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ABSTRACT

Electron confinement in quantum wells (QWSs) has been extensively studied in semiconductor and
metallic heterostructures. It has proven to be a powerful approach to tuning the electronic structure
and to tailoring new functionalities in devices such as interlayer exchange coupling between
ferromagnets. Quantum confinement of spin polarized electrons is therefore of great interest for both
fundamental and applied spintronics. The work presented in this thesis focuses on spin- dependent
quantum interference in Cr/ultrathin Fe/MgO/Fe MTIJs. The goal of the research work in this thesis is

to understand and control this phenomenon.

To give basic background knowledge of the main work in this thesis, brief introduction about the

related research progress so far is presented in Chapter 1.
In Chapter 2, I describe the experimental method and equipment in detail.
The main work is presented in Chapter 3.

In Chapter 3.1, I present my experiment results about quantum well resonant peak positions versus
the continuous Fe thickness, indicating a clear signature of quantum well states in the ultrathin Fe
(001) electrode, confirmed the discrepancy in experiment and first-principle theoretical calculation.
The correlation of the majority A; band in the I' —H dispersion of bcc Fe and periodicity of resonant

peak was also studied in details.

To investigate the origin of the discrepancy discussed in Chapter 3.1, in Chapter 3.2 I describe
experimental results on Fe/MgO and Cr/Fe interface, and illustrate the influence of interface on

quantum well resonant peak positions.

In Chapter 3.3 I report the influence of quantum interference on modulation TMR ratio in MTIJs
with the change of voltage and ultrathin Fe electrode thickness. In addition, the role of growth

conditions and interface flatness in quantum well effect was also been investigated and discussed.

Conclusions are discussed in Chapter 4. We convince that control of spin dependent quantum well
effect in MTJs with ultrathin Fe can be realized by precisely modifying the interface status, choosing
the appropriate Fe thickness or voltage applied. This study paves the way for developing new

functionalities in spintronics industry applications.
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CHAPTER 1 INTRODUCTION
1.1 Magnetic Tunnel Junctions (MTJs) with MgO Barrier

Magnetic Tunneling Junction (MTJ) is composed of two parallel conducting ferromagnetic
layers separated by an insulating layer (a tunnel barrier). The resistance between the upper and
the lower contact depends on the relative magnetization of the two ferromagnetic layers. The
observed MR ratios were very small at first. The TMR effect was first observed by Julliere in
1975. He found that that Fe/Ge—O/Co MTJ exhibited a MR ratio of 14% at 4.2 K [1]. Until 1995,
Miyazaki et al. [2] and Moodera et al. [3] observed a large TMR ratio (~18%) at room
temperature (RT) in Fe/Al-O/Fe structure, and then it has attracted great and sustained attention
because of its wide potential application in industry such as sensors and memory storage
devices in the near future. Although RT MR ratios have been increased to about 81% by
optimizing the ferromagnetic electrode materials and the conditions for fabricating the Al-O
barrier [4], they are still not high enough for many applications of spintronic devices. High
density magnetoresistive random access memory (MRAM) cells, for example, will need to have
MR ratios that are higher than 150% at RT, and the read head in the next generation
ultrahigh-density HDD will need to have both a high MR ratio and an ultralow tunneling
resistance. The MR ratios of the conventional Al-O-based MTlJs are simply not high enough for
next-generation device applications. In 2001, first-principle calculations predicted that epitaxial
MTlJs with a crystalline magnesium oxide (MgO) tunnel barrier would have MR ratios over
1000% [5,6]. Following predictions by first-principles theory of a giant TMR effect in
single-crystal Fe/MgO/Fe MTJs in 2001, MgO-based MTIJs with a TMR ratio of about 200% at
RT were reported by twp groups in 2004: CoFe/MgO/CoFe MTlJs deposited by magnetron
sputtering [7] and Fe/MgO/Fe MTJs epitaxially grown by molecular beam epitaxy (MBE) [8],
respectively (see Fig. 1.1). From then, this subject has been boosted and drew the worldwide
attention of researchers in MgO-based MTJs and MgO-based spin transfer torque devices. The
MgO barrier has a single-crystal structure, instead of the amorphous structure of Al-O barrier.
These large TMR ratios are determined by the different tunneling mechanisms and
symmetry-related decay rates of the Bloch waves for the majority and the minority spin
channels. The single-crystal MgO barrier exhibits a spin filtering effect due to the conservation
of wave-function symmetry. The conductance in the P configuration, dominated by the majority
A, states, is high because A states decay relatively slowly through the barrier and can transfer
into similar symmetry states in the second FM electrode. By contrast, the AP conductance is low

due to the absence of receptor states in the second electrode (symmetry blocking), leading to



giant MR ratio in MgO-based MTJs. The huge TMR effect in MgO based MTlJs is now called
the giant TMR effect and is of great importance not only for device applications but also for

clarifying the physics of spin-dependent tunneling.
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Tunnel magnetoresistance of Fe(001)/MgO(001)/Fe(001) junctions. The Magnetoresistance
curves measured at a bias voltage of 10 mV at T = 293 K and 20 K (MgO thickness is 2.3 nm).
The resistance—area product RA plotted here is the tunnel resistance for a 1 x 1 um area. Arrows
indicate magnetization configurations of the top and bottom Fe electrodes. The MR ratio is 180%

at 293 K and 247% at 20 K.



1.2 Coherent Tunneling in Single-Crystal Fe/MgO/Fe MTJs

The details of coherent tunneling through a crystalline MgO(001) barrier will be explained
based on Fe/MgO/Fe MTJs in this chapter, since the author’s research based on the Fe/MgO/Fe
MTIJs. In addition, the fully epitaxial Fe/MgO/Fe MTJs is also a good model for investigating
the mechanism of spin-dependent tunneling transport due to the well defined crystal structure
and magnetic properties.

First of all, we explain an incoherent tunneling process through the amorphous Al-O
tunnel barrier. Tunneling in a MTJ with an amorphous AI-O barrier is illustrated schematically
in Fig. 1.2 (a), where the top electrode layer is Fe(001) as an example of a 3d ferromagnet.
Various Bloch states with different orbital symmetries exist in the electrodes. Because the A1-O
tunnel barrier is amorphous, there is no crystallographic symmetry in the tunnel barrier and at
the barrier/electrode interfaces. Becaﬁse of this nonsymmetrical structure, Bloch states with
various symmetries can couple with evanescent states (decaying tunneling states) in Al1-O and
therefore have finite tunneling probabilities. This tunneling process can be regarded as an
incoherent tunneling,

For the Fe/MgO/Fe MTJs case, crystalline MgO(001) barrier layer can be epitaxially
grown on a bee Fe(001) layer with a rotation by 45° of the MgO lattice with respect to the Fe
one, provides the symmetry conservation across the junction stack. Small lattice mismatch (3%)
which can be absorbed by lattice distortions in the Fe and MgO layers and by the dislocations at
their interface. Coherent tunneling transport in epitaxial Fe(001)/ MgO(001)/Fe(001) MTJ is
illustrated schematically in Fig. 1.2 (b). In the case of ideal coherent tunneling, Fe A, states are
theoretically expected to dominantly tunnel through the MgO(001) barrier. The real space and
reciprocal space representation of the bce Fe lattice can be seen in Fig 1.3 (a) and Fig 1.3 (b) [9].
It can be easily illustrated by the following mechanism. There are three kinds of evanescent
states (tunneling states) in the band gap of MgO(001): A, As, and A,. Tunneling states actually
have specific orbital symmetries and band dispersions. When the symmetries of tunneling wave
functions are conserved, Fe A; Bloch states couple with MgO A, evanescent states. Fig 1.4
shows the partial DOS (obtained from first-principle calculations) for the decaying evanescent
states in a MgO barrier layer at parallel magnetic configuration. Among these states, the A;
evanescent states have the slowest decay. The dominant tunneling channel for parallel magnetic
state is therefore Fe A, «+» MgO A, < Fe A,. Band dispersion of bee Fe for the (001) (k= 0)
direction is shown in Fig. 1.5. The net spin polarization of Fe is small because both majority-
and minority-spin bands have many states at Er, but the Fe A; band is fully spin-polarized at Er
(P =1). A very large TMR effect in the epitaxial Fe(001)/MgO(001)/Fe(001) MT]J is therefore

expected when A, electrons dominantly tunnel. What should be noted that a finite tunneling



current still flows though for antiparallel magnetic states [10].

Tunneling probability as a function of k; wave vectors (k, and £,) is shown in Fig. 1. 6. For the
majority-spin conductance channel in the parallel magnetic state (P state) [Fig. 1.5(a)],
tunneling takes place dominantly at k= 0 because of the coherent tunneling of majority-spin A,
states. For the minority-spin conductance channel in the P state [Fig. 1.5(b)] and the
conductance channel in antiparallel magnetic state (AP state) [Fig. 1.5(c)], spikes of tunneling
probability appear at finite k; points called kot spots. This hot-spot tunneling is resonant
tunneling between interface resonant states [5,6]. Although a finite tunneling current flows
through the hot spots in the AP state, the majority-spin conductance in the P state is much larger

than that in the AP state, making the MR ratio very high [10].
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Fig. 1.2
Schematic illustrations of electron tunneling through (a) an amorphous Al-O barrier and(b) a
crystalline MgO(001) barrier. Adapt from Ref.[10].
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Schematic illustrations of (a) real space and (b) reciprocal space (right) representation of the
bee Fe lattice. For the reciprocal space (Brillouin zone) one can distinguish the high
symmetry points and also the specific (I-H) direction denoted by A. This direction
corresponds to the propagation of electrons perpendicular to the Fe(001) plane in real space.

The (001) surface Brillouin zone is also represented; one can distinguished the specific

direction T-X where the ki is 0 in I Adapt from Ref. [9].
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Tunneling DOS of majority-spin states for &, = 0 in Fe(001)/MgO(001)(8 ML)/Fe(001) with
parallel magnetic state. Adapt from [5] and [10].
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Fig. 1.5
Band dispersion of bce Fe in the [001] (I'-H) direction. Black and gray lines respectively
represent majority- and minority-spin bands. Thick black and gray lines respectively

represent majority- and minority-spin A; bands. Er denotes Fermi energy. Adapt from [10].
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Fig. 1.6
Tunneling probability in a Fe(001)/MgO(001)(4 ML)/Fe(001) MTJ as a function of &, and

k, wave vectors.15) (a) Majority-spin conductance channel in the parallel magnetic state (P
state), (b) minority-spin conductance channel in the P state, and (c) conductance channel in

the antiparallel magnetic state (AP state). Adapt from Ref. [5].



1.3. Quantum Well Effect in MTJs

The discovery of the giant tunneling magnetoresistance (TMR) effect in MgO-based
magnetic tunnel junctions (MTJs) [7,8,11] has made a huge contribution to the development of
magnetic random access memory. In addition to the large TMR effect, the coherent tunneling
property of these junctions is useful for investigation of the fundamental physics of the
spin-dependent tunneling effect. On the other hand, electron confinement in quantum wells
(QWs) has been extensively studied in semiconductor and metallic heterostructures. It has
proven to be a powerful approach to tuning the electronic structure and to tailoring new
functionalities in devices such as interlayer exchange coupling between ferromagnets. Quantum
confinement of spin polarized electrons or spin-dependent quantum well effects is therefore of
great interest for both fundamental and applied spintronics. Up to now, QW effects have
successfully been observed in epitaxial MTJ systems by making one of the electrodes very thin
to introduce quantum well states [12—-19]. The most intriguing aspect expected in this structure
is an enhancement of the TMR effect due to the resonant tunneling effect through the QW states
[20]. Generally there are several kinds structures have been used for QW states in MTJs.

(I) One of the two FM electrodes is made of an ultrathin single-crystal FM layer the majority
spin electrons would be confined in the ultrathin FM layer. If the coherence of the electron wave
functions is conserved, the electrons can form spin-polarized quantum-well (QW) states, and the
TMR effect can be modulated by the QW states. For example in the Cr(001)/ultrathin
Fe(001)/insulator/Fe(Co) structure [12,16,17,19,20]. This QW states arises from the band
mismatch between Fe and Cr. T. Nagahama et al. observed the quantum well effect in MTJs
with the structure of the Cr(100) (20 nm)/Fe(100) (nML)/Al-O (1.7 nm)/FeCo (20 nm) at 2 K
[12]. F. Greullet et al., T. Niizeki et al. and D.Bang observed the quantum well effect in
Cr/Fe/MgO/Fe structures at low and room temperature [16,17,19]. Z.Y. Lu et al. did the
theotetical calculation work in such structure and presented the quantum resonant energy
position for different Fe thickness [20]. However, there is discrepancy in the experiment results
and theoretical calculation.

(II) An ultrathin non-magnetic (NM) layer is inserted between the tunnel barrier and one of
the FM electrodes, the minority spin electrons are confined in the NM layer and form
spin-polarized QW states. For example, in 2002 Yuasa et al. have successfully observed QW
phenomenon in the Co(001)/ultrathin Cu(001)/A1-O/Ni-Fe structure, where TMR ratio oscillates
with NM thickness due to the change of the discrete energy level states in the QW [13]. And
then in 2004, Nozaki et al. found QW states formed in a Ru spacer layer in
CogoFe 0(1.2)/Ru(t)/Al (1.1)-0,/CogoFe;g (3)/Ta(3) (the numbers are film thickness in nm) MTlJs
and also investigated the influence of QW states on TMR [21].



(ITT) An ultrathin FM layer is sandwiched by two tunnel barrier layers forms double barrier
MTIs. For example, in 2006, T. Nozaki ef a/ found resonant tunneling effects in macroscopic
DMTIJs (MgO seed layer(10nm)/Fe(50nm)/MgO(2nm)/Fe(t)/MgO(2nm)/Fe(15nm)with Fe
nanoislands incorporated into the thick MgO barrier, which can be explained by the combined
QWS and coulomb blockade effects [14]. In 2008, Iovan et al. gave evidence for a local
tunneling through QWS in the central Fe layer in F1/11/F2/I2/N samples of structure
Si/SiO/Fe(50 nm)/MgO(3 nm)/Fe(1-2 nm)/MgO(2-3 nm)/Au(30 nm) using the point contact
technique. Those experiment results were also in accordance with Y. Wang et al. theoretical

calculation result [15,18].



1.4. Quantum Well Effect in MTJs with Cr/ Ultra-thin Fe/MgO/Fe Structure

More detail research progress for quantum well effect in Cr/ ultra-thin Fe/MgO/Fe MTlJs is
discussed here, since the author’s main work based on this structure.

The advantage of MTJs with single-crystal Fe/MgO/Fe structure has been interpreted in Sec.
1.3. Due to the coherent tunneling process in Fe and MgO barrier, high MR ratio was obtained.
Electrons with A; symmetry electrons wave functions play an important role in such process. On
the other hand, Cr as an very important materials is frequently been used in spintronics research
because of its special characteristics of magnetic structure and band structure.

As the magnetic structure characteristics of Cr(001), it shows a layered antiferromagnetic
(LAF) structure. The magnetic moments of Cr(001) are ferromagnetically aligned within each
monatomic layer, and the magnetizations of each atomic layer are aligned opposite to the
magnetizations of the adjacent layers, so GMR in Fe/Cr/Fe multilayers can be observed, which
is recognized as milestone in spintronics research. A.Fert and mo also received the Nobel prize
for their fist founding of that. The band structure of bulk Cr along the (001) direction calculated
by the layer-Korringa-Kohn- Rostoker (KKR) method is shown in Fig. 1.7 (b). Because of the
mismatch of A, band structure at Er in Fe and Cr, quantum well effect can be expected. See
Fig.1.7. There is no A; band (s band) around the Ey. In the MTJs without a A band (s band), the
electrons are reflected at the Fe/Cr interface, because there are no states (i.e., no A; band)
available for coherent tunneling. .

So far F. Greullet et al, and T. Niizeki et al have observed quantum well effect
experimentally in Cr/Fe/MgO/Fe MTIJs [16], which were deposited by MEB and sputtering
respectively. F. Greullet et al observed small oscillation from dl/dV spectrum and more clear
oscillation from &FLdV?, see F ig.1.8. After their work, T. Niizeki et al observed more clear
oscillation in dI/dV spectrum, see in Fig.1.9. What’s more important, similar with a map of QW
states shown in Ref. 22 (see Fig. 1.10), in the case of a Cu QW observed by photoemission, they
also presented the resonant peak position with the change of Fe thickness and applied voltage,
see Fig 1.11. The periodical peak to dip of dl/dV values were observed, which indicated the
quantum interference modulation characters.

More precise and quantitative discussion is still needed in this research. T. Niizeki et al
demonstrated good agreement from their experiment data with Z.Y. Lu et al calculation, which
assumed 1ML FeO at Fe/MgO interface. However, both of them didn’t have direct evidence for
the formation of FeO at Fe/MgO interface. In addition, no one presented the data of d/dV for
continues thickness of Fe, just show the integer thickness data can not convince people the
change of dl/dV values were modulated by quantum effect. More detail investigation is still

needed for deep understanding.
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L.5. Interface status of Fe/MgO and Cr/Fe

In this sections the author presents the results of experimental and theoretical investigations
of the crystallographic and chemical profiles at the interface of between the epitaxial Fe(001)
bottom electrode and the MgO barrier in Fe/MgO/Fe MTIJs and interface between Cr buffer and
Fe(001) bottom electrode.

1.5.1 Fe/MgO interface (MgO growth on Fe)

In Fe/MgO/Fe MTJs, the interface status is an issue of universal concern, since its effect on
TMR ratio. Extensive investigations were performed by many researchers. Even now for the
case: interface between the Fe(001) bottom electrode and the MgO barrier, is still a
controversial problem. Here the author would like to review the Fe/MgO interface experimental
research results so far. ‘

In 2001 Meyerheim et al. presented the first experimental evidence of an FeO layer between
bottom Fe(001) and MgO barrier, using surface X-ray diffraction {23]. They built their model of
the bottom oxidized Fe interface, with concerning interlayer distances. And then in 2003,
first-principles calculation of the electronic structure and MR ratio of Fe/FeO/MgO/Fe tunneling
junctions with FeO layer at the bottom Fe/MgO interface was done by Zhang et al., with a
detailed comparison to those of pure Fe/MgO/Fe junctions [24, 25]. They argued that an atomic
layer of FeO at the Fe/MgO interface immensely reduces the TMR ratio, because the in-plane
bonding of Fe with O reduces the conductance in the P state, but it has nearly no influence on
the AP state conductance. What’s more, the TMR ratio decreases monotonically and
exponentially with the increasing O concentration in the FeO layer. Theoretical results [24] of
first-principles DOS calculations for the ideal interface and the oxidized interface are shown in
Fig.1.12. With respect to an ideal interface shown on the left of Fig.1.10, A; Bloch states in the
Fe layer couple with A; evanescent states in the MgO barrier in the k; = 0 direction. This
structure with an ideal interface presents a very large MR ratio [5]. For an oxidized interface
shown on the right of Fig.1.12, where there are excess oxygen atoms in the interfacial Fe
monolayer. Since A; Bloch states in the Fe layer do not couple with A; evanescent states in the
MgO barrier effectively, such decoupling shows coherent tunneling of A, states and greatly
reduces the MR ratio [26]. _

After that, more and more analytical techniques have been employed to investigate the
interface characterization of MgO-based epitaxial MTJs, such as Auger electron spectroscopy
(AES), X-ray absorption spectra (XAS), and X-ray magnetic circular dichroism (XMCD).

In 2003, H. Oh and S. B. Lee ef al. investigated the chemical structure of the interface formed

14



during the growth process of MgO deposit on Fe (001) by vibration spectroscopy employing a
high resolution electron energy loss spectrometer [27]. They found direct, spectroscopic
evidence for the formation of FeO layer at the interface that is triggered by the dissociation of
oxygen molecule by deposited Mg. They concluded that FeO cannot be eradicated at the
interface at Fe/MgO. However, their MgO deposition method is that MgO was deposited by
reactive oxidation: Mg was thermally evaporated in a chamber backfilled with oxygen
molecules whose partial pressure was 2 X 10® Torr.

And then in 2005, F. J. Palomares and C. Munuera ef al. studied the chemical nature of the
different interfaces and possible segregation effects in fully epitaxial Fe/MgO/Fe (001) oriented
heterostructures by AES measurement [28]. Their Auger electron spectroscopy depth profiling
experiments suggested that the interfaces of the MgO spacer with the Fe layers are different.
They concluded that the FeO was formed between bottom Fe(001) electrode and MgO barrier
interfacfe, but no evidence of FeO formation at between MgO barrier and top Fe electrode. They
attributed such spatial and chemical asymmetry to the different deposition procedures, which
affect the formation of both interfaces. They also declare that Fe segregation in the MgO layers
or MgO segregation in the Fe films is not observed. In their experiment, the sample was
fabricated by combined sputtering plus laser ablation deposition techniques.

On the other hand, in 2003, M. Sicot, M. Andrieu, and P. Turban et al. investigated the
interface of 6 monolayer (ML) Fe(001) in Fe/MgO bilayers by XAS and XMCD [29], their
results demonstrated that there is a weak hybridization between Fe and O atoms but no evidence
for Fe oxidation. In 2005, K. Miyokawa ef al. provided the evidence for a free Fe oxidization
interface by the XAS and XMCD measurements, which is performed on 1 ML and 2
ML-Fe(001) facing an MgO(001) barrier with (bcc) Co(001)/Fe(001)/MgO(001) structure [30],
see in Fig.1.13. Since the limitation of measurement techniques, in these above experiments no
complete MTJs were fabricated, TMR ratio data were absent, which should also gave evidence
for the possible formation of an FeO monolayer.

In 2007, M. Miiller, F. Matthes, and C. M. Schneider symmetrically investigated electronic

structure study of the MgO/Fe(001) system with ultrathin MgO layers using spin-resolved
' photoelectron spectroscopy [31]. They deposited Fe(001) films by electron beam evaporation
with the substrate held at 400 K. In a following step, ultrathin MgO overlayers of about 1 ML
thickness were grown by depositing metallic Mg in an oxygen backpressure. The Mg level of
oxidation was controlled by offering variable oxygen exposures during growth. They conducted
different oxidation procedures, and found that deposition of Mg with increased oxygen amount
supply resulted in different interface types: Fe/Mg/MgO, Fe/MgO and Fe/FeO/MgO
respectively.

Recently, D. Telesca et al. performed X-ray absorption spectroscopy and X-ray scattering
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measurement to determine the oxidation reactions at the buried MgO/Fe interface as' a result of
the deposition of MgO [32]. They confirmed that less than 1 ML in thickness Fe-oxide was
present at the MgO/Fe and MgO/CoFe interfaces. Their samples were prepared by sputter
deposition using a combination of ion-beam and magnetron sputtering at room temperature in
precisely the same way as the MTJ samples reported earlier. ‘

What is worth mentioning, P.J. Zermatten et al performed systematic electrical
measurements on sets of two MTJs with and without a p(1x 1)-O monolayer at the Fe/MgO
interface. The FeO interfacial layer was obtained by introducing molecular oxygen through a .
leak valve and adsorbed at RT on the free Fe(001) surface of sample. The adsorbed amount was
controlled in real time by X-ray photoelectron spectroscopy (XPS), so they could stop the
deposition immediately after the adsorption of one oxygen monolayer. Subsequent annealing is
performed at 925K (both samples were annealed) resulted in the p(1x 1) ordering of the oxygen
overlayer. In agreement with theory, the FeO layer reduces the conductance in the P
configuration by one order of magnitude, equivalently to the addition of two MgO layers. In
addition, their study showed that the presence of interfacial FeO can be inferred from the value
of the RA (Resistance and MTJ Area) product. Based on their result, there is no Fe oxide at the
Fe/MgO interface when MgO is growth on Fe without intentional oxygen absorption [33].

In short, so far people still not reach consistent conclusion about the extent of Fe/MgO
interface oxidation for MgO growth on Fe buffer. However, it is clear that the presence of Fe
oxide or not at Fe/MgO interface depends on the deposition condition. The author believes that
epitaxial deposition of Fe and MgO by electron beam evaporation at room temperature, Fe

oxidization can be avoided. The author will discuss this point in the later part of this thesis.
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Fig. 1.12

The partial density of states at the Fermi energy due to the A, state in the majority spin channel
near the interface region. Left panel, without the FeO layer; right panel, with the FeO layer.
Adapt from Ref. [24].
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Fig. 1.13

X-ray absorption spectra (XAS) and X-ray magnetic circular dichroism (XMCD) spectra at
Fe-L, 3 edges in samples (a), (b) and (d). The XAS spectra of these samples were measured at
magnetic fields (B) of =3 T, =3 T and %5 T, respectively. The XAS spectra of sample (c)
was measured at B =0 T. Adapt from Ref. [30].
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1.5.2 Cr/Fe interface (Fe growth on Cr)

As the interface research between Fe(001)/Cr(001), exchange coupling at the interface
between ferromagnetic (FM) and antiferromagnetic (AF) materials, such as Fe/Cr(001)
sandwiches and superlattices have attracted much attention not only from a practical application
to spin-electronic devices but also from a physical point of view, because they present giant
magnetoresistance (GMR). People found that AF—FM interfaces are not always ideal and the
microscopic interface structure plays a crucial role in exchange coupling. It is important to have
a better understanding of the interface formation and of its electronic structure.

Generally, the interface status for Fe(001) deposited on Cr(001) is different from the case of
Cr(001) deposit on Fe(001). Since the author’s work is related with Fe(001) deposit on Cr(001)
buffer, here the author will only review the research of interface between Cr(001) buffer layer
and Fe(001).

In order to gain further insight into it, detailed information on surface and interface structures
including chemical analyses is important for understanding these mechanisms. Microscopic
investigation of the growth of Fe films on Cr(001) by using scanning tunneling microscopy
(STM) is a powerful way to research such problem.

In 1999, Y. J. Choi et al. observed surface alloy formation of Fe on a Cr(001) surface by a
UHYV scanning tunneling microscope [34]. When they deposited Fe of less than 1 ML at room
temperature and subsequently annealed the substrate at temperatures between 200 °C and 300
°C, they found that Fe atoms incorporate into the Cr(001) surface, forming a well-ordered
surface alloy of FeosCros. Incorporated Fe atoms are identified by the difference in tunneling
currents at the bias voltage of the Cr surface state and at that of the Fe surface state. The alloyed
area can also be differentiated by measuring the change of the work function at the alloyed
region from that at a bare Cr surface. Since Fe has a localized surface state just above the Fermi
level and Cr has one just below the Fermi level, one can distinguish Fe atoms from the Cr
substrate if the tunneling voltage is set at the Fe surface state. Beside the alloy formation at the
low Fe coverage, they also concluded that layer-by-layer growth of Fe layers can be achieved at
the Fe coverage of ~1 ML by annealing the sample at 250 °C, see Fig.1.14 and Fig.1.15.

In 2003, R. Ravli¢,M. Bode and R. Wiesendanger studied the growth of Fe on Cr(001) as well
as the dependence of the electronic and magnetic structure on the Fe coverage by spin-polarized
scanning tunneling microscopy [35]. Their results revealed an almost perfect layer-by-layer
growth for 6 < 1.48ML and for 6 > 3ML. In the intermediate coverage range (1.48ML< 6 < 3
ML) the simultaneous growth of second and third ML islands is observed. Fig. 1.16 shows the
typical tunnelling spectrum of the c¢(2x 2)-ordered Fe/Cr alloy as a reference. What is worthy of

note, they found the Fe films on Cr(001) are unstable against intermixing even at RT. This is’
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shown by time-dependent topological and electronic structure investigations (see F ig.1.17). In
2006, Takeshi KAWAGOE et al. presented the growth and tunneling d//d¥ spectra of ultrathin
Fe films (0.5 < Fe < 2ML) on Cr(001) substrates, together with the magnetic imaging of the
Cr(001) film, by STM combined with spectroscopy. They have never observed a double-peaked
dZ/dV spectrum, as observed for the Cr—Fe ordered alloy, see Fig 1.1.18 (a) and (b). These
results indicate that the ultrathin 2ML Fe(001) film is not subjected to appreciable intermixing
or alloying with Cr just after annealing at 300°C. They concluded that the RT growth and
postannealing at 300 °C of 2ML Fe films on this Cr(001) film provide atomically flat and
chemically clean surfaces and the first Fe layer is most likely affected by the intermixing with
the Cr atom [36].
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(b}

Fig. 1.14

Surface alloy by incorporation Fe atoms into Cr matrix. There can be seen the Fe atomic rows, which
are brighter than Cr bare terraces and darker than Fe islands with 1-ML height. The incorporation of
Fe atoms started from island or step edges. When the annealing temperature is 300 °C, the alloyed
area was found on the terrace. (a) 7=200 °C, (b) 7=300 °C, (c) close-up view of the alloyed area'in
(b). All the images were taken at the Fe surface state (¥;=0.3 V) and the image sizes are 180X 180 A
except (c). Additional black and white lines appear along the step edges in the process of enhancing

the image contrast. Adapt from Ref. [34].

(b)

Fig. 1.15

Identification of different elements in the alloyed regions using surface states. (a) V=0.3 V (Fe
surface state), (b) ;=-0.2 V (Cr surface state). The contrast of the atomic row marked by an arrow is
reversed as the sample bias is changed from 0.3 to -0.2 V. The image sizes are 80x90 A and
T=200 °C. Adapt from Ref. [34].
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Fig. 1.16
Typical tunnelling spectrum of the ¢(2x 2)-ordered Fe/Cr alloy with its characteristic double

peak structure. Adapt from Ref. [35].
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Fig.1.17
Thickness-dependent electronic structure of Fe films on Cr(001) shortly after (left column) and
one day after preparation of the sample (right column) as measured by STS using a non-magnetic
W tip. For better visibility different STS curves have been shifted by a constant offset relative to
each other. At low coverage (6< 1.2ML) the electronic structure of the substrate and the first ML
are similar to that of the clean Cr(001) substrate, i.e. with a single peak at EF. At higher coverage
(6>1.9ML) the peak shifts to U = +0.2 V. One day after preparation the d//dU spectra of layers
closest to the Fe/Cr interface have changed. Now, a double peak structure being characteristic for

an ordered Fe/Cr alloy is visible. Adapt from Ref. [35].

22



oo
~—
==
[--}
~—
pa
o

‘ iun Crﬂ;ﬂl)
1.6} ] |
21.4 ! )
c =
=2 = |
1.2 . g 1
o ‘ o
1™ T
L) | L)
- 1L ] [ % :
= ; = 1‘ -
S ~ ||
.—,_.‘l).ﬂ1 - = '
‘ 0.5} ‘ 4
0.6 . Y
‘-
0.4 L . . 0 - . . ;
-0.8 -0.4 0 0.4 0.8 -0.8 -0.4 0O 0.4 0.8
Sample Bias (V) Sample Bias (V)

Fig. 1.18

(a) Average dI/dV spectra of ultrathin Fe films on Cr(001) for Fe =IML with T;,,= 200 °C and Fe
= 2ML with T, =300 °C. (b) Average d//dV spectra of Cr(001) film and ultrathin Fe film (2 ML)
with Ty, =300 °C on Cr(001) film. Adapt from Ref. [36].
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CHAPTER 2 EXPERIMENT METHOD

The author’s experiments were performed in Prof. Yoshishige. SUZUKI laboratory, Graduate
School of Engineering Science, Osaka University, except the X-ray absorption spectroscopy and
magnetic circular dichroism measurements were conducted on beamline BL25SU at SPring-8

synchrotron.
2.1 Thin film deposition and thickness calibration

The author deposited all of the epitaxial MTJs films and other multilayer junction films by
molecular beam epitaxy (MBE) method.

2.1.1 Thin film deposition process

Cleaning process: a single crystal MgO(001) substrate was cleaned by acetone and |
2-propanol solvents in ultrasonic washing bath to remove the contaminants. And then, it was
degassed at 600°C for around 45minutes in the MBE introduce chamber with high vacuum
(base pressure ~107 Pa) which connect with the growth chamber of MBE to remove the
adsorbed impurity atoms and molecules.

Deposition process for MTJs: Fully epitaxial MTJs consisting of Cr(001) (40 nm)/wedge
shaped ultrathin Fe(001) (0-12 ML)/MgO(001) barrier/top Fe(001) (4 nm) were grown on
MgO(001) substrates with a base pressure of 6x107® Pa (see Fig. 2.1).

At first, 10nm MgO seed layer was deposited and then annealed at around 200 ~300 °C to
improve the morphology of the substrate surface. After that, 40nm Cr was deposited at room
temperature and then annealed at ~350 °C for 30 minutes and then cool down to room
temperature to obtain very flat surface. Next step, the ultrathin Fe wedge layer was deposited at
room temperature. It was grown by moving a rectangular shutter linearly with constant speed.
One of the quadrate substrate edges was adjusted parallel to the shadow of shutter edge before
Fe deposition (see Fig.2.2). The ultra thin Fe layer was usually post-annealed at ~250 °C for 20
minutes. The author also investigated the case without annealing. It will be discussed in the next
chapter. For the 2nm MgO barrier and top 4nm Fe layers, both were deposited at room
temperature annealed at ~250 °C for about 20 minutes. This layer was coupled with Cr/Fe to
obtain an antiparallel magnetization configuration. Both of Cr and Fe was deposited at ~200 °C.
Such Fe/Cr/Fe is a synthetic antiferromagnet exchange coupling structure with higher coercive
force. After all of the above deposition, the sample was annealed at ~250 °C for about

15minutes. In the end, 20nm Au was deposited as cap layer at room temperature.
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Deposition process for Cr/ultrathin Fe/MgO junctions for MOKE and XAS and MCD

measurement: the deposition process is the same as it use for MTJs, excerpt for XAS and MCD
measurement case, the ultrathin Fe was not annealed after deposition.

MgO (2nm)
Fe Wedge:
0.3-1.62nm

Cr (40nm)

MgO Buffer

Fig. 2.1

Fully epitaxial MTJs layered structure: consisting of Cr(001) (40 nm)/wedge shaped
ultrathin Fe(001) (012 ML)/MgO(001) barrier/top Fe(001) (4 nm)

Substrate

«—
e e A e T e P e ]
\

| Shutter

Fe source
Fig. 2.2

Illustration of Fe wedge deposition. The arrow indicates the movement direction of
shutter during deposition.



2.1.2 Thin film thickness calibration by RHEED

As we know that, RHEED is an extremely popular technique for monitoring the growth of
thin films. In particular, RHEED is well suited for use in molecular beam epitaxy, we can
observe the deposition process to form high quality, ultrapure thin films under ultrahigh vacuum
growth conditions.

The intensities of individual spots on the RHEED pattern fluctuate in a periodic manner since
the relative surface coverage of the growing thin film. Fig.2.3 shows an example of the intensity
fluctuating at a single RHEED point during our MBE growth. Thickness monitor calibration
. based on such oscillations of RHEED, high precise of the thickness can be obtained.

X
]
3

Fig.2.3
RHEED Oscillations for Fe at different spots positions.

Different colors indicates different positions.
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2.2 Sample preparation: Microfabrication

To fabricate MTJs, microfabrication is very important. The design of the MTJs size and
patterﬁ,location has an effect on our measurement result. In this section, the author presents the
details of MTJs moicrofabrication process and the design of them.

After the films were deposited by MBE technique, they were fabricated into tunnel junctions
in Osaka University.

Firstly, 150ml TGMR- a kind of the electron-beam negative resist was dropped on the
multilayer sample. The sample was spun by spin coater at 1000 rpm and 4000 rpm for 5seconds
and 60 seconds respectively. And then it was hardened by baking at 110 °C for 90 seconds. Then .
by using e-beam lithography, the hardened TGMR covered on sample was exposed.
Subsequent post baking was conducted at 120 °C for 90 seconds. After that the resist was
developed by NMD-3 to form the designed electrode pattern. In the end, Ar ion milling and
lift-off processes were conducted. The films were etched into the bottom MgO buffer layer.
Since the TGMR performed as a hard mask, patterned bottom electrode can be obtained.

Seconcily, the same processes for MTJ pillars (for example: sizel x 2 um?) as a rectangular
matrix of lines which was drawn by e-beam lithography in the TGMR resist, were also
performed. The wafer with the hard mask was then etched into MTJ stacks using Ar ion beam
milling. The films were etched through from the top Au electrode until to the MgO barrier. The
etching depth could be detected by using ion milling probe (IMP-301) based on secondary ion
mass spectroscopy system. We could stop etching at the MgO barrier layer, when MgO signal
was detected. Then the entire sample surface is covered by a sputtered insulator layer SiO, of
around 9 nm thickness. Lift-off process was conducted to remove SiO, layer with the TGMR
resist and produced contact holes on top of MTIs pillar pattern areas. The MTIs pillar pattern
design can be see in Fig.2.4.

Finally, the patterned stacks were capped with Cr(Snm)/Au(60nm) double layers. After the
similar process as written above, top electrodes can be obtained. The final structure is a large
array with 450 MTJs patterns on each substrate (see Fig. 2.5) after e-beam lithography and Ar
ion beam milling,.

By using the wedge-shaped ultrathin Fe layer grown on the same substrate, the ultrathin Fe
thickness dependences of MTJs conductance could be systematically measured with the

negligible error in Fe thickness among MTJs in the same row.
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Fig. 2.4
SEM pictures of MTJs pillars with 5 different sizes:
(2)0.75x2, (b)1x2, (c)1x3, (d)1x1.5, (€)0.5x2 with unit in yum®.
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Fig. 2.5
Schematic illustration of top view of sample patterns matrix design. The yellow square

indicates the MTJ pillar.
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2.3 Measurement methods

The author’s study for quantum well effect and interface status involved dynamic
conductance measurement (dl/dV measurement), Magneto-optic Kerr effect (MOKE)
measurement and XAS and MCD measurements.

dl/dV measurement:

dl/dV spectra essentially show a parabolic curve added to a constant conductance. The
parabolic increase in dynamic conductance in the high bias region is a consequence of nonlinear
conductance in the tunneling junctions [36]. In general, unoccupied states rather than occupied
states contribute to the dynamics conductance. Throughout the thesis, the voltage sign is defined
with respect to the top electrode, which means that for positive (negative) voltage, electrons
tunnel from (to) QW states below (above) the Fermi level. Therefore, in this measurement, since
the tunneling electrons flow from the top Fe layer to the bottom Fe ultrathin layer under
negative bias, the electronic structure of the ultrathin Fe[100] layer can be effectively observed
in the negative bias region (see Fig.2.6). The QW states formed in the ultrathin Fe layer can be
indicated by the oscillation of dI/dV curve. The details will be discussed in Chapter 3.

We detected dl/dV signal‘s with an I~V converter (OPA627BM operational amplifier), a
preamplifier (SEIKO EG&G, Model 5186), and a lock-in amplifier (Stanford Research Systems,
Model SR830) (see Fig. 2.6). The dI/dV signals were converted as follows:

Vi= 5—; X Ry Vac
where the definitions of the ac synchronic signal Vy, current I, the dc bias voltage V, the ac
modulation bias voltage V. and the resistance Ry are shown in Fig. 2.7.

For our discussion of QW effects, dynamic conductance curves (dl/dV) were measured using

the conventional lock-in modulation technique at room temperature. The modulation voltage

was 1 mV and the frequency was 1.30 kHz.
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Fig. 2.6
Band diagram for Cr/ultrathin Fe/MgO/Fe MTJs. The arrows indicate the DOS of Fe electrode
detected corresponding to the dI/dV formula.
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Fig. 2.7

Schematic diagram of bridge circuit used for measuring dI /dV spectra.
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Magneto-optic Kerr effect (MOKE) measurement was conducted by the author to study
the magnetic property of the ultrathin Fe layer deposited on 40nm Cr(001) buffer. The
measurement setup can be seen in Fig. 2.8. The measurement setup includes following parts:

Laser source: a Helium Neon Laser was used to generate a light beam.

Polarizer: Convert the light of laser source to linear polarization.

PEM (Photoelastic Mosulator): PEM is a transparent quartz bar to which is applied a
sinusoidal vibration, though a piezo-electric component: an electrical signal is applied to
piezoelectric transducers that induces mechanical strain and is transferred to the quartz bar. An
input linearly polarized beam becomes elliptically polarized at the output of the modulator.

PEM operates with quarter-wave retardation A/4 mode and the frequency of vibration is 42 kHz.

Lens: Converging lens is used to focus the laser beam. The elliptically polarized light is
concentrated in small area in surface of sample. The reflected light after interacted with
magnetic layer of sample can be rotated proportional to magnetization of thin films.

Analyzer: Filter the reflected light and achieve the linear polarized light in output. The
change of polarization of light is proportional to intensity of light filtered by analyzer.
Photodiode: Change the intensity of light to electric signal.

Lock-in amplifier: Electric signal of photodiode is measured by Lock-in technique. The
Lock-in amplifier receives the referent signal from sinusoidal vibration of PEM. The electric
signal of photodiode has the same frequency with that of PEM and easily to be obtained by
Lock-in amplifier with high sensitivity and low noise.

Electromagnet: Providing the uniform magnetic field to the sample.

Magnetic hysteresis loops of ultrathin Fe film was measured by using the MOKE in a
longitudinal configuration. The voltage dependence of the hysteresis was detected either by a
direct observation of Kerr ellipticity, ng, signals for different bias voltages, or by a lock-in
detection of the small change in Kerr ellipticity with respect to an applied bias voltage
modulation, dng/dV. The modulation amplitude and frequency were 160 V (peak-to-peak) and
37 Hz, respectively.
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Figure 2.8

MOKE measurement setup with longitudinal configuration diagram.
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XAS and MCD measurements are a very powerful method to investigate the investigation
of exchange anisotropy and other interfacial magnetic phenomena.

X-ray absorption spectroscopy is a general name for all X-ray absorption spectroscopy.
Common used techniques are XANES (X-ray absorption near edge structure) and EXAFS (Extended
X-ray absorption fine structure), which are distinguished by their different energy region. XANES
can be applied on determine the oxidation state and coordination, so widely used in transition metal
complex study. EXAFS is more sensitive to the local structure of atoms enable it used to determine
crystal structure without perfect long-range order. The application of XAS will be related to several
fields, especially biochemical, environmental, and catalysis chemistry.

XAS follows the principle of investigating the difference between the intensity of incidence light
and transmitted light. As showing in Fig.2.9, when the X-ray interact with a sample, several
interaction occurred, including scattering, fluorescence light emission, Auger emission, and
transmission. So XAS will have different detection mode by different purposees. In transmission
mode, XAS detect the transmitted X-ray, which then can tell the types of atoms due to different
absorption edge energies for different atoms. See Fig.2.9.

Suppose the incident intensity of X-rays is I, the transmitted intensity is I, a fixed thickness of
sample is x, XAS will obey an equation: In(Iy/T) = px, Different types of atoms will give different
value of .

When the X-ray is “absorbed”, what really happened is the radiation knocked the inner electrons
out of the atom, which is continuum state, and then gives out as photoelectron. The energies used to
overcome different layers of binding energy are absorption edge. The absorption edge is named by
the orbital shell the electron coming from. So K edge is the transition that electron was excited from
1s orbital, and L edge if electron was excited from 2s, 2p, M edge if electrons excited from 3s, 3p, 3d
as shown in Fig. 2.10. '

For light elements, the energy of K edge is not high so usually it is available. But for heavy
element, such as many transition metals, especially late transition metals, the energy of K edges are

too high to find proper X-ray source. In that case, L or M edges will be used to investigate samples.

X-ray magnetic circular dichroism (XMCD) is a difference spectrum of two x-ray absorption
spectra (XAS) taken in a magnetic field, one taken with left circularly polarized light, and one with
right circularly polarized light. In other word, the circular polarized x-ray is used to measure the
difference in absorption. Nowadays, since the development of synchrotron radiation sources,
XMCD is a commonly used technique. XMCD is based upon absorption of core electrons with
well defined absorption edges. Consequently, the magnetic properties of different element
present in the investigated sample can be separated, which is a big advantage compared to

techniques that provide information about the average magnetic properties of a sample. Another
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advantage is that by measuring the difference in x-ray absorption between left and right
polarized light and using the so-called sum-rules, it is possible to get separate quantitative
information about the spin magnetic moment and the orbital magnetic moment. Due to the mean
free path of the electrons, XMCD is a surface sensitive technique.

By closely analyzing the difference in the XMCD spectrum, information can be obtained on the
magnetic properties of the atom, such as its spin and orbital magnetic moment.

The magnetic properties of the 34 transition metals are mainly determined by 4 electrons.
Such as the ferromagnets Fe, Co and Ni, the combined 4s and 4p contribution to the magnetic
spin moment is less than 5% and the orbital magnetic moment is entirely due to the d electrons.
The absorption spectra for XMCD are usually measured at the L-edge. Corresponding to the process
in the iron case: with iron, a 2p electron is excited to a 3d state by an x-ray of about 700 eV. Since
the origin of the magnetic properties of the elements are 3d electron states, the spectra contain
information on the magnetic properties.

The properties of 3d-electrons are best probed in an X-ray absorption experiment by
excitation of 2p core electrons to unfilled 3d states as shown in a simple one-electron picture in
Fig.2.11. X-rays allow elemental speciﬁcity because of the different 2p binding energies. There
are six sum rules which link polarization dependent p — d X-ray absorption intensities to
ground state properties of the d shell. Three sum rules link angle and polarization dependent
X-ray absorption intensities to anisotropic d-shell properties: the charge density, the spin density
and the angle-dependent orbital moment. Three others allow the determination of
angle-integrated d-shell properties: the number of d holes, the magnetic spin moment, and the

orbital magnetic moment, see Ref. [38] and reference therein.

XAS/MCD were introduced by the author for the interface research to confirm whether there
was FeO, at the Fe/MgO interface or not. XAS/MCD measurements were performed on
beamline BL25SU at SPring-8 synchrotron. The total electron yield absorption spectra was
measured under a magnetic field of 1.9 T applied 70° from the surface normal, and with an

X-ray incidence of 60°.
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(a) Schematic illustration and (b) energy diagram of X-ray absorption process.
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Transitions resulting from absorption of X-ray
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Fig. 2.11

Electronic transitions in X-ray magnetic circular dichroism illustrated in a one-electron model.
The transitions occur from a core shell (typically L shell) to empty conduction band states above
the Fermi level, labeled Er. The band occupation is shown here for an external magnetic field in
the “down” direction. i.c. ||-z. Also shown is the correlation of the helicity and wavevector &
for right and left circular polarization and the photon spin directions. If the light is incident in the
+z direction. The photon spin for right circularly polarized light is “up” and has the value +4. The
dichroism intensity is defined as the difference between a spectrum obtained with antiparallel
relative orientation of photon spin and external field direction and a spectrum with parallel

relative orientation. Adapt from Ref. 38.
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CHAPTER3 EXPERIMENTAL RESULTS, ANALYSIS
AND DISCUSSIONS

3.1. Systematical investigation of QW effect for continues Fe thickness

In this section, the author describes the experiment details for QW effect research, discusses

and analyzes the characteristic QW effect systematically.
3.1.1. Experiment details for QW effect investigations

- In this study, the author fabricated fully epitaxial Cr/ultrathin Fe/MgO/Fe junctions by
molecular-beam epitaxy (MBE) and investigated the influence of post-annealing treatment for
the ultrathin Fe layer on the QW effects.

Fully epitaxial MTJs consisting of Cr(001) (40 nm)/wedge shaped ultrathin Fe(001) (tg. =
2-12 ML)/MgO(001) barrier/top Fe(001) (4 nm) were grown on MgO(001) substrates with a
base pressure of 6x10~ Pa (see Fig. 3.1). The ultrathin Fe layer was prepared by post-annealing
at ~250 ° C (sample B). For the MgO and top Fe layers, both samples were annealed at ~250 °C.
The MgO thickness is 2.0 nm.

For the discussion of QW effects, first-derivative conductance curves (dl/dV) were measured
using the conventional lock-in modulation technique d/dV curves under a magnetic field of H =
1.6 kOe at room temperature. The voltage sign is defined with respect to the top electrode,
which means that for positive (negative) voltage, electrons tunnel from (to) QW states below
(above) the Fermi level.

The modulation voltage was 1 mV and the frequency was 1.30 kHz. The measurement details
can be seen in Chapter 2.3 of this thesis. Because the wedge-shaped ultrathin Fe layer was
grown on the same wafer, we could know the correct thickness in which large QW oscillations

are observable.
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Fig. 3.1
Sample structure of Cr(001)/ wedge shaped ultrathin-Fe(001) (2-12ML)/ MgO(001)/ Fe(001)

magnetic tunneling junction.
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3.1.2. Fe thickness calibration and influence on d/dV spectra

In order to get an accurate knowledge of the Fe thickness, the Fe deposition rate was
calibrated by RHEED intensity oscillations on additional samples with uniform Fe thickness.
This calibration work is important for our research, since the sensitivity Fe thickness influence
on dl/dV curve. _

An example, for a nominal Fe thickness of 9.05 ML, is given in Fig. 2. The oscillations show
a period of 1 ML, which does not change with time. In addition, the oscillations are gradually
damped and almost disappear after 8—9 ML. This damping oscillation amplitude originates from
derivation from layer by layer growth. Therefore, a given nominal thickness corresponds to an
average of some distribution of integer thicknesses. Improvement of the RHEED pattern upon
annealing reflects the flattening of the surface and reduction of thickness distribution.

The inset of Fig. 3.2 shows the dI/dV curve of the corresponding MTJ (with 9.05 ML-thick
Fe). A clear QW-related peak is observed around zero voltage in the dI/dV curve. We measured
such dl/dV spectra for every MTJ of our sample with the Fe wedge. Fig. 3.3 (a) shows five
curves for non-integer Fe thicknesses ranging between 8 ML and 9 ML. It can be seen that
conductance oscillations are strongly sensitive to the thickness. In general, with increasing
thickness, a peak vanishes (e.g. at +0.2 V in Fig. 3) while another grows (at -0.1 V). However, a
shift to lower voltages is also observed, it is particularly obvious at large negative voltages. The
peak positions are defined as the voltages at which the spectra show their local maxima.

Fig. 3.3 (b) shows the dl/dV curve of sample with 20nm thick bottom Fe, the curve shows the
normal parabola shape without strong oscillation. Such result can be attributed to the absence of

QW state since the large thickness of Fe.
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3.1.3. Ultrathin Fe(001) layer thickness versus the QW resonant peak positions

A detailed investigation of QW states in MTJs with a wedge-shaped Fe layer is discussed
here. The QW states are continuously mapped as a function of applied voltage and nominal Fe
thickness, since dI/dV spectra for every MTJ of our sample with the Fe wedge were measured.

Fig. 3.4 shows all the dI/dV spectra measured along the wedge, providing a map of the QW
states as a function of voltage and Fe thickness. The pattern is clearly spotted, with conductance
maxima occurring exactly at integer thicknesses. Some intensity is seen between certain pairs of
spots, resulting in the apparent continuous shift of the peaks to lower voltages while increasing
the thickness.

As shown in Ref. 22 (see Fig. 1.10), in the case of a Cu QW observed by photoemission. The
displacement of intensity maxima when varying the thickness was very similar to the present
report. However, a major difference with our results is that, in Ref. 38 no maxima were
observed at integer thicknesses. We propose two possible reasons for this difference: first, due
to annealing, the actual distribution of thicknesses may be narrower in our films, which should
yield conductance maxima at integer thicknesses; and second, we cannot deny the possibilities
due to band structure details and discussed in Ref. [22, 39, 40]. We will discuss this point in the
later section.

Based on the study of QWs, we also can discuss the electron mean free path in Fe at Fermi
level for the electrons with majority spin A; symmetry.

Theoretical calculation gives the expression of MTJ conductance (G) at parallel configuration
as:

G=G,+A cos[2kzd +¢0]e'3’“1 (1)

For the Fe/MgO/F e(OOi) MTJs case, here k, means electron wave vector along I'-H direction.
d denotes the bottom Fe thickness (ML), x”' denotes electron mean free path in Fe with majority
spin A, symmetry. Equation (1) indicates that electron scattering damps oscillation exponentially
with damping factor 3x.

The fitting curve in the right panel of Fig. 3.4 can be expressed as:

G=0.00593+0.00301cos[2*0.476907d +1.4887 11 ]e®***'* )

Compare formula (1) and (2), we can easily deduce that:

G, =0.00593(S), A = 0.00301(S), k, = 0.476907(ML"), ¢, =1.48871x,
k' =3x9.92199(ML), so k' ~ 30ML or 4.3nm.

That means at Fermi level the mean free path of electrons with majority A, state in Fe is
around 4nm. This length is significantly longer than the other literatures reported before as

around 1nm [17,41]. The longer mean free path reveals better crystal structure with less crystal
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defect in our sample. Since the k' can be influenced by crystal defect or film flatness, we are
not sure our result reflects the real electron mean free path in Fe at Fermi level for the electrons
with majority spin A, symmetry. It may even longer if Fe film with better crystal structure and

enhanced flatness is obtained.
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Left panel: Measured dI/dV values of Cr/Fe(d)/MgO/Fe MTIs as a function of Fe thickness d and
applied voltage. Black dots: First-principles calculation from Ref. 20 for the
Cr/Fe(d)/FeO(1)/MgO/Fe structure, where n and 1 are thicknesses in ML.

Right panel: Ultrathin Fe thiékness dependence of conductance at 0 V, with the same vertical axis
as that in left panel, indicating Fe thickness. Black dots: our experiment data. Red curve: fitting

data. The color bar denotes the dI/dV values.
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3.1.4. Correlations between Fe-QW and the Fe A; T band

From Fe-QW research, the Fe A, T band structure can be obtained. The discussion and
analysis is presented in this section.

At Fermi level, the conductance (at zero bias) exhibits clear oscillatory behavior, as shown in
Fig.3.5. We can easily read off the quantum resonance period (p) from the length between the
intensity maxima are observed at 0 volt, as indicated by double-head arrow in Fig.3.5. By
averaging all the 3 periods data, we got p=2.1+0.2 ML (1ML=ag.=a/2=1.433 A, which denotes
the lattice constants of bce Fe) at zero voltage.

The period of these resonates corresponds to half the wavelength of a quantum-well state, like
for the interference fringes of an optical interferometer (see in Fig.3.6). By using the relation as
follows: p= A/2 (here A denotes the envelope wavelength, which indicates that Fe A;1 wave is
modulated by Bloch functions, since the presence of a periodic Fe atomic potential). We can
derivate the wave vector & of the so-called envelope function. This envelope function modulates
a rapidly oscillating Bloch wave function that is derived from band-edge states in the quantum
well. Then it can be expressed as:

keny =kpz-kr= 21t/A =nt/p =0.4720.05 kpz (ksz=2w/a units)

This yields a Fermi wavevector k = 0.53+0.05 kp;. Theoretically [10], a value of k = 0.44
ksz is expected, see Fig.3.7 (a). Our larger value may reflect weaker band dispersion due to the
reduced dimensionality.

In addition, by using Fourier transform, the entire Fe A,1 bulk-band structure can be obtained
from QW states at different voltages as shown in Fig.3.7 (b). A good agreement was obtained
with the theatrical calculated band (see in Fig.3.7(a)).
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A; Band diagram in Cr/ultrathin Fe/MgO QW structure.

The period of these oscillations corresponds to half the wavelength of a quantum-well state,
like for the interference fringes of an optical interferometer. Oscillations of the conductance
intensity with quantum-well thickness, measured at the two energies that are indicated by

arrows.

46



2.0 -

1.5
T in 2
o, <
5 os] 3.
2
i 0.0

-0.5 -
-1.0 - L et .
000 025 050 075 1.00
@ T k,(2x/a) H
Fig.3.7

Band dispersion of bee Fe in the (001) (I'-H) direction.
(a) First principle calculation obtained. Adapt from Ref.10.
(b) Our experiment data obtained. White line denotes the theatrical Fe A, band as show in the thick

black line in (a).

47



3.2. Interfaces status investigations and influence on the QW effect

We now discuss the values of resonant energy positions. In this aspect, our results agree well
with the experimental work done by T. Niizeki et al. [17]. In particular, conductance peaks are
observed near zero bias for odd Fe thicknesses. An ab initio calculation, which assumed that 1
ML FeO was present at the Fe/MgO interface, predicted the resonant peaks positions [20],
indicated by filled black circles in Fig. 3.4. There is systematically a 1 ML difference with our
findings. The origin of such discrepancy will be discussed in this section.

Ideally, one should compare our results with the theory for the same Cr/Fe/MgO structure,
but the calculations without FeO have not been made so far. A possible reason for this 1 ML
difference could be the presence of an “invalidated” Fe layer at either the Fe/MgO interface (Fe
oxidization) or at the Cr/Fe interface (intermixed layer). Indeed, FeO, or FeCr, layers could

form additional potential barriers for A, states, thereby reducing the QW thickness.
3.2.1. MOKE measurement in Cr/Fe (0-12.6 ML)/MgO (2 nm) sample

In order to study the interfaces in our samples, we measured the magneto-optical Kerr effect
(MOKE) of a Cr/Fe (0-12.6 ML)/MgO (2 nm) sample (see Fig.3.8), which was grown in the
same conditions as those used for our MTJs.

We measured 19 points from bottom to the top of sample. The measurement diagram can be
seen in Fig.3.9.

All the MOKE measurement data can be see in Fig. 3.10. Obviously change can be observed
since the increase of total magnetic moment in Fe films.

Fig. 3.11 shows a linear decrease of the MOKE signal when decreasing the Fe thickness. The
error bar gives the range of possible error, which may due to the unstableness of deposition ratio,
laser point size and so on.

The signal drops to zero at a finite thickness of 1.7£0.2 ML, which strongly suggests the
presence of a nonmagnetic layer at the interface. This layer could be either an Fe-Cr alloy or an

Fe oxide.
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Fig.3.9
MOKE measurement at longitudinal configuration. The arrows indicate the laser and

magnetic filed direction respectively; spots indicate the measurement positions.
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3.2.2. Interface status investigation by XAS and MCD measurement

To gain further knowledge on the interfaces, XAS and XMCD measurements were conducted
on Cr/Fe(1.5 MLYMgO(1 nm) (sample A) and an MgO/Fe(30 nm)MgO(1 nm) reference
sample for bulk Fe (sample B). These samples were grown in the same conditions as those in
which the MTJs were grown, with the exception that the 1.5 ML-thick Fe film was not
annealed.

The bottom panel in Fig, 3.12 shows our measured Fe L,, ; edge spectra. The pre-edge
XAS values were set to zero and the curves were normalized to the same L; intensity. Due to
the extended X-ray fine structure (EXAFS) of Cr, the baseline of sample A exhibits strong
oscillations which prevent the application of sum rules. We therefore restrict our discussion to a
qualitative analysis. The upper panel in Fig. 3.12 shows reference spectra of metal Fe and Fe
oxides from Ref. 42, As can be seen, the XAS lineshape is very sensitive to Fe oxidation.
Spectra of samples A and B have a very similar lineshape and no multiplet is observed.
Therefore, we can directly exclude the presence of Fe,O; and Fe;O,4 oxides. The main difference
between both spectra is the MCD reduction by roughly 40% in sample A, which means a similar
reduction in the magnetic moment. There could be several explanations.for this: (i) The
presence of antiferromagnetic FeO at the Fe/MgO interface. However, the characteristic L;
pre-peak and L, structure of FeO (upper panel in Fig. 3.12) are not observed in our spectra.
Therefore, given the very small amount of Fe in our sample, we can rule out the presence of any
Fe oxide at the Fe/MgO interface. This result agrees with previous studies [30, 33, 43]. (i) A
reduced Curie temperature in ultrathin Fe [44]. (iii) An intrinsic reduction of the magnetic
moment at the interfaces. Such reduction is expected at the Fe/Cr interface [45, 46], whereas an
increase has been predicted and measured at the Fe/MgO interface [30,47]. (iv) Intermixing
with Cr, possibly place exchange at the interface. Fe-Cr intermixing at room temperature has
actually been reported in Ref. 33 and is expected to reduce the Fe magnetic moment [48]. The
presence of an interfacial Fe-Cr alloy could account for our transport, MOKE and MCD results.
In MOKE measurements, the magnetic signal vanishes for Fe thicknesses below 1.7+0.2 ML.
However, we observe a sizable MCD signal with 1.5 ML of Fe. This disagreement is possibly
due to the annealing process for the sample measured by MOKE, which may increase the Fe-Cr
intermixing. The effective thickness of Fe QWs could be reduced because of this interfacial

Fe-Cr alloy.
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3.2.3. Fe-QW state features analysis

We would like to give an explanation for the features of QW state in crystalline Fe.

As we know the phase accumulation model (PAM) has worked very successfully in the
elucidation of QW state energies in metallic thin films based on photoemission measurement
results, such as thin Ag on Fe(001)[39,49], Cu on fcc Co(001) [22,40,49] and so on. Here the
author applied the same method to analyze Fe-QW state, and compare the results with
previously researched Cu-QW or Ag-QW states.

One can calculate the position of the QW state by using PAM in which the quantization
condition is written as:

2k(E)dretgmgotgo=27xn, (n=integer) ?3)

Where #mvgo and @, are the phase gains of the electron wave function upon reflection at
the Fe/MgO and Fe/Cr interfaces, respectively. The df. is the thickness of the Fe layer, #n is the
number of half wavelengths confined inside the quantum well, and k(E) describes the Fe A1
band along the Fe(001) direction. |

In those studies, one of the important features should be addressed is that Bloch functions
influence on the propagating electrons in the initial QW state, because of the presence of a
periodic atomic potential in the overlayer film result in the possibility of Bragg scattering. An
significant result is that, based on the PAM, the electron wavefunctions were no longer
described just as a sum of two waves, propagating in opposite directions (with wavevectors &
and —k) since reflections at the film boundaries, but instead by four waves, the two already
considered and two additional components which result from the Bragg reflections of each of
these. See Fig. 3.13 (a).

These two additional waves have wavevectors (k—g) and —(k—g), where g is a reciprocal
lattice vector. Commonly, QW states occur with & values which are reasonably close to a
Brillouin zone boundary. This is because such states must occur in a substrate band gap (and
hence must have real components of k in the substrate which are at such a boundary), and if the
overlayer film layer spacing is similar to that of the substrate this will often mean one is also
reasonably close to a band edge in the film. For different structural phases, of course, this need
not be the case. If it is so, however, then the QW wavevector k¥ and its Bragg-scattered
wavevector (k—g) will be closely similar, similar to the effect of beats in classical waves, and
combining them will produce a modulating envelope with a spatial period much longer than that
of the original electron wave. The consequence of combining all four waves is thus to produce a
spatially modulated standing wave. This modulation is commonly referred to as the envelope
function [51].

Notice, however, Fe thickness as integer multiples (V) of the atomic spacing, so d = Na and

55



the reciprocal lattice vector perpendicular to the surface associated with the first Brillouin zone
is g = 2kpz = 2n/a so 2kgzdr. = 2Nm, which means that one can rewrite equation (3) as
2(k-kez)dret pmgotdpo=2m(n— N)
or 2(kez-k )dre-gmgo-gpc=2 7L @

Now (ksz—k) is the wavevector of the envelope function £..,, S0 equation (4) appears to show
that it is the matching of the envelope function phase which is the fundamental requirement.

We have just simply added the same amount of phase to both sides of equation (3), and the
result is really more an issue of ‘text book’ than of fundamental physics. Equation (4) would be
no less true if there were no significant periodic atomic potential in the film and thus no
significant Bragg scattering (and hence no envelope function). Furthermore, the energy of the
QW state is determined by k%, and this value is found from matching the associated electron
wavelength to the well as defined by equation (3), with no reference to the Brillouin zone
wavevector. What equation (4) shows, however, is that, having achieved this matching in &, one
also has a similar matching of the envelope arising from the Bragg scattering within the periodic
potential of the film. See Fig.3.13 (b).

In addition, near the zone boundary the wave function displays an amplitude modulation
having a long period envelope with wave vector k.,,. Near the zone center, on the other hand,
we have QW functions but with a small short- wavelength ripple. This can see in Fig. 3.14 and
Ref. 39.
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Fig.3.13

(a) A corrugated box in which the plane wave £ is back-diffracted into plane wave k—g.
(b) Wavefunctions in a corrugated box. On moving away from the Brillouin zone boundary,
the QW wavefunction becomes modulated by an envelope function (dashed curves)

characterized by a wavevector 2k.,, where ke,, = kpz — k. Adapt from Ref.[50].
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Fig.3.14

Wave functions generated by the two-band NFE model for Ag(001) for various values of wave
vector k: (a) k =0.9kgz ; (b) k =0.9kpz; and (c) k =0.2kgz, ., andy,, are the cosinelike and
sinelike QW functions, respectively, and p is the charge density [l//cil,l/s|2 of the associated
Bloch functions. The dashed curves in (a) and (b) indicate the envelope function. Adapt from

Ref. 39.
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3.3 Modulation of TMR by control QW states

The author describes experiment results of tailing of interface flatness be an efficient way to

tune QW effect. In addition, TMR ratio influenced by QW state is also been illustrated.
3.3.1. Interface flatness influence on QW effect

Epitaxial growth of each layer was confirmed by examining the reflection high-energy
electron diffraction (RHEED) patterns. In Fig. 3.15(a) and (b), RHEED patterns taken for the Fe
ultrathin layer surface without annealing and with annealing at ~250 °C are shown, respectively.
In Fig. 3.15(c) and (d), those for the MgO barrier surfaces are shown. In Fig. 3.15(b), we can
see a sharp streak pattern from the annealed ultrathin Fe layer, indicating an atomically flat
surface. On the other hand, the pattern of the Fe layer without annealing is a little spotty (Fig.
3.15(a)) because of its roughness. Such difference can be seen also for the MgO layer (Fig.
3.15(c) and (d)). '

Fig. 3.16 shows the Fe thickness dependence of the dI/dV curves for (a) sample A, tr. = 6, 8,
10 ML, (b) sample A, t;e =7, 9, 11 ML, (¢) sample B, tz, = 6, 8, 10 ML, and (d) sample B, tr, =
7,9, 11 ML obtained under an in-plane external magnetic field of 1.6 kOe. The magnetization in
the ultrathin Fe free layer and that of the Fe reference layer are in an almost parallel
configuration for all cases. It should be noted that the parallel configuration is well defined
although the antiparallel configuration is not stable, as seen in the Fig. 3.17. A positive bias
voltage is defined as the voltage in which the current flow from the top Fe layer to the bottom
ultrathin Fe layer. The dynamic conductance (dl/dV) spectra essentially show a parabolic curve
added to a constant conductance. The parabolic increase in dynamic conductance in the high
bias region is a consequence of nonlinear conductance in the tunneling junctions [37]. In
addition to the parabolic curve, clear oscillatory components were observed at room temperature
in all samples, especially in the negative bias directions. In general, unoccupied states rather
than occupied states contribute to the dynamics conductance. Therefore, in this measurement,
since the tunneling electrons flow from the top Fe layer to the bottom Fe ultrathin layer under
negative bias, the electronic structure of the ultrathin Fe(001) layer can be effectively observed
in the negative bias region. From this discussion, the observed oscillation should come from the
QW states formed in the ultrathin Fe layer. Though the two samples are different in terms of
their junction size and MgO barrier thickness, the differences should not influence the
discussion about the comparison of the peak amplitude: since the oscillation in conductance
induced by the MgO layer thickness change (~2%) [7,52] is much smaller than the QWS

oscillation (around 100%), the difference in the junction size should not affect the formation of

59



QW states in principle. Comparing the results from sample A and sample B, the conductance
peak height is strongly enhanced for the post-annealed sample. To discuss this point
quantitatively, we evaluated the modulation ratio of the tunneling conductance from the

following equation.

dr|_dl
drv

av .
Oscillation Ratio (%) = —2% % %100

dl
14

dip

For the case of sample A with 9 ML ultrathin Fe, the oscillation ratio is only about 8% near
zero voltage (the positions of the peak and the dip are indicated by arrows in the figures) while
it is 72% for sample B with the same thickness of ultrathin Fe. The oscillation ratio becomes
150% for sample B with 6 ML ultrathin Fe. This value is higher than that in previous results
[17], which showed about 90% amplitude at 6 K for the same thickness. This enhancement
should be attributed to the improvement of the flatness of the ultrathin Fe layer by the

appropriate annealing treatment.
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A’ Without annealing B: With annealing

j4. 4

e-beam//Fe [100] e-beam//Fe [100]
© |

e-beam//MgO [110] e-beam//MgO [110]

Fig. 3.15
RHEED pattern observed for the sample A (without annealing) and the sample B (with
annealing). Upper ((a) and (b)) and lower ((c) and (d)) rows show RHEED patterns for the

ultrathin Fe surface and the MgO barrier layer surface, respectively.
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Fig. 3.16
The differential conductance spectra under the magnetic field of H=1.6 k Oe for sample A (a) tr.

= 6,8,10 ML and (b) tg. = 7,9,11 ML and for sample B (c) tge = 6,8,10 ML and (d) tg. = 7,9,11
ML. The ultrathin Fe layer was not annealed after the room temperature deposition for the sample
A and post-annealed at 200 °C for the sample B.

x T 5 T ¥ T ¥ T ¥ T ¥ T ¥ T ] 60
400 B: with annealing {55

1600 -1200 -800 400 O 400 800 1200 1600
Magnetic Field (Oe)

Fig. 3.17
RA and MR curve for the sample B with 10 ML thickness of ultrathin Fe. The MR ratio is about

55%:
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3.3.2. TMR modulated by QW effect

Clear quantum oscillations of differential TMR in sample B was also observed, as shown in

Fig. 3.5. Here the differential TMR was calculated from the following equation.

dar _a
Differential TMR (%) = WVly =‘~Z{'}°° LIATEYS x100
dV H=0Oc

The differential TMR effect is strongly modulated, and clear features of oscillating
components are observed at the bias voltages which correspond to the resonant peaks observed
in the dI/dV curves under the magnetic field H = 1.6 kOe (see Fig. 3.18). These are clear
indications of the QW effects on the spin-dependent tunneling.

By controlling the thickness of the ultrathin Fe layer and the bias voltages, we can tune the
TMR effect through the QW effects in this device. The negative differential MR in Fig. 3.18
may originate from the strong tuning of QW effects. Negative differential MR can also be

observed for the sample with good antiparallel configuration.

We also investigated the Fe thickness dependence of TMR, basically the TMR increases with
the Fe thickness with a little QW modulated oscillation. From Fig.3.19, we can see that,‘
basically the TMR increases with the Fe thickness with a little oscillation modulated by QW
state.

Such weak modulation should be attributed to the imperfect antiparallel configuration in our

MTJs, since the complex domain in ultrathin Fe electrode.
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Fig. 3.18

Upper panels:

dl/dV cureve for sample B with tg, =6, 8, 10 ML and tg. =7, 9, 11 ML.

Bottom panels:

Bias voltage dependence of differential TMR ratio for the sample B with tge =6, 8, 10 ML and
tre = 7, 9, 11 ML, respectively. The negative differential MR can be originated from the strong
tuning of QW effects. The negative differential MR also can be observed for the sample with

good antiparallel configuration.
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(a) Ultrathin Fe thickness dependence of TMR and (b) conductance at parallel configuration.

From (a) and (b), we can see the QW state influence on the TMR.
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CHAPTER4. CONCLUSIONS

To understand and realize control spin-dependent QW effect in MTJs with ultrathin Fe, the

author focuses on the investigation in Cr/ultrathin Fe/MgO/Fe MTlJs.

The author performed a detailed experimental study of spin-dependent quantum interference
effects in MTJs with Fe QWs. Clear quantum interference effect in the sample fabricated by
MBE was successfully observed. In agreement with QW theory, clear resonant peaks at different
voltage were observed periodically with the change of Fe thickness. In addition, majority A,
band in the I' —H dispersion of bcc Fe deduced from experiment data of periodicity of resonant
peak have a good agreement with first principle calculation. It convinced the observation of spin
dependent QW state in ultrathin Fe.

~ However, a systematic discrepancy of 1 ML in the position of QW states was observed when
comparing to ab initio calculation, which could be due to imperfect interfaces in samples. By
using XAS/MCD, the possibility of Fe oxidization was ruled out. However, the presence of a
1.7+0.2 ML nonmagnetic layer was evidenced by MOKE, probably due to intermixing at the
Fe/Cr interface. Intermixing may reduce the effective QW thickness by 1 ML, accounting for
the author’s transport results. This means that part of the Fe-Cr intermixed layer may become a
barrier for A; states. More theoretical work is needed to understand the exact influence of
intermixing on the A; band. Importantly, the author’s results suggest that precisely controlling

the Fe/Cr interface may be an efficient way to tune QW energies.

The influence of growth conditions and interface flatness on quantum well effect was also
been investigated and discussed. A large enhancement of the conductance peak height was
observed for the sample prepared by MBE with a post-annealing treatment at around 250 °C
compared with the sample without annealing. The amplitude modulation ratio is as high as
150% for 6ML Fe thickness. It indicates the importance of interface flatness for QW effect.

Besides that, the differential MR also shows quantum well oscillations, and the oscillation
phases are the same as those of conductivity. This is an indication of the QW effect on the
spin-dependent transport. By controlling the QW state, one can enhance the TMR ratio under
some voltages, which provides the potential application way to change the spintionics device

performance.
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