti¢le resultaten bij omgevingstemperatuur met
Al O3 barriéres in 1995. In die periode werden voornamelijk tunnel structuren gebruikt
met barrieres bestaande uit de natuurlijke oxides van Ni, Co en Gd.

De junctie magnetoweerstand neemt sterker af bij hogere aangelegde spanningen en
bij verhoogde temperatuur dan voorspeld door elastische tunnel modellen. Bestudering
van tunnel juncties door middel van stroom-spannings karakteristicken, niet-elastische
tunnel-elektronen spectroscopie en de temperatuurs afhankelijke junctie magnetoweer-
stand laten zien dat spin-golf excitaties in de elektroden en/of tijdens een tunnel ge-
beurtenis substantieel bijdragen aan de extra verlaging van de magnetoweerstand. Als
een laaste, verassend resultaat, kan een niet-magnetisch Au laagje dat is toegevoegd
tussen de onderste ferromagneet en de barriére de magnetoweerstand van teken doen
omkeren, vergezeld gaande van een erg asymmetrische spannings-afhankelijkheid. Dit
is toegewezen aan het optreden van quantum resonanties in de Au laag.
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ter this visit we remained in contact, which resulted in a successful collaboration to the
benefit of all those involved. I have enjoyed the part-time hospitality of the Lab. and
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STELLINGEN

behorende bij het proefschrift

Spin polarized transport in magnetic
layered structures: 1 / S noise and tunnel
Jjunctions

door René J. M. van de Veerdonk



. De door magnetisme geinduceerde elektrische 1 /f ruis
bijdrage in anisotrope en reuzen-magnetoweerstandsele-
menten, kan goed worden beschreven door thermische
fluctuaties van de richting van het magnetische moment
van de magneetveld gevoelige laag.

Dit proefschrift, hoofdstuk 2 ‘

- Voor het beschrijven van de verlaging van de tunnel-
magnetoweerstand van magnetische tunnelstructuren,
die optreedt door het verhogen van de temperatuur of
het aanleggen van een elektrische spanning, is het be-
langrijk om de bijdrage van spin-golven in rekening te
brengen. '

Dit proefschrift, hoofdstuk 6

. Een alleen op elastische tunnelprocessen gebaseerd ana-
lyse van stroom-spannings karakteristicken van magne-
tische tunnelstructuren, gemeten bij omgevingstempe-
ratuur, kan een misleidend beeld geven.

Dit proefschrift, hoofdstuk 8

- De snelle afname van de tunnel-magnetoweerstand voor
oplopende temperaturen, genormaliseerd op de Curie
temperatuur van de elektroden, voor oxidische in ver-
gelijking met metallische elektrode materialen, wordt
deels veroorzaakt door het verschil in de vrije weglengte
van de geleidingselektronen.

Zie bijvoorbeeld J. Z. Sun, Phil. Trans. Roy. Soc. London A
356, 1693 (1998).

. Omdat de tunnel-magnetoweerstand van een magneti-
sche tunnelstructuur volledig wordt bepaald door de
grenslagen met de barriére, kan het magnetische gedrag
onafhankelijk van het magneto-elektrische gedrag wor-
den geoptimaliseerd. Dit kan een groot voordeel beteke-
nen in vergelijking met metallische magnetoweerstands-
structuren.



10.

De door Prados et al.* gevonden verhoogde magneto-
weerstand in een gekruiste meetgeometrie, kan wor-
den gevonden voor alle magnetische materialen die het
anisotrope magnetoweerstandseffect vertonen. De mag-
netoweerstand kan in een ideale geometrie een arbitrair
grote waarde aannemen, maar dat leidt als zodanig niet
tot een verbeterde toepasbarheid.

*C. Prados, D. Garcia, F. Lesmes, J. J. Freijo en A. Hernando,
Appl. Phys. Lett. 67, 718 (1995).

De geleiding van een ballistisch puntcontact neemt als
functie van contactoppervlak periodiek toe in gehele
stappen van de minimale geleidingseenheid e?/h.* Voor
magnetische metalen worden twee verschillende perio-
den verwacht, één voor ieder spin-kanaal.

" *Zie bijvoorbeeld C. W. J. Beenakker en H. van Houten, Solid
State Phys. 44 1, (1991).

. De tijd die een gebruiker besteed aan het onderhouden

en het uitproberen van computer programma’s is even-
redig met zijn/haar vermeende deskundigheid.

. Door ontsluitings- en verbindingswegen in een eerder

stadium aan te leggen dan nieuwe woonwijken, wordt
vertraging voorkomen en het woongenot verhoogd.

Het afschilderen van badminton als campingsport doet

afbreuk aan de snelheid van het spel en de fysieke eisen

die aan een topspeler worden gesteld.
http://midl.external.hp.com:80/stanb/badfaq.html
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