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Abstract

We have studied novel ferromagnetic (FM) materials and FM electrode/tunnel barrier
interfaces in magnetic tunnel junctions (MTJs) by advanced electron microscopy including
scanning transmission electron microscopy (HRSTEM) and electron energy loss spectroscopy
(EELS). MTlJs are one of the prototypical spintronic devices, with applications in magnetic
random access memory, sensors and read heads. The performance of MTJs depends on several
factors, including the FM electrodes and the FM/tunnel barrier interfaces. Therefore, to realize
the high performance of MTJs, we first need high quality ferromagnetic electrodes with high
spin polarization.

High-quality Fe;O4 and FesN electrodes with theoretically predicted -100% spin
polarization were fabricated by various methods and investigated by HRSTEM and STEM
EELS. The Fe;04 and FesN thin films indeed have low defect density and good crystallinity, but
when integrated as electrodes in a MTJ, problems emerged. In a FesN/AlO/Fe MTJ, the
magnetoresistance was negative, but relatively small, due to a defective Fe;O4 reaction layer
formed at the FesN/tunnel barrier interface revealed by HRSTEM and EELS. The interfacial
reaction layer was thin and discontinuous which made the direct imaging difficult. Therefore,
STEM EELS was used to map out the reaction layer. A Fe;O,4 reaction layer was also found in a
nominally symmetric CoFe/AlO,/CoFe MTJs after annealing, which also exhibited inverse TMR
and a non-symmetric bias dependence.

We also investigated the MTJs with the Heusler alloy Co,MnSi as one or both electrode
and crystalline MgO as the tunnel barrier, which exhibit quite high TMR due to coherent
tunneling. We showed that the Co,MnSi/MgO interface in these junctions is dominated by a

configuration of a pure Mn plane bonded across the interface to O. This was the first observation
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of that interface termination. The MnMn/O interface termination has 100% spin polarization
which explains in part the high TMR in the junctions, especially at room temperature. HRSTEM

images also show that the fraction of MnMn/O interface termination increases with increasing

Mn concentration in the CMS electrode.
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Chapter 1 Magnetic Tunnel Junctions

1.1 Magnetic Tunnel Junctions

Magnetic tunnel junctions (MTJs) consist of two ferromagnetic (FM) electrodes
separated by an insulating tunnel barrier as shown in Figure 1.1 (a) and (b). The ferromagnetic
materials used as FM electrodes are usually transition metals or metal alloys such as Fe or CoFe.
The tunnel barrier is usually made from ultrathin films of materials such as AlOx or MgO. The
barrier must be so thin (a few nm or less) that electrons can tunnel through it under an applied

bias voltage.'
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(a) (b)
Figure 1.1 Schematics of the TMR effect in a MTJ. (a) Magnetizations in the two
FM electrodes are aligned parallel. (b) Magnetizations are aligned antiparallel. D4
and D are the density of states at Er for the majority-spin and minority-spin bands
in FM electrode 1, respectively. Doy and D, are the density of states at Er for the
majority-spin and minority-spin bands in FM electrode 2, respectively.




The tunneling current can be changed by changing the relative magnetization directions
of the two ferromagnetic electrodes, and this phenomenon is called tunneling magnetoresistance
(TMR) as shown in the top two panels in Figure 1.1. If the magnetizations of the two FM
electrodes are parallel, the tunneling resistance is small, but if the magnetizations of the two FM
electrodes are anti-parallel, the tunneling resistance is larger. This “two states” property makes
MTlJs suitable for memory devices in computers. TMR is the consequence of spin dependent
tunneling (SDT) due to the imbalance between the electron current carried by spin-up and spin-
down electrons from the two FM electrodes tunneling through the thin tunnel barrier." An early
model for TMR was proposed by Julliére in 1975,* in which TMR depends on the spin

polarization of the FM electrodes as shown in Equation (1).

2P,P,
1-P,P,

TMR= (1.1),

where P, and P, are the spin polarization of the FM electrodes at Fermi level. P is defined as

_ Dy(Ep)— D, (EFp)
p = =al a ra=1,2 1.2),
@ = Dy Ep)¥ Doy (Er)’ (1.2)

in which Dy(Er) and Dy (EF) are the densities of states (DOS) of the electrode at the Fermi
energy (Er) for the majority-spin and minority-spin bands respectively.! If P; and P, are both
positive, positive or normal TMR is expected.

Julliere’s model can explain some of the experimental results, such as in
CoFe/AlO,/CoFe MTJs,’ in which, TMR was 67% - 74%, consistent with the value predicted by
Julliére’s model 69%. However, in a Lay;3Sr;,sMnO;z (001) (LSMO)/SrTiOs/LSMO MTJ, ** the
TMR value was 1800%, much higher than 360% predicted by Julliére’s model. Stearn® proposed
that different electronic states of electrons in FM electrodes have different tunneling

probabilities, but, that model still only considered the effect of the FM electrode on SDT.



Slonczewski’ assumed that two identical FM electrodes were separated by tunnel barrier with a
square potential. After solving the Schrodinger equation, he found that the conductance (G) has a
linear relationship with the cos®, in which ® is the angle of magnetization between two FM
electrodes as shown in Equation (1.3).

G (0) = Gy (1+ P*cos®) (1.3).
P is the effective spin polarization, which contains a factor related to the barrier height. Equation
(1.3) shows that TMR not only depends on the FM electrode itself, but also related to the tunnel
barrier and interfaces of FM/barrier.

Magnetic tunnel junctions (MTJs) are widely used in nonvolatile magnetic random access
memory (MRAM), read head sensors for hard discs and large arrays of sensors for imaging and
ultralow field sensors.*” The development of spintronic devices has been benefiting from the
evolving of the novel materials and development of fundamental solid state physics.'’ However,
there are still problems that prevent us to fully commercialize the spintronic devices: for
example, when spintronic devices become very small, the stability of the devices is getting worse
due to the thermal fluctuation. The stability issue is the main reason why we strive for a high

TMR for the junctions.
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Figure 1.2 History of room temperature TMR of magnetic tunnel junctions.
Refs: 11, 12, 13, 14, 15, 16, 19

Julliere’s discovery of 14% TMR in his Fe/Ge-O/Fe at 4.2 K did not attract too much
attention at the time. Then two decades later, in 1995, Miyazaki et al." found 18% TMR in a
Fe/AlO,/Fe tunnel junction and Moodera ef al.'* found 11.8% TMR in junctions with electrodes
of CoFe and Co. The highest TMR at room temperature observed to date with aluminum oxide
insulators is ~70% '>'* as shown in Figure 1.2. There was a huge boost of TMR (>200% at RT)
in Fe/MgO/Fe junctions in 2004 obtained almost the same time by Yuasa and Parkin'>'® because
of coherent tunneling predicted in the junctions with the crystalline MgO (001) tunnel
barrier.'”'® In 2008, Ikeda e al.'” obtained 604% TMR at room temperature in a fully optimized
junction with CoFeB alloy as the ferromagnetic electrode contacting the MgO (001) tunnel
barrier.

Figure 1.2 shows the TMR of MTIJs increases with the development of new materials

(e.g. CoFeB") and solid-state physics (coherent tunneling theory®®). In order to get high TMR in



MTlJs, the idea seems simple: high crystal quality, defectless ferromagnetic electrodes and
uniform tunnel barrier.”' However, when we integrate those high quality essential elements into a
real device (e.g. MTJs), non-perfect behaviors are observed. Why the device performance is not
perfect? We use electron microscopy to answer this question and finally we hope to find the
answer to the question: how we can optimize the performance of the MTJs.

This thesis is organized as following: Chapter 1 and Chapter 2 serve as an introduction to
magnetic tunnel junctions and experimental techniques, respectively. Chapter 3 presents the
results on the growth mechanism and crystal quality of the Fe;04,°**’ FesN** and (CoFe),N>
thin films. Chapter 4 presents the results of FM/oxide interfaces in MTJs with AlOx tunnel
barrier including CoFe/AlO, interfaces® and Fe4N/AlO, interfaces. Chapter 5 presents the
determination of interface termination in a Co,MnSi/MgO based MTJ with MgO as the tunnel
barrier. Finally, Chapter 6 presents the systematic study on O K edge of Fe oxides to demonstrate

the differences between Fe;O4 and Fe,O3; by STEM EELS.

1.2 Interface Dependence

Experimental evidence shows that if we improved the structural quality and the
ferromagnet/tunnel barrier interfaces, the TMR increases.”” This is inconsistent with Julliére’s
theory. Equation (1.1) exhibits inverse TMR if P; and P, have different signs. However,
Co/AlOx shows positive spin polarization, although Co has intrinsic negative spin

2829
polarization.”™

In contrary, Co/STO does give negative spin polarization, which means that
besides FM electrodes, TMR depends on the tunnel barrier and the FM/tunnel barrier interfaces
as well.”* Tsymbal er al.’' showed that bonding between transition metals and the tunnel barrier

can greatly affect the tunneling properties across the junctions. When s-like electrons dominate

tunneling, the TMR is positive. When d-like electrons dominate, the TMR is negative.



In a NiFe/Ta;0s/AlO,/NiFe double-barrier MTJ,*'** the tunneling process at the
NiFe/Ta,;0s interface is dominated by d-electrons, but tunneling at the AlOy / NiFe interface is
dominated by s-electrons. The spin polarizations are opposite for s- and d- electrons, which
causes the negative TMR. Itoh and Inoue™ calculated the electronic states of transition metal /
ALOj; interfaces, and they found that imperfect metal / tunnel barrier interface can result in a
sign reversal of the SP due to the presence of imperfectly oxidized Al at the interfaces. Tsymbal
el al>* also found SP of and an Fe surface in contact with vacuum switches from positive to
negative when the Fe is oxidized.

Defects and disorder present in the FM electrodes and FM/tunnel barrier interfaces also
affect the interfacial electronic states that contribute to tunneling. The tunneling electrons will
scatter at defects, leading to coupling of bulk and interface states, which will affect the SP across
the interfaces. For example, the sign of the TMR can be affected by the impurities like carbon at
the interfaces, because of electrons scattered by the impurities like carbon enhancing d-like
electrons tunneling, leading to inverse TMR.?® LeClair e al. demonstrated in experiments that
the coupling of bulk and interfacial electronic states controls the tunneling properties in the
Co/Al0,/Co junction with both Cu®® and Ru’” inserted in between Co and AlOs.

All this theoretical and experimental evidence show that SDT is not just an intrinsic
property of the ferromagnetic electrodes but depends on the entire junction structures and
electronic properties including the insulating tunnel barrier and the ferromagnet/insulator

interfaces.

1.3 Temperature Dependence

TMR decreases when increasing temperature. Early phenomenological model proposed

by Shang et al.*® shows that the spin polarization P decreases with increasing temperature due to



the spin wave excitations. The relationship between spin polarization P and temperature T can be
described by P (T) =P (0)(1 — aT 32), where P (0) is the spin polarization at T = 0 K. However,
this model still only considers the contribution from the FM electrode. Another model involves
spin flip scattering by magnetic impurities in the barrier by Vedyayev et al.*”> They proposed that
the number of electrons contributing to spin flip scattering increases with increasing temperature,
which results in the drop of TMR. However, still, these models do not take into account of the

ferromagnet/tunnel barrier interfaces.

The FM/tunnel barrier interface can also affect the temperature dependence of MTlJs. If
electrons tunneling from the majority-spin band to the minority-spin interface states interact with
thermally excited magnons at finite temperature, spin-flip scattering occurs, leading to increasing
tunneling conductance for the anti-parallel magnetization configuration and decreasing TMR
ratio at finite temperatures.”” For example, in a MTJ with Co,MnSi (CMS)/MgO interfaces,
Mavropoulos er al’® showed that the critical role of interface states of half metallic
electrodes/tunnel barrier for spin-dependent tunneling in half-metal-based MTJs. Ishikawa et
al.* provided strong experimental evidences of the strong temperature dependence of TMR on
the interfacial states of minority spin at Er in a CMS/MgO/CMS MTIJs. They discovered a
possible process that can lead to the non-symmetric behavior of conductance under applied bias
voltage, which is the evidence of minority state existing at Er. The tunneling scenario is that the
electrons tunnel to the interfacial states and are spin flipped by the magnons excited by the fast
electrons.

The size of this interface-based effect varies with the materials system. Yamamoto et
al.(personal communication) used y to characterize the size of the temperature dependence. 7 is

defined as the ratio between TMR at 4.2 K and TMR at room temperature. In a CoFe/MgO/CMS



MTJ, TMR at RT is 335%, but TMR at 4.2 K is 1024%.*" v is 3.06 for this CMS/MgO based
junction. But in a CoFe/MgO/CoFe MTJ, v is 1.36.** In a similar system, CoFeB/MgO/CoFeB
MT]J, v is 1.89 with TMR 604% at RT and 1144% at 5 K."” These examples indicate that the spin
polarization of the CMS/MgO interface exhibits stronger temperature, which is due to the soft
spin stiffness of Co terminated CMS/MgO interfaces predicted by spin resolved LDOS.*
Therefore, to understand the temperature dependence of the MTIJs, fully characterization of

FM/tunnel barrier interface is the critical.

1.4 Bias Voltage Dependence

TMR decreases when increasing applied bias voltage. Bias voltage dependence depends
on both FM/barrier interfaces and FM electrodes. One explanation proposed by Zhang et al.**
suggested that the dropping of TMR can be attributed to the spin-flip process by the exciting
magnons at the interface of FM electrode/tunnel barrier. At the zero bias, the electrons from one
FM electrode travel fast and arrive at the second FM electrode without scattering much.
However, when there is a bias voltage, the electrons will lose energy by emitting a magnon and
thereby flipping the electron spin, which decreases the TMR. However, experiment by
Waulfhekel ef al.* in a Co MTJ with vacuum as the tunnel barrier contradicted Zhang’s model.
They observed no decreasing on TMR when increasing bias voltage. Therefore, they suggested
that the dropping of TMR depends on the imperfection of the real tunnel barrier.

Electronic structures of FM electrodes can also affect the bias voltage dependence. If we
apply a bias voltage to a MTJ, then the transport electrons can access a different part of the DOS.
Therefore, the conductance becomes energy dependent, which leads to the variation of TMR
regarding to the applied voltage. This mechanism is sensitive to the type of ferromagnet. In a

Co/AlO,/Co MTIJ, LeClair et al. *° found that there is a strong bias dependence of TMR on the



phases of Co by using different crystalline phases of Co. They found that if upper Co and lower
Co electrodes have different phases, eg. fcc and hcp, the bias dependence showed strong non-
symmetric pattern, but if both of the electrodes are polycrystalline, then the bias dependence is

almost symmetric.

1.5 Ferromagnetic materials with high spin polarization

Although interfacial effects are important, high bulk spin polarization of the FM
electrodes is a necessary precondition for achieving high TMR in an MTJ. Introducing negative
spin polarization, a material with a higher density of states in the spin channel anti-aligned to the
magnetization than the aligned channel, has the potential to introduce new device functionalities,
such as three-state devices. To that end, we have explored several new materials with either
measured or predicted high intrinsic spin polarization, sometimes negative, for applications in

MTJS 30,32,47
1.5.1 Fe;0,4

Fe;04 (Magnetite) has been predicted by theoretical calculations to be a half metal with
negative spin polarization (SP) at room temperature (RT).*® The space group of Fe;Oy is Fd3m.
As shown in Figure 1.3, a close-packed face-centered-cubic structure is formed by the oxygen
atoms with the smaller iron atoms occupying the interstitial positions. Fe’* occupies all
tetrahedral A sites and half of octahedral B sites, and Fe*" sits only in the another half of the B
sites, which makes Fe;O4 ferrimagnetic. A high negative SP of -80 £ 5% in Fe;O4 (111) thin
films has been experimentally confirmed at RT.* Combined with a high Curie temperature of
860 K, Fe3;O4 is one of the most promising magnetic materials for thin-film spintronic

. 50,51
devices.”™
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However, most of the MTJs with Fe;O,4 as electrodes did not produce inverse or high
TMR,>*>* which can be attributed to defects and the existence of other phases in the electrode or

at the interfaces between electrodes and tunnel barriers.”>>>>®

For example, in Fe;O4, the
magnetization saturates only at very large applied field due to the presence of antiferromagnetic-

coupled anti-phase boundaries (APBs)™®. More experimental results will be discussed in

Chapter 3.

Fe (A) Fe (B) N

Figure 1.3 The crystal is made of alternate stacking of the two cubes which form the basis in a
face-centered-cubic (fcc) lattice.
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1.5.2 FesN

Fe@) NI}

Figure 1.4 Crystal structure of Fe4sN. Fe atoms are labeled as circles and N atom is
labeled as square.

Another candidate, FesN also has been recently predicted theoretically for nearly perfect
negative spin polarization of the conduction current.** The total conductivity is dominated by the
Fe 3d electrons because of the strong local interaction between Fe 45 and N 2p electrons.®>% -59%
negative SP at RT has been reported for a (100)-oriented epitaxial FesN film.””*” Combined with
the high Curie temperature of 494 °C, FesN is promising for spintronic devices.

The crystal structure of FesN is shown in Figure 1.4 (b). FesN has an anti-perovskite
crystal structure, where the Fe cations occupy the two nonequivalent sites, namely, the corner
sites and face-centered sites, while the nitrogen sits at the body-centered positions.”® Simpler
crystal structure of FesN may avoid some of the defect related problems of Fe;O4. FesN is a

metastable intermediate phase with respect to decomposition of Fe and N.%



12

Record-holding TMR in MTJs with FesN electrode of -75% was achieved by Komasaki
et al”” in a FesN/MgO/CoFeB based MTJ. To avoid interface oxidation, an ultrathin Mg layer
(0.4 nm) was inserted in between FesN and MgO. However, in a similar junction without the
ultrathin inserted Mg, the TMR was only -18.5%.%” These two different results suggested that the

preventing the oxidation of Fe4N is the key for obtaining high TMR.
1.5.3 Co,MnSi

Heusler alloy Co,MnSi with L2, structure (space group Fm3m) are predicted to have
100% spin polarization at Fermi level (Er) at room temperature.’”’ The half metallic behavior of
the Heusler alloys origins from the distinguish behavior between spin up and spin down
electrons: the electrons responsible for the metallic behavior share the same spin and the

electrons with the opposite spin are insulating.”"’

As a promising materials for spintronic devices, >’

Heusler alloys have attracted great
interest both theoretically and experimentally.”” The Heusler L2, alloys have high Curie
temperatures (7c), which are important in the application of half metals at finite temperature. For
example, Co,MnSi has a Curie temperature of 985 K.”

Heusler alloys with L2, structure a formula of X,YZ, in which X atoms usually are Cr,
Mn, Fe, Co Ru and Rh; Y atoms are usually Ti, V, Cr, Mn and Fe; Z atoms are Al, Si, Ge, Sn
and As. The structure can be described by four interpenetrating fcc lattices. The L2; crystal
structure has the positions: X; (Y4, V4, V4), Xa (34, ¥4, ¥4), Y (0 0 0), and Z (Y2, 72, 1/z).70 For Heusler
alloy in B2 phase, Yand Z randomly occupy each other’s sites and X sites stay undisturbed. A2

phase Heusler alloy is the complete disordered phase, in which X, Y and Z atoms randomly sit

on the Heusler alloy cubic lattice. It produces Bragg reflections with non-zero structure
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amplitudes when the Miller indices of the scattering planes are either all odd or all even. The
reflections are of 3 types with structure amplitudes given by:

(1) h, k, 1, all odd

F(1 1 1) = 4[(fX0)-(X2))* + (((Y)-R(2))°]")

(2) (h+tk+1)/2 =2n+ 1

F(200)= 4/f(Xy)- f(Y) +{(Xy) -f(Z)]

(3) (h+k+1)/2 =2n

F(220) = 4|f(X)+{(Xo)+H(Y)+{(Z)|

(X)), f(X2), f(Y) and f(Z) are the scattering factors for the atoms on the X;, X, Y and Z sites
respectively. The reflections for which (h + k+ 1)/2 = 2n (group (3)) are unaffected by the state
of chemical order. But the remaining two groups of reflections are superlattice reflections, which

will change with respect to the chemical disorders.

@
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Figure 1.5 Crystal structure of Co,MnSi in L2, phase.
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CooMnSi (CMS) with L2; structure, which can give 100% spin polarization at Fermi
level at room temperature.””"® As described in the last paragraph, Mn and Si occupy different
site (000) and (Y4, Y4, %) separately for CMS in L2, phase shown in Figure 1.5.

Relatively low TMR in MTJs with CMS electrodes™’”" suggests the presence of
structural disorder in the CMS electrodes or non-perfect CMS/tunnel barrier interfaces. One
possible structural disorder can be that B2 or A2 phase coexist with L2, phase in CMS, which
leads to decrease in the spin polarization of the CMS. From X-ray diffraction, we can evaluate
the percentage of B2 or A2 phases in CMS. For CMS, X;=X,=Co, Y = Mn and Z = Si. Therefor,
the structure amplitudes reduce to the following:

(1) F(111) = 4/f(Mn)-1(Si)|

(2) F(200) = 4]2f(Co)-(f(Mn)+{(S1))|

(3) F(220) = 4)2f(Co) + f(Mn)+{(Si)|

As if CMS in B2 phase, since Mn and Si sites are mixed together, therefore group (1) reflection
will be zero. We can obtain the relative phase ratio by the relative peak intensity of the F(111)
and F(200).%

The second structural defect that leads to low TMR signal could be antisite defects,

especially Co antisite defects, which add character across Er and destroy the half metallic
properties.® Antisite defects are point defects. There are four main types of point defects in CMS
including Mn antisite defect (Mnc,), Co antisite defect (Comm), Co-Mn swap and Mn-Si swap as
shown in Table 1. Although the formation energy of Mnc, is lower than the other three types of
defects shown in Table 1, Co antisites defects are predicted more detrimental to the half metallic
state of CMS." Therefore, controlling the antisites defects in CMS is necessary in experiments

for obtaining high TMR in CMS based MTJs as shown by Yamamoto et al.*
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Table 1 Formation energy (in eV) for different defect types in Co,MnSi.*’

Defect type Formation energy (eV)

Co antisite 0.8

Mn antisite 0.33
Co-Mn swap 1.8

Mn-Si swap 1.33

Neutron diffraction and Extended X-Ray Absorption Fine Structure (EXAFS)**® have
been used to evaluate the concentration of Co antisite defect. The concentration of the Mn

antisite and Co antisite defect are measured to be 14% and 5%~7% respectively.*™

1.6 Coherent Tunneling in MTJs with MgO (001) Tunnel Barrier

Julliere’s theory assumes that the tunneling probabilities are the same for all tunneling
states, which is almost true for amorphous tunnel barrier such as AlO,."' However, for crystalline
MgO (001) tunnel barrier, although it has no state across Ep, simulation shows electrons with A;
state has the highest DOS across the Ep still propagate through evanescent states of MgO, which
will result in high tunneling probability,'® and this phenomenon is called coherent tunneling.**
Electron with other Bloch states such as As and Ay have DOS 107 order of lower, so the

contributions from those states are negligible. Coherent tunneling requires that k| is conserved

during electron tunneling.

MgO works as a “spin filter” selecting electrons with preferred A Bloch state.** Majority
Bloch states with A; symmetry (or other symmetries) in the Fe electrode decay as evanescent

states with A; symmetry (or other symmetries) in MgO barrier. The slow decay state A; only
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occurs only for majority spins, not minority spins. Thus the conductance of majority state is
much higher than that of minority state. This spin filter process results in extremely high TMR
even for junctions without 100% spin polarized FM electrodes. It is why high TMR is expected

in the Fe/MgO/Fe junctions.®

Yuasa' and Parkin'® independently demonstrated over 200% TMR at room temperature
in a Fe/MgO/Fe MTJ, confirming that the coherent tunneling does exist at Fe / MgO (001) tunnel
barrier interface as the theory predicted.'”'® Besides Fe, Co/MgO,* CoFeB/MgO®’ and
Co,MnSi/MgO™ MTIJs also exhibit coherent tunneling. Compared with the similar junctions

with AlOy tunnel barrier, TMR in MTJs with MgO tunnel barrier is much higher.

Coherent tunneling is also affected by the interfacial states.'” Zhang er al.*’ and Tusche et
al” predicted that an atomic layer thick FeO at the interface of Fe/MgO greatly reduces the
TMR of the MTJ. Zhang et al.*’ also found that the interfacial FeO layer has little effect when
the magnetizations of two FM electrodes are anti-parallel compared to the parallel case. However,
experimentally, Zermatten ef al.”' found that the conductance has been reduced by the interface
FeO layer for both anti-parallel and parallel-aligned case. Tusche er al.”® also suggested that the
structural symmetry and coherency are more important to achieve high TMR. Their calculation
shows that a junction with FeO layers inserted in between both side of the interfaces shows much
higher TMR than the one with FeO inserted on only one side of interface. The perfect interface is
also easily destroyed by the interface roughness related disorder. Perfect coherent tunneling is

16,19,92

hard to achieve, therefore, the experimental TMR is still substantially lower than the

theoretical predicted values.'’
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Chapter 2 Experimental Techniques

2.1 TEM/STEM Sample Preparation Techniques for Cross-Section Samples
2.1.1 Tripod Polishing

The cross-section TEM/STEM sample preparation technique mainly follows the
procedures developed by Voyles ef al.”® First, we prepared a “sandwich” of samples by gluing
two pieces of samples together with the thin films side facing each other. Then we polished the
sample by tripod polishing. The final thinning step was to remove the polishing damages and
further thin the specimen by low-angle ion milling.

Since the polishing recipe for Si is well developed, the detailed recipe for a sample with
MgO substrate is presented here as an example to demonstrate the polishing procedure step by
step. The differences between Si and MgO are as follows. (1) MgO is transparent, but Si is not.
For Si, when it is thinner than 50 nm, it is red color on the thin edge, and when the sample is
viewed under an optical microscope, the Si becomes transparent. However, since MgO is always
transparent, it is difficult to tell the thickness. (2) MgO is harder than Si and much easier to crack
when it gets thin, so it is difficult to polish MgO to final thickness by pure tripod polishing. (3)
MgO reacts with water, which means during polishing, we cannot use water to wash off the
polished dust, and polishing with oil is not as efficient as polishing with water. The sample
surface is also easily scratched by the unwiped MgO dust. The solution I have used is first to use
water for polishing instead of oil, and then to use the Allied High Tech Inc. “blue lube”, which is
an alcohol-based diamond suspension, for the final finishing step to remove the reacted surface
layer. Finally, I further thinned the sample and removed the damaged layer by ion milling.

(1) Making the “sandwich”
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First, I cut two small pieces (2 mmx1.5 mm) along the desired direction (for MgO, along
[100] and [010] are the easy cleavage directions) and glued them together with the thin film sides
facing each other using Allied High Tech epoxy 110. The epoxy contains two parts: one part is
resin (part A), and the other is adhesive (part B). To maintain good viscosity and a thin glue line,
the ratio between part A and part B should be 10:1. The glued sandwich was cured on the hot
plate at 100 °C~150 °C for 5~10 min. The color of the cured epoxy was dark brown but

transparent. The procedure is shown in Figure 2.1.1.

€poxy
sample / - *

Diamond knife/ I ~1.5mm Thin film side
Diamond saw

Cross section

Thin films with glue in between

t

l""l.s mm
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e
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Figure 2.1.1 A schematic of the cuts necessary to make a “sandwich” for a TEM cross-section
sample.

(2) First side polishing
We first glued the sandwich to an Allied aluminum-polishing stub using Crystal Bond.
We then measured the thickness of the sample using a digital micrometer. Before we mount the

sample on the stub, the ideal thickness of the sample is 0.8 mm ~ 1 mm to minimize the
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polishing time. If the sample is thicker than 1 mm, we can polish with 30-um diamond lapping
film from Allied High Tech Inc. to thin the sample to 1 mm. The recipe for the first side
polishing consists of the following steps:

1. Polish the sample to 700 pm with 15 pm lapping film at 100 rpm and sample load
0.04 g (No. “4” labeled on the polishing wheel);

2. Polish the sample to 650 um with 6 um lapping film at 75 rpm and sample load 0.03 g
(No. “3” labeled on the polishing wheel);

3. Polish the sample to 600 pm with 3 um lapping film at 50 rpm and sample load 0.02 g
(No. “2” labeled on the polisher wheel);

4. Polish the sample to 590 um with 1 um lapping film at 50 rpm and sample load 0.01 g
(No. “1” labeled on the polishing wheel);

5. Polish the sample until the surface is free of scratches with 0.1 pm lapping film at 30
rpm with green lube and sample load nearly 0 (No. “0” labeled on the polishing
wheel).

As we polished, we cleaned up the polished MgO dust by holding a folded piece of paper
on the diamond lapping film to minimize the scratches on the sample surface. After the first side
was polished, we put the sample with the stub on the heating plate to make the Crystal Bond soft.
We then picked the sample up with tweezers and mounted the sample on the transparent stage
using LOCTITE 460 (super glue) with the polished surface facing down. We waited at least 2
hours until the super glue completely dried beneath the specimen, and then started the second
side polishing.

(3) Second side polishing
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Before we polished the second side, we needed to set the polishing angle to 2°, which
corresponds to two and half clockwise rotations of the screw for the tripod plane. The recipe for
the second side polishing is shown below:

1. Polish the sample to 250 pm with 15 pm lapping film at 100 rpm and sample load 0.04 g;

2. Polish the sample to 150 pum with 6 um lapping film at 75 rpm and sample load 0.03 g;

3. Polish the sample to 60 um with 3 pm lapping film at 50 rpm and sample load 0.02 g;

4. Polish the sample with 1 um lapping film at 50 rpm and sample load 0.01 g until the edge
of the glass polishing mount is polished as well as the sample. This criteria ensures that at
least we have a reasonable thin sample. The thin part will crack off, even with just a little
force on it, so, slow polishing with small force are essential to obtain a good TEM sample
at this step;

5. Polish the sample with 0.1 um lapping film at 30 rpm with blue lube and sample load
nearly 0 until no scratches.

We used acetone to wash off the sample from the transparent stage. At the same time, we
cleaned the Mo sample ring using cleanser 409 to remove the mechanical oil left on the Mo ring.
We then put M-bond glue on the Mo ring and picked up the polished specimen. We left it to dry
for at least 1 hr. Then we heated up the sample at 120 °C for 1 hr to make the M-bond
conductive. Finally, we used the ion mill to remove the polishing artifact and further thinned the

sample.

2.1.2 lon milling

Ion milling is used after the tripod polishing to remove polishing damages, additional
scratches and contaminations on the surface. The ion milling machine I used is the Fischione

1010.
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For samples with MgO substrates, we first used ion beam energy 5 kV and 5 mA beam
current for 1 hr, followed by 4 kV and 5 mA for 1.5 hr. Finally, we used beam energy 1.5 kV and
5 mA beam current for 15 min to remove the ion milling damages on the specimen. The milling
angle was 8°.

For samples with Si substrates, we first used ion beam energy 4 kV and 5 mA beam
current for 1 hr, and then we used beam energy 1.5 kV and 5 mA current for 15 min to remove
the damage on the surface of specimen. The milling angle was 8° ~ 9°.

Liquid nitrogen cooling was used to reduce the redepositions of soft metals such as Ag
and Au. Before being investigated under a microscope, the samples were plasma-cleaned to
avoid contamination for 10 min for MgO or 3 min for Si with 25% O,+Argon (balanced) at 22

psi with a Fischione plasma cleaner model 9020.

2.2 Conventional Transmission Electron Microscopy

2.2.1 Basics of Conventional Transmission Electron Microscopy

Conventional transmission electron microscopy (CTEM) 1is widely wused in
characterizations of microstructures and microanalysis of materials, especially the multilayer thin
films.”

In a typical TEM, there are five main subsystems, the electron gun, the illumination
stage, the objective lens, the magnification and projection system and the detector system. The
purpose of the electron gun and illumination stage is to create an electron beam in a well-defined
reference state. The electron beam coherence can be used as a measurement of how well the
electron beam is formed. The temporal coherence length represents the energy spread of the

electron beam: the smaller the energy spread, the bigger the temporal coherent length. All
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electrons emitted from the gun reach to a cross over formed by the electron-magnetic lenses. To
form a useful imaging source, condenser lenses and apertures are used below the cross over.
Spatial coherence is defined to characterize the interference of the electrons passing through the
apertures. The spatial coherence improves at a cost of the beam current when the condenser
aperture gets smaller. Therefore, a compromise has to be made between the spatial coherence
and the beam current.

The objective lens (OL) is used to form the primary image and diffraction pattern from
the sample. The OL is the strongest lens in the microscope. The diffraction pattern sits in the
back focal plane of the OL, and the image is in the selected area plane. The projection system
uses multiple lenses magnify the image or diffraction pattern onto the detectors. We have used a
range of detectors including the viewing screen, imaging plates and charge-coupled device
(CCD) cameras.”

High resolution TEM (HRTEM) is useful for imaging the multilayer thin films like
MTIJs. In Figure 2.2.1, a typical HRTEM image of a MTJ sample, the layered structure
CoFe/AlO,/CoFe, is shown. For example, the tunnel barrier AlOx can be identified since it is
brightest due to its amorphous structure and low atomic number. We can also resolve the

interface roughness between CoFe and AlOy tunnel barrier using this technique.
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Figure 2.2.1 A typical TEM image of a magnetic tunnel junction consisting of
multilayer thin films.

HRTEM can extract structure information at the atomic scale. The electron beam goes
through a sample in which Bragg diffraction happens from different crystal planes, and the
contrast arises from the interference between diffracted beams with the transmitted beam.” The
contrast mechanism of HRTEM images is phase contrast, which can be used to retrieve structure
information.”* For HRTEM, an objective aperture is needed to capture beams with different
reciprocal space vector ¢. Each g vector corresponds to one set of lattice fringes in the HRTEM
images. How many sets of planes one can see in the image depends on the parameters of the
microscope, such as the spatial resolution and the size of the objective aperture. Since
complicated phase information is contained in the images, TEM image simulation with regard to

sample thickness and defocus is necessary to correctly interpret the structure.”
3.1.2 Two-beam Dark Field TEM for Imaging Defects

Imaging defects such as dislocations, grain boundaries, or stacking faults is another

important application of CTEM, especially a two-beam condition TEM.”® The mechanism of the
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defect imaging is well understood. Unlike a perfect crystal, the crystallographic symmetry is
broken around the defects, which means that the periodic crystal field is disturbed at the defects.
When the translational symmetry of a crystal is broken, atoms are displaced with a displacement
vector R with respect to the perfect Bravais lattice translation vectors r. Denoting the potential in
a perfect crystal as V/(I), the disturbed crystal potential at the defects can be expressed as V(r +
R). V(r + R) is a local quantity, affecting only the point at which a defect exists. The Darwin-
Howie-Whelan (DHW) equations for the perfect crystal” need to be modified for the defect

case. As shown in Equation (2.1), compared to the DHW equation for the perfect crystal, the

only difference is the replacement of s, with s, + g - Z—I;.

d¢p ) dR ) elfg-g
d_zg — 27Tl(Sg +g9 E)(pg = mZg/Eqbg, (2.1)
dR _ d(g-R)
Sg + g E = Sg + 7 (22)
Here s, is the excitation error. |s,| is the distance in reciprocal space between the Ewald sphere
g g p p p

and the end point of vector g. The direction of s, describes the orientation of the planes with

wavevector ¢ with respect to the Ewald sphere. s; + g -% is then the effective position-

d(g-R)
Z

dependent excitation error. The derivative is taken parallel to the electron beam direction,

as shown in Equation (2.2). As a result, the displacement vector R can only be probed for a
particular two-beam condition if g - R changes with respect to the beam direction. Only the
variation of R along the depth direction can be detected. g - R is also known as the criterion for
visibility of the defects.

A proper experimental setup is necessary to detect the defects based on the criterion of
g ' R. Orienting the specimen to a two-beam condition allows the operator to select the proper

diffracted beams, which enhance or weaken the contrast of certain defects. The steps required to
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set up the correct two-beam condition in the CTEM are as follows. (1) Identify the displacement
vector R prior to the CTEM experiment, and choose an appropriate g. (2) Create a g-39
diffraction condition by tilting the sample so that Sy is strongly excited while Sgq is equal to zero.
Experimentally, we first tilt the sample to a proper zone axis, which contain pairs of g vectors
suitable for defect imaging. Then we tilted the sample to make one g vector more excited than
the other paired g vector. Third, we switched the image mode to dark field mode, which allows
us to tilt the electron beam. Finally, we tilted the weak g vector back to optical axis and made it
strongly excited. The objective lens aperture needs to be inserted to select the g vector at the
optical axis.”’

Planar defects with discontinuous displacement vector R, for example APBs in F€3O4,95
can be imaged in a two-beam TEM image. The displacement vector R across the APBs is a
translational vector of the disordered crystal structure, but not of a translational vector of the
crystal. The APBs can be either planar or curved. If the APBs are isotropic, then the fault will be
curved because there are no favored planes for the APBs. On the other hand, if the APBs are
anisotropic, then the APBs will be formed at specific planes. For example, in Fe;Os, the
displacement vector R is along 1/4a<110>. Imaging an APB requires selecting the proper g
vector that satisfies the g-3g condition for the two-beam condition of the CTEM. The discovery
of low defect density Fe;Oy thin film using images of APBs will be discussed in Chapter 3.

Qualitative understanding of CTEM images of defects based on the DHW formalism is
straightforward. It enables characterization of defect crystallography and density. Detailed
understanding of all the contrast features in a CTEM image, while often not needed, requires

image simulations.
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2.3 Scanning Transmission Electron Microscopy

2.3.1 Basics of Scanning Transmission Electron Microscopy

In scanning transmission electron microscopy (STEM), we usually use high angle annular
dark field (HAADF) detector to detect the elastically scattered electrons. The contrast
mechanism in HAADF STEM is incoherent imaging. The detector angle of HAADF detector is
sufficient large to allow the strong, Bragg diffracted beams to pass through the hole in the
detector undetected, leaving only the thermal diffuse scattering from phonons, and some higher
order Laue zone scattering. The phases of the scattered electrons are also averaged out in the
HAADF mode. As a result, the intensity / in STEM is approximately proportional to Z'7 where Z
is the atomic number. The images taken using HAADF detector are called Z-contrast images. In
comparison with CTEM, Z-contrast STEM combines high resolution with a faithful
representation of the object, thanks to due to the incoherent nature of the imaging.”®*” STEM can
also be used to image interface ordering'® and defects in semiconductors'®'. Figure 2.3.1 shows
a typical HRSTEM image of a MTJ with a Co,MnSi (CMS) top electrode, an MgO tunnel barrier
and a CoFe bottom electrode, in which we can easily identify all the layers based on their
intensity. At CMS/MgO interface, although significant interfacial strain exists due to the large
lattice mismatch between these two materials, the contrast remains interpretable and steps of

MgO are also clearly resolved.
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Figure 2.3.1 A typical HRSTEM image of a CoFe/MgO/CMS MT]J

All the electronic-magnetic lenses in the TEM or STEM have aberrations. Spherical
aberration (C;) and chromatic aberration (C.) are the two main aberrations in the microscope.
The development of aberration corrected STEM is necessary to improve the resolution to the
sub-Angstrom regime. An aberration corrector produces negative Cs using multipole lenses, such
as quadrupole-octupole and hexapole lenses. The negative Cs provided by the aberration
corrector compensates the positive aberration of the objective lens,” and makes it possible to
achieve a total of nearly-zero C,.'”> Taking the advantage of aberration corrected STEM, we can
use a larger probe-forming aperture to obtain a high beam current and high resolution.

So why are STEM images incoherent, and why is the intensity solely dependent on the
atomic number? We will use a simplified case to demonstrate the incoherent imaging for
STEM.” The probe can be described as a wave packet with amplitude P(R) throughout the
thickness of the specimen,

P(R)= [A(K)e'®RdK (2.3).
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The aperture function A(K) is
A(K) = H(K)e" (2.4),
in which H(K) is the amplitude of the aperture function, which is zero outside of the aperture and

one inside. y is defined as
= g(Afe% gcse“) 2.5),
where Af is the defocus. The aberration terms have been included in the phase X. The

amplitude s scattered into the direction K¢ can be calculated from the first Born approximation

from
s (K)=c [ e™®RV(R)P(R-R;)dR (2.6),
where V(R) is the projected potential and ¢ = il Integrating the scattered intensity |Ws|?over
all the final states Ky, and using the identity
[ ekr(RR) K =422 5(R-R") 2.7),
give the total scattered intensity as
I(Ry)= J|¥s(R-Ry)| OR)IR 2.8),
I(Ro)=|¥5|°®O (2.9),

in which, @ represents a convolution of the probe intensity profile with an object function O
given by

O(R) = XN.,ZI'5(R — Ry) (2.10).
In Equation (2.10), the value of n depends on the experimental condition, which can be
determined by STEM image simulation under specific conditions. Equation (2.9) shows that the

intensity of the image depends only on the atomic number Z and no phase is involved.
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Figure 2.3.2 Schematic show of HAADF and ABF STEM. Examples of HAADF image of
CoZMnSi and ABF image of TiO2 (Ref: [103]) are shown.

Due to the strong Z dependence of the intensity in HAADF STEM images, seeing light
element columns can be difficult when there are heavy elements present in the same image, such
as O atoms in Fe;O4. Annular bright field (ABF) imaging is a technique that allows us to reliably
resolve light elements and heavy elements columns simultaneouly.'” Figure 2.3.2 presents a
schematic of the detectors for HAADF and ABF STEM, in which the detector angle of ABF
imaging is much smaller than that of HAADF imaging. The predominant electrons that
contribute to the HAADF images are the thermal diffuse scattered electrons. For ABF imaging,
the dominant contribution is signal from the elastically scattered electrons, which has a weak

dependence on atomic number.
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ABF and HAADF STEM share the same advantage of insensitivity to sample
thickness,'™ which can be explained by s-state channeling theory. An s-state Bloch wave is
tightly bonded to the atom columns, so with the electron probe positioning on the atom column,
the s states are strongly excited compared to other states such as p states. Just as in HAADF
STEM imaging, if the ABF detector angle spans a moderate range, some destructive interference
occurs which reduces the coherence. The ABF imaging therefore is insensitive to the variation of
the specimen thickness. The robust imaging of both light elements and heavy elements with
respect to thickness of the sample is favorable compared to usual BF imaging.

ABF image is an absorption image; therefore, all the atoms appear dark on a bright
background. For light element columns, the absorption effect is small, but for heavy element
columns, the absorption is larger. To explore the optimal experimental conditions for ABF
imaging, image simulation is needed.'” For a probe convergence angle of 22 mrad, the optimal
experimental conditions are 12 mrad and 22 mrad for the ABF detector inner and outer angle,
respectively.

Figure 2.3.3 shows simultaneously acquired HAADF and ABF images of a Fe;O4
specimen along [110] zone axis. The HAADF image in Figure 2.3.3 (a) shows that only Fe
atoms are visible as labeled by the red circles, but the ABF image in Figure 2.3.3 (b) shows both

Fe and O (blue circles) columns simultaneously.
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Figure 2.3.3 Simultaneously acquired HAADF and ABF images along Fe,O, [110] zone axis
are shown in (a) and (b), respectively.

2.3.2 STEM Image Simulation by Frozen Phonon Multislice Algorithm

Although STEM images are more straightforward to interpret than TEM images, we still
need to compare our experimental results with the simulated images to obtain a quantitative
understanding of the STEM image intensity, especially when defects or strains exists in the
images.

The multislice algorithm is the most precise method of simulating non-periodic structures
such as interfaces and defects. The simulated sample consists of a series of phase objects with
the wave propagating in free space between them. The phase objects are “slices” through the
whole sample, which is why the simulation algorithm is called “multislice”. Each slice should be
thin enough to be a phase object. The approximation of the phase object is that an object changes

the phase of the scattered electron wave but not the amplitude. When the phase change is much
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smaller than 90° (n/2), the object is called a weak phase object (WPO). The exact slice thickness
depends on the crystal structure of the sample, but ideally it is only one atom thick.

The basic steps to carry out the multislice simulation are as follows. (1) Divide the
sample into thin slices according to its crystal structure. (2) Propagate the wave function through
the whole sample model one slice at a time. TDS also needs to be included in the multislice

simulation by using a frozen phonon algorithm.'®

The period of phonons is typically on the
order of 107 s, 13 orders of magnitude longer than the time it takes for a 100 kV electron to

propagate through a 100 nm specimen, ~ 10" s. As a result, we can make the frozen phonon

approximation that when the electrons “travel” through the crystals, the lattice is “static” to

electrons.
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Figure 2.3.4 (a) Simulated STEM image of CMS along [110]. (b) and (c) are vertical and
horizontal intensity profiles along the windows drawn in (a), respectively.

A 128x128 pixel simulated image of Co,MnSi in the L2; with a thickness of 3.3 nm
ordered structure along [110] is shown in Figure 2.3.4 (a), with a thickness ~3.3 nm. Other

simulation conditions include a beam energy of 200 kV, a convergence angle of 17.5 mrad and

the HAADF detector angle of 53.9~269.5 mrad. Figure 2.3.4 (b) and (c) show the vertical and
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horizontal intensity profiles taken in the orange windows in Figure 2.3.4 (a), respectively, which
clearly show the different intensity of each column as labeled in the figures. Further analysis was
done to investigate the “Z-contrast” behavior of the images in Figure 2.3.4 (a). Figure 2.3.5
shows the dependence of image intensity on camera length (CL). The plot in Figure 2.3.5 (b)
shows that with different CL, the dependence of intensity on Z changes. The smaller the CL (CL
= 77 mm), the more closely we can obtain the pure Z-contrast image: I ~Z'’. The results of
image simulation in Figure 2.3.4 and 2.3.5 show that acquiring a pure Z-contrast image requires
a smaller camera length. What changes when increasing CLs is the HAADF detector angle.
Smaller CLs give larger HAADF detector angles. Larger HAADF detector angles suppress the
diffraction and phase contrast in the STEM images, which leaves us a “pure” Z-contrast image.
In experiments, however, the image intensity becomes dimmer as the CL becomes smaller.

Therefore, compromise has to be made between Z-contrast image and image intensity.

(El) Fa a7 N ( b ) CL=301 power = 0.924 =
5 A /o cL102 [ E 01 CL= 245 power = 1.79 -
80x10° | ya\ chizs |\ 80x10”° CL- 196 power = 2.15 ///
[ / \ CL160 / \ CL = 160 power = 2.27 o
——CL196 ( \ CL = 128 power = 1.97 P
‘; —CL245 Jt \ CL = 102 power = 1.6 /,//
> 60 | ( —CL301 | \ 60 - I CL=77power=169
= / [ \ |2 -
2 : H
9 40 £ 40
[
20 20

S1 Mn Co
Figure 2.3.5 (a) A series of intensity profiles taken in the vertical window in Figure 2.3.4 (a)
with different camera lengths (CLs). (b) Power law fittings for intensity at different CLs.

2.3.3 Thickness Measurement by Position Averaged Convergence Beam Diffraction

To compare simulated and experimental results, we must know the thickness of the

experimental sample. There are several methods to measure the sample thickness including two-
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beam convergent beam diffraction (CBED),”’ the electron energy loss spectroscopy (EELS) log—
ratio approach'*® and position average CBED (PACBED).'"'” Two-beam CBED for thickness
measurements can be accurate down to the unit cell level for specimens with thicknesses >50
nm.'” However, such thickness is too large to be useful for atomic resolution imaging in STEM.
Furthermore, this method requires tilting the sample away from the zone-axis conditions used for
imaging, potentially causing discrepancy between the areas used for imaging and those used in
determining the thickness.

EELS log—ratio approach is also not suitable for determining the thickness of samples
used in high-resolution STEM. If the inelastic mean free path is known, the log-ratio method can
be accurate within £10%."''® However, for the thin (<20 nm) specimens used in lattice resolution
imaging, surface plasmons begin to play a critical role and the accuracy and precision decrease
dramatically.''" Other aspects of EELS will be discussed in Chapter 3.3.'%

Compared to the other two methods, PACBED provides more accurate values of sample
thicknesses from 0 to 100 nm, with sample tilts of less than 1 mrad.''? Furthermore, we can use
the same optical condition of the microscope for HRSTEM, which means that the patterns can be
recorded accompanying the STEM images. The PACBED method is universal as long as unit-
cell sizes are small enough so that only the first or second order Bragg angles are within the
convergence semiangle. While more accurate thickness determination is possible by applying
pattern-matching simulation,'"” the accuracy of PACBED is sufficient for thin specimens used
for HRSTEM imaging.

The theory of PACBED patterns can be analogous to the CBED patterns, which is well
established for simulation.'”” Therefore, we can simulate the PACBED patterns in a way similar

to CBED.
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At the entrance surface of the sample, the wavefunction for a STEM probe is
w(h, z=0)= A(h) exp (-2zih-R) (2.11).
The intensity a single CBED pattern can be calculated as in:
1(q+G,R1t)= Y,I|S(q,t)A(q + H) exp(—2mi(q + H) - R) |’ (2.12),
in which S is the scattering matrix. The PACBED pattern is the average of all CBED patterns for
different probe positions.

I(q+Ht)=X,IS(qDH(q+HI (2.13),
from which we can see that the intensity of the PACBED pattern is also independent of the
aberrations.

Experimentally, we scan the beam with a large convergence angle across a relatively
small area (1 nm x 1 nm), which typically contains a few unit cells of the specimen, and at the
same time, we acquire the PACBED pattern with the Gatan GIF camera. For PACBED
simulation, a series of CBED patterns are simulated as a function of probe positions and then
averaged together.

PACBED doesn't work for amorphous materials, so the measured thickness is only the

thickness of the crystal part of the specimen, not amorphous overlayers.

2.4 Cs Corrected STEM Electron Energy Loss Spectroscopy

2.4.1 Basics of Electron Energy Loss Spectroscopy

Electron energy loss spectroscopy (EELS) uses inelastic scattered electrons to
characterize the chemical information of materials.'”® Some electrons lose a fraction of their
energy by an inelastic scattering process. Each element has a unique energy loss spectrum, which

can be used as identification for chemical states. A typical complete EEL spectrum has three
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parts: zero-loss peak, low loss peaks including plasmon-loss peaks and core-loss peaks. The
zero-loss peak (ZLP) is usually used to align the spectrometer. The full width of half maximum
(FWHM) of the ZLP can be used to define the energy resolution of the entire EELS spectrum.
The plasmon peak arises from excitation of plasmons, collective oscillations of the valence
electron density of the sample. We can obtain the local thickness of the sample (¢) by the log-
ratio method based on the intensity ratio between zero loss peak and plasmon peaks, as shown in

Equation (2.14).

t/A=1log (I/1y) (2.14),

in which ¢ is the thickness of the sample, A is the electron inelastic mean free path; Iy is the
intensity of the zero loss peak, and I is the intensity of the plasmon peak. Equation (3.14) shows

that measurements of the thickness of the sample rely on an accurate knowledge of A.

Energy resolution and spatial resolution are two key factors in EELS. The energy
resolution is determined by the spectrometer and the electron source. In TEM mode, the spatial
resolution is a function of the spectrometer entrance aperture and its effective size at the plane of
the specimen. In STEM mode, the spatial resolution of EELS is the size of the probe. Taking
advantage of the Cs corrector and the large condenser aperture, a sub angstrom probe can be
obtained'*® with more current and in a much more compact form compared to the illumination in
TEM mode, which allows us to characterize interfaces without delocalization caused by the tails

of the probe.'"!

However, in a real sample, the probe broadens as electrons travel through the
sample. Electrons spread laterally into the sample due to the elastic scattering, which degrades

the spatial resolution of EELS. The illuminated volume is proportional to fa in which « is the

convergence angle. However, the broadening effect is less prominent for a crystalline sample due
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to the electron channeling,''* which delays the beam broadening up to several nm below the
entrance surface. This channeling effect enables the atomic resolution in STEM EELS
mapping.'"!

The spatial resolution of EELS is also limited by the width of the associated interaction

potential.'"!

Based on the classical description of the particle scattering, the delocalization
problem arises since the inner-shell electron ejected by the passage of a high—energy electron
will scatter some distance away from the atom. The length scale of this delocalization problem is
about 2~5 nm and inversely proportional to the energy loss. In the case of the core level loss in
samples discussed here, (typically a few hundred to ~1000 eV), delocalization caused by the
inelastic scattering is a smaller effect than residual probe aberrations.'?

Information of chemical states of the specimen can be extracted from the core-loss peaks.

The core-level electrons in the sample are excited to the empty states above the Fermi level.

Variations in the single scattering intensity / (A E) can be described by the Fermi’s Golden

111
rule

I(AE) « do/dE o |M(E)|*§(E; — Ef — AE)N(E) (2.15),
in which o is the cross section of the scattering event; M(E) is an atomic transition matrix, which
affects the overall shape of the element edge in EELS and is determined by the atomic physics;
N(E) is the empty density of state (DOS), which depends on the chemical and crystallographic
environment of the excited atom; the delta (&) function enforces the conservation of energy.
Because the core-level states are highly localized, N(E) is a local density of states at the site of
excited atom. From Equation (2.15), transitions occur only when the final states are empty, so
EELS is sensitive to the unoccupied states above the Fermi level. The transition usually obeys

the dipole transition rule, which requires that Al = £1 where [ is the annular momentum. The
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dipole transition rule applies to the prominent L;;edges of transition metals elements and M, s
edges of the lanthanides, which have a high density of unfilled 4f states. If the collection angle is
big compared to the momentum transfer, non-dipole transition (dipole forbidden transition) can
also be captured in the spectrum and affect the shape of the edges.''’ For example, M ; edges of
La,Os, which corresponds to Al = 2, has been observed when using a 100 mrad collection
angle.'"!

Core-loss spectra show pronounced fine structure within 50 eV of the ionization
threshold, which is called near edge fine structures (ELNES).""" ELNES is related to the local
DOS, which reflects the charge redistribution in bonding or the nature of the conduction bands.
Consequently ELNES provides information on charge distribution, conduction band,

coordination and structures of the local states.''

The ELNES spectrum is unique for each
compound and hence can be used as fingerprints to precisely identify a compound.. In addition,
the signal at the near-edge region is also strong compared to other regions and can be used as a
monitor for local defects.

The disadvantage of ELNES is the lack of an accurate model to describe all edges in all
materials. The core-hole in the inner shell is one of the factors that prevent us from achieving a
simple interpretation of the ELNES. In the case where the core-hole effect dominates ELNES
provides information about the excited state instead of the ground state electronic structures of
the materials. For metals, the core hole effect is often negligible because the core hole is well
screened by the free electrons in the metal. For ionic insulators, a core hole effect is also small.
For covalent insulators or even semiconductors, however, the qualitative chemical behavior is

difficult to describe. For example, the core hole effect has a considerable effect close to the

threshold in Si, a typical semiconductor. The difference between the theoretical calculation
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(ground state) and experimental result is about 0.1 eV for the threshold energy loss. In transition
metal carbides, the core hole effect as large as 1-2 eV has been reported for the threshold
enegy.''® Therefore, although ELNES can give us information about the local electronic
structures of the sample, core hole effects need to be considered in order to fully understand the
ELNES of the materials of interest.

The intensity of core-loss edges can be used to measure the compositions of the
specimen. For a specimen with two elements a and b, the atomic ratio a to b can be calculated as

follows

& — Ira(B,Ag) o-jb(ﬂ'Ab)
Np Ijp(B.Ap) Ora(BAg)

(2.16),

in which N is the areal density (atoms per unit area) of the element, equal to the product of its
concentration and the specimen thickness; A, and A, are the energy integration windows for a

and b separately; j and k are the indices of edges and B is the collection angle; ¢ is the cross

section.
EELS is particularly suitable for light element analysis such as C, O and N. Transition
metals also show strong L edges in the EEL spectra. However, for heavy elements such as Au

and Pt, energy dispersive spectroscopy (EDX) is better for measuring composition.

2.4.2 EELS Spectrum Imaging and Data Processing

One of the key advantages of STEM is that any signal that varies with the probe position
can be used for imaging. The difference in angular distributions of the elastic scattering and
inelastic (or thermal diffuse) scattering ensures that we can acquire both signals simultaneously
using the ADF detector and EELS spectrometer respectively. Since the ELNES of core loss

signals reflects the local density of electronic states, the combination of STEM imaging and
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EELS allows us to explore the structure and chemical information at the same time; it even

allows atomic resolution mapping of the electronic structure of the materials.'"’

The EEL spectrum image (SI) is a 3D data matrix, in which each pixel in the SI contains
full chemical and position information.'”'"® An EELS SI data cube contains the probe positions

expressed in x and y as well as the energy loss 4E.'"”

The acquisition of EELS SI can be time
consuming, thus the sample drift can induce artifacts including loss of spatial resolution and

apparent mixing at interfaces.

In order to minimize the sample drift, we have to compromise between acquisition time
and spectrum signal-to-noise ratio. As we reduce the exposure time, sample drift is reduced, but
noise increases. Weighted principle component analysis (PCA) is often introduced to de-noise
the EELS SI data set.'*” The general concept of PCA is to reduce the dimensionality of the
original data matrix by excluding noise, leaving only the components that sufficiently describe

the original dataset without losing significant information.

Mathematically, we first decompose the EELS SI data matrix with dimension ((xxy), 4E)
into two matrices, a score matrix and a loading matrix, according to Bosman et al. 120 Each row of
the loading matrix ((xxy),n) contains the eigenvalues of the original EELS SI data matrix, which
are maximally uncorrelated with each other. Each column of the score matrix (n, 4E) contains
the amplitude of the eigenspectrum in the loading matrix. n is equal to the smaller dimension
between (xXy) and 4E. The individual product of each row of the loading and column of the
score matrices is called a principal component. The matrix decomposition can be performed by

120

singular value decomposition (SVD). ™" In the decomposed matrices, the principal components

are ordered from high to low by the fraction of the total spectral variance they represent. Thus,
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the first few principles components represent the real, correlated signal in the SI and the rest of
the components represent uncorrelated noise. After decomposing and reordering, the principle
components can be used to reconstruct the data matrix. Since the number of meaningful principle
components is much smaller than the data dimension n, the noise contribution can be greatly
reduced. Therefore, PCA is a mathematical approach that allows us to identify independent
spectra features as principle components, reduce the noise components, and finally reconstruct

the data matrix.

Weighted PCA is an optimized approach to deal with noisy data. The data is typically
weighted by the standard deviation of the Poisson counting noise of the data matrix, which is
equal to the square root of the number of counts. This weighting considers the fact that the
experimental noise varies with the detector channels and pixel numbers. Weighted PCA allows

120

us to reorganize the data matrix and normalize the distributions of the data noise. = Therefore,

when processing EELS SI data, we used the weighted PCA instead of the pure PCA.

2.5 Experimental Conditions for STEM Imaging and STEM EELS

HRSTEM experiments were performed on a FEI Titan STEM with CEOS probe
aberration corrector operated at 200 kV with a spatial resolution ~0.1 nm, 24.5 mrad
convergence angle and 25 pA probe current. Unless otherwise noted, the high-angle annular
dark-field (HAADF) detector subtended 54 to 270 mrad. All the HRSTEM images have been
smoothed with a Gaussian filter smaller than the 0.1 nm instrumental resolution to reduce shot

noise.
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Annular bright field STEM images were acquired with collection angles of 11 to 24 mrad.
Z-contrast images simultaneously acquired with ABF images required collection angles of 112 to

560 mrad, resulting in higher noise in the Z-contrast image.

Unless otherwise noted, the EELS SIs were acquired with energy resolution of 0.8 eV,
convergence angle 24.5 mrad, and collection angle 52 mrad. EELS SIs were acquired on a GIF
865 equipped on the Titan, with energy dispersion 0.2 eV/pixel. EELS quantifications were
carried out by DigitalMicrograph software, which implements the standard quantification
method described by Egerton.''" All EELS SIs were processed by weighted PCA, now a plugin
in DigitalMicrograph. The number of principle components that were used to reconstruct the data

varied from SI to SI.
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Chapter 3 High quality ferromagnetic electrodes with high spin

polarization

3.1 Optimization of Fe3O,4 Thin Films on Buffered Si Substrate

The negative spin polarization in Fe;O4 can produce a negative TMR in an MTJ with a
positive SP second electrode like CoFe. Negative TMR means that the highest tunneling
resistance is for parallel electrode magnetizations according to Julliere’s model, as shown in
Equation (1). However, most MTJs with a single Fe;O4 electrode have not produced inverse
TMR, or any TMR of large magnitude.’®'*'"'** One of the reasons may be defects and other Fe

. . 56,121,124
oxide phases in the Fe;O4 electrodes.”™ “"

Two approaches could increase TMR in Fe;O4
based MTIJs. First, development of high-quality Fe;O,4 thin films could let its fundamental spin
characteristics emerge in MTJs. Second, Fe;O4/ tunnel barrier interfaces need to be flat, since
the performance of MTJs depends on the interfaces between the ferromagnetic electrodes and the
tunnel barrier.*” In particular, coherent tunneling, which contributes to the extremely high TMR
of Fe/MgO'* and related devices like CoFeB/MgO'*°, requires flat interfaces to preserve the in-
plane carrier momentum.'® Therefore, a low defect density, smooth ferromagnetic electrode is
essential for high-performance MTJs. We explored the growth of Fe;O4 thin films grown by
different methods including reactive sputtering and selective oxidation. We found that with

selective oxidation, the quality of Fe;Oj4 thin films on buffered Si is comparable to films grown

by molecular beam epitaxy (MBE).

3.1.1 Fe304 Thin Films Grown on TiN buffered Si by Reactive Sputtering

Thin Film Fabrication
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We first fabricated the Fe;Oj4 thin films by reactive sputtering. Dr. Hua Xiang prepared
the multilayer stacks by DC magnetron sputtering. Multilayer stacks with the structure of Si /
TiN (10) / Fe;O4 () (nm) were grown by DC magnetron reactive sputtering in a home-built
system with base pressure better than 1.0x10"" Torr. The TiN buffer was prepared at 550 °C.”’
The same deposition system was used for other thin films fabrication. Therefore, the descriptions
of the depositing system will not be described in Chapter 3 and 4. After the substrate was cooled
to RT, Fe;O4 layers with different thicknesses (f) were deposited on the TiN/Si structure at
substrate temperatures (7s) of RT, 150, 250, 300, and 400 °C, by three different dc sputtering
powers, 30, 60, and 120 W.

Results and Discussions

Optimal fabrication conditions were explored by X-Ray diffraction (XRD) done by Dr.
Hua Xiang. The depositing power and 75 played important roles in the growth of Fe;O4 thin
films. The XRD results indicated that with smaller sputtering power (30 W), the Fe;O4 films had
better quality compared to the one grown with large sputtering power (120 W). XRD results
showed that the full width of half maximum (FWHM) of Fe;O4 (400) peak deceased as 7
increased up to 400 °C, indicating the improvement of the Fe;O4 crystal quality.

In Figure 3.1.1 (a), a TEM image shows a Fe;Oy4 thin film with columnar growth was
formed, despite the fact that we have epitaxial growth Fe;O4 on TiN buffered Si at T, = 250 °C,
which is indicated by the selective area diffraction (SAD) pattern shown in Figure 3.1.1 (c). The
formation of Fe;O4 was confirmed by XPS, showing both Fe*" and Fe’* peak, which is
characteristic for Fe;O4. No satellite peak in between Fe 2p;» and Fe 2p;,; indicates no Fe,Os
existing in the Fe;O4 thin film.'”” Due to the columnar growth, a rough Fe;O, surface is shown in

Figure 3.1.1 (b), including a deep gap between two grains, indicated by an orange arrow. This
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huge roughness would be detrimental to coherent tunneling in the MTJs with Fe;04/MgO

125
structure.

Si(-11)  TiN(-111)
Fe,0, k111 [

Figure 3.1.1 Low magnification and HR-TEM images along the Si [110] zone axis of the 270
nm Fe O, films deposited on TiN buffered Si (001) at 250 °C, (b) the surface of the Fe,O, thin

film grown at 250 °C, the arrow indicates a gap on the surface (c) selected area diffraction
pattern of the entire Si (001)/TiN/Fe,O, stack.

Magnetization loops measured on the Fe;Oy4 thin films grown at 7, = 300 °C and 7§ = 400
°C are shown in Figure 3.1.2. The effects of the Si / TiN bilayer have been subtracted from the
data. The magnetization of the Fe;O4 film is still not completely saturated even up to 6000 Oe,
which is due to the antiferromagnetically coupled APBs arising from Fe sublattice stacking
faults.”® APBs also lead to super-paramagnetic behavior of Fe;04 when the thickness of Fe;0y is
less than 5 nm, making such films useless for MTJs.””%"%>!*® The density of APBs is strongly

influenced by the growth conditions and the substrate.
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Figure 3.1.2 The RT magnetization loops of the 270 nm-thick Fe,O, films prepared at
different Ts on TiN buffered Si (001). Acquired by Dr. Hua Xiang.

3.1.2 Fe3O4 Thin Films Grown by CO,/CO Selective Oxidation on a Ag (TiN) Buffered Si
Substrate
Introduction

The surface roughness of Fe;O4 thin films grown on MgO substrates is typically smaller
than one unit cell of Fe;04, and the smallest reported roughness is 0.2 nm.'*” A typical roughness
for Fe;0,4 thin film on Si'*%13% is larger than 1 nm. In order to achieve thin films with smoother
surface and lower defect density on Si, we applied a novel oxidation method to let the Fe;O4
form in equilibrium by selective oxidation of a smooth Fe thin film.

Fe;04 has been synthesized previously by post-annealing an Fe thin film in an O,

49,133,134

atmosphere. In most cases, post-annealed Fe;O; films show smaller saturation

magnetization fields than films deposited as Fe;Oy directly due to a lower density of APBs."**'?

However, reliably controlling the formation of single-phase Fe;O4 is difficult. Mori ef al.'*®

reported that the oxide formed by exposing a bulk Fe (110) at 300°C to 1x10 Torr O, is FeO.
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On the other hand, Kim et al."*’ reported that the final product of oxidation of a Fe (110) film at
250 °C in 5x107 Torr O, can be Fe;0,, depending on oxidation time and oxygen partial pressure.

Experimentally, we can utilize a mixture of two gases with a defined ratio such as
COx(g)/CO(g) and H,0O(g)/Ha(g) to control the O, partial pressure through the chemical reactions
2CO + O, & 2C0; and 2H, + O, < 2H,0, respectively.'*® By precisely controlling the ratio of
the two gases, we can select the O, partial pressure that allows Fe;O4to form in thermodynamic
equilibrium. Here, we used a thermodynamic calculation to determine the specific Pcoa/Pco ratio
range which allowed us to form Fe;O4. Figure 3.1.3 shows the calculated Fe-O phase diagram in
terms of temperature (T) and log (Pco2/Pco). From the reaction equilibrium between O, (g), CO,
(g) and CO (g), the Pcoo/Pco ratio corresponding to certain fixed oxygen chemical potential can

be readily obtained by thermodynamic calculations based on the known Gibbs energies.'**
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Figure 3.1.3 The calculated Fe—O phase diagram in terms of temperature as a function of
log(P.,/Po)- The red triangle represents the P /P, ratio with the same chemical

-7
potential as pure O, at 10 Torr. Calculated by Dr. Chuan Zhang.

Thin Film Fabrications
The TiN buffer was reactively sputtered on Si substrates via domain matching epitaxy

(DME)"* in a 6 mTorr Ar and 0.5 mTorr N, mixture at a substrate temperature of 550 °C.'*" Ag
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buffers were deposited at RT in 3 mTorr Ar. Epitaxial Fe was grown at room temperature and
then annealed at 400 °C for 10 min to both improve the epitaxial growth quality and reduce the
surface roughness. We used a CO,/CO 1000:1 gas mixture to selectively oxidize the Fe layer.
Epitaxial Fe;Oy thin films were produced by oxidation at 160 °C under 100 Torr of CO,/CO and
at 400 °C under 6 Torr. The details of TEM sample preparations are described in Chapter 3.1.
Magnetization loops were measured by vibrating sample magnetometry (VSM). Surface

roughness of the Fe;Oj4 thin films was measured by atomic force microscopy (AFM).
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Figure 3.1.4 (a) HR-STEM image of the oxidized Fe,O, structure; (b) EEL spectrum on the
Fe,O, layer, including the distinct O pre-peak, O K and Fe L edges. (c) HRSTEM image shows
the Ag diffusion from the buffer layer.

Results and Discussions

First, we fabricated Fe;O4 by selective oxidation on Ag buffered Fe;O4.*® The rms
roughness measured by AFM was 0.61+£0.03 nm, which was much smoother than the reactively
sputtered Fe;O4 thin film. As shown in Figure 3.1.4 (a), the HRSTEM image shows the Fe;O4
thin film along the [110] zone axis. The red circles in Figure 3.1.4 (a) present the positions of
the Fe columns, and O columns are not visible due to its low atomic number. The dashed
rectangle box defines a unit cell along Fe;O4 [110] zone axis. The EEL spectrum in Figure 3.1.4

(b) shows clear O K and Fe L, edges. The shape of the O K edge pre peak reflects the Fe
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valence states, which is consistent with the results we obtained on a Fe;O4 nanoparticle standard
sample as shown in Figure 3.1.5. In Figure 3.1.5, we intentionally added offset to the spectrum
in red, otherwise two spectra are almost identical, especially the first three peaks. More detailed
investigation on O K edges in Fe oxides is discussed in Chapter 6.

Selective CO,/CO oxidation of Fe on Ag-buffered Si yielded Fe;O4 with somewhat lower
surface roughness,” but during growth, the Ag diffuses into the Fe;O, thin film, as is shown in
Figure 3.1.4 (d). Thus, instead of using Ag as the buffer, we used TiN, which also epitaxially

grows on Si by domain match epitaxy.'*'

—— Fe;0, standard
—— Fe;0, from experiment

Intensity (a.u.)

| I I |
520 540 560 580 600

Energy loss (eV)
Figure 3.1.5 EEL spectra of O K edge of Fe3O4 from experiment and a Fe;O, standard.

Figure 3.1.6 (a) is a HRSTEM image of a Fe;O4 thin film on TiN buffered Si produced
by selective oxidation at 160 °C, showing the Fe;O4 lattice along a [110] direction. The
HRSTEM image in Figure 3.1.6 (b) shows a sharp interface between the TiN buffer and the
unoxidized Fe. There are nanovoids at the Fe;O4/Fe interface that are associated with the steps of
the Fe layer, as is indicated by the orange dashed lines in Figure 3.1.6 (c). Figure 3.1.6 (d)

shows an AFM image of the Fe;O., indicating an rms roughness of 0.34+0.03 nm. This is
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comparable to the roughness of Fe;O, thin films on MgO,'* and much smoother than the

sputtered Fe;Oy on buffered Si.""

« 2:nm.

Figure 3.1.6 Results on Fe,O, thin films grown at 160 °C. (a) HRSTEM on Fe,O, thin film.

The red dots are the positions of Fe columns (b) sharp interfaces between TiN and Fe (c)
HRSTEM image of the defect at the interface of Fe,O, and Fe. The dashed orange lines

indicate the steps of the Fe (d) AFM on the Fe,O, thin film. (e) Dark field TEM image using
the (220) reflection for the [001] orientated Fe,O, thin film grown at 160°C with a thickness
19.34 nm.

The APBs of a Fe;O4 thin film grown at 160 °C with a thickness ~19 nm are shown in
Figure 3.1.6 (e). The antiphase domain size of our Fe;O4 thin film is 50~100 nm, which is more
than twice the length and four times the area of previous antiphase domains in Fe;Oy4 thin films
with similar thickness grown on AL,Oj; substrates.'* The size of anitiphase domains in Fe;O,
generally increases with film thickness, but the domain size for our Fe;O4 thin film is
comparable to or even larger than previously reported for 50 nm thick Fe;O4 thin films on o-
AL,O3 (0001) by MBE'* and on MgO substrates.'* The magnetization loop of this structure (not
shown) is dominated by residual, unoxidized Fe below the Fe;O..

Under oxidation at 400 °C, Fe3;O, still forms, as is shown in the HRSTEM image in

Figure 3.1.7 (a). The pre-peak feature of the O K edge and the Fe L edge extracted from an
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EELS SI taken on the area in Figure 3.1.7 (@) are shown in Figure 3.1.7 (c). Figure 3.1.7 (b)
shows that there is a second phase formed at the interface between TiN and Fe. EELS on the
reaction layer, shown in Figure 3.1.7 (d), has distinct Ti L, O K and Fe L edges. The measured
atomic ratio Fe/Ti is 2.1£0.2 by EELS. The crystal structure of the second phase is consistent
with Fe,TiO4, also known as ulvospinel, which is an inverse spinel with similar lattice parameter

to Fe;04 with Ti*" occupying the octahedral B sites.'*'*
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Figure 3.1.7 HRSTEM and EELS results on Fe,O, thin films grown at 400 C. (a) HRSTEM
image on Fe,O, with a sharp interface in between Fe,O, and Fe. (b) HRSTEM on interface
between TiN and Fe, with the reaction layer. (c) EELS on Fe,O, thin film with O K edge
ELNES and Fe L edges. (d) EELS on the reaction layer shows Ti L, O K and Fe L edges. (e) Fe
L edge core level shift among Fe,O,, Fe and Fe, Ti O, The shift between Fe,O, and Fe is 0.33
+ 0.04 eV to the higher energy loss; Fe L edge on Fe, Ti O, shifts 0.51 + 0.05 eV to the to the

lower energy loss compared to Fe. (f) Magnetization loop for Fe,O, thin film grown at 400 °C
for 6 hr.

Fe,0; and Fe;Oy4 are difficult to distinguish from the HRSTEM images, but O K edge
ELNES'" and Fe L edge core level shifts'*® can reflect the Fe valence in Fe oxides. The splitting
between O K edge pre peak and main peak shown in Figure 3.1.7 () is consistent with our
EELS measurement on a Fe;O4 standard under similar experimental conditions. The Fe L edge
on Fe;04 shifts 0.33+0.05 eV to the higher energy loss compared to the un-oxidized Fe shown in
Figure 3.1.7 (e), which is consistent with the formation of Fe;04.'** The relative Fe L edge shifts

among Fe, Fe,TiO4 and Fe;O4 are shown in Figure 3.1.7 (e). The Fe L edge of the Fe,TiO4is
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shifted 0.51+0.05 eV to lower energy compared to Fe. That is smaller than the reported

145199 which may suggest the second phase is non-stoichiometric. The magnetization loop

value,
of this structure in Figure 3.1.7 (f) shows paramagnetic-like behavior, which we attribute to the

magnetic properties of the second phase.'*’
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Figure 3.1.8 A power law growth model for Fe, O, grown at 160 °C fitting by x=At" in which x
is the thickness, t is the growth time, A is the constant and m is the power.

Growth kinetics for the Fe;O4 thin films grown at 160 °C are shown in Figure 3.1.8. A
power law x = At ™ was fit to the data, in which x (nm) is the thickness measured from the STEM
images, ¢ (hr) is the growth time, m is the power, and A4 is a multiplicative factor. For the best fit,
m=0.26+0.02 and A=11.8+0.8. The power 0.26+0.02 is consistent with %, not the parabolic law
commonly obtained for Fe oxidation."”' However, a ¥ power law growth model was reported for
the oxidation of Ni at 500 °C,"" which was modeled assuming that field-induced cation vacancy
transport is the rate-limiting process. The same mechanism may control the growth of our films
oxidized at 160 °C.

We believe that the formation of the second phase at the Fe;O4/TiN interface at 400 °C

involves two steps. First, TiN is oxidized to Ti oxides and releases N,. Second, Fe and O, react
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with the Ti oxides at the Fe/TiN interface. The oxidation of TiN to Ti oxides is thermally

132133 the reaction rate of TiN oxidation at 400

activated, and from the reported activation energy,
°C is 10° times higher than that at 160 °C. TEM done at the Fe/TiN interface annealed in vacuum
shows no second phase, which indicates that the oxygen comes from the supplied CO,/CO gas
mixture. In these experiments, we also changed the total gas pressure, but because the CO,/CO
ratio was constant, that does not change the O chemical potential. The only thermodynamic
variable that was changed was the temperature.

Conclusions

In conclusion, single-phase Fe;O4 thin films were grown by reactive sputtering, but the
surface roughness is too large and there are too many APBs, which make such Fe;O4 thin film
not applicable in MTJs.

Low-defect, smooth Fe;O4 thin films suitable for nanoscale spintronic applications were
fabricated on Si substrates by CO,/CO gas selective oxidation using both Ag and TiN buffers.
Fe;04 thin films on Ag buffered Si showed improvement of the surface roughness compared to
films grown by reactive sputtering. However, Ag diffusion into Fe;O4 thin films became a
problem. By using TiN buffer, we fabricated the Fe;O, thin film with comparable surface
roughness as Fe;O4 grown on MgO substrate by MBE. Increasing the oxidation temperature to
400 °C leads to a second phase layer between the TiN and Fe. The formation of the reaction
layer is related to the high activation energy of TiN oxidation, so no oxidation occurred at lower

temperature. At 160 °C, the Fe;O4 thickness follows a Y4 power law in time, providing easy

access to nanometer-thick films with low density of anti-phase boundaries.
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3.2 Fe4sN and (CoyFei4)sN Thin Film Grown by Reactive Sputtering on a TiN
Buffered Si Substrate

3.2.1 Fe4sN Thin film on TiN Buffered Si Substrate

Introduction

As discussed in Chapter 1.4, FesN is suitable for spintronic devices due to its high spin
polarization at £ at RT. Fabrication of FesN thin films requires careful control of kinetic factors
such as temperature, N, pressure and deposition power.** Navio et al.">* investigated the thermal
stability of FesN / Cu(001) structure and found that FesN decomposed to FexN at 425 °C. Wu et
al.'> studied the thermal stability of Fe,N nanoparticles and found that these particles were
stable in air up to 400 °C and then decomposed and oxidized to Fe,O3 at higher temperature.
Sunaga et al.” reported the fabrication of single phase Fe,N film at RT, but other studies
indicated that the FesN phase was only stable at elevated temperatures and other FexN phases

1% Therefore, fabricating single-phase, stable FesN is a

were present in the RT fabricated films.
challenging task for reactive sputtering.
Thin Film Fabrication

FesN layers with nominal thickness of 45nm were deposited on the TiN / Si(001)
structure by DC reactive sputtering at different substrate temperatures (75), i.e. RT, 200, 250,
300, 350 and 400 °C under the DC sputtering power of 30, 50 and 80 W. The gas mixture during
reactive sputtering was 6 mTorr Ar and 2.5 mTorr Ny, respectively.
Results and Discussions

Optimal growth conditions were explored using XRD. XRD results (acquired by Dr. Hua

Xiang, not shown) of FexN thin films showed that only small deposition power (30W) and large

N, concentration (30%) gave rise to epitaxial growth of FesN thin film on TiN buffered Si (001)
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substrate. Substrate temperature (7s) also played an important role: Fe,N (other iron nitride
phases, except FesN) peak still appeared in the XRD results when substrate temperature is 200
°C, but when the substrate temperature increased to 250 and 300 °C, the Fe,N peaks disappeared
and the FesN (002) peak became more pronounced.

The FesN (002) peak disappeared when 75 increased to 400 °C, indicating the
decomposition of the Fe,N thin films. This is consistent with Navio e al.'>* Post-annealing
conditions are also critical for the FesN thin films. When annealing the thin films in a vacuum at
250~400 °C, the FesN thin film decomposed, while on annealing in N, atmosphere at the same
temperatures, the thin films remained stable.

Therefore, the optimal fabrication conditions for a stable FesN thin film are (1) small
deposition power and large N, concentration; (2) 7s < 400 °C and (3) annealing in N;

atmosphere.

(a) (b)
Fe,N

Counts

400 500 S(IJD 700
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Figure 3.2.1 (a) HRSTEM image of all three layers from bottom to top is Si, TiN and Fe,N,
separately; (b) EELS spectrum on Fe,N layer.

Epitaxial Fes;N thin films prepared at 7,=300°C and 30% N, are shown in Figure 3.2.1.

The HRSTEM image along Fe4sN [110] shows a good epitaxial relationship for Si, TiN and FesN
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layers in Figure 3.2.1 (a). Surface roughness is 0.41 + 0.03 nm, suitable for spintronic devices.
Figure 3.2.1 (b) shows the EELS measurement of FesN thin film, which gives N/Fe atomic ratio
0.2 +0.027, indicating that the Fe4N film is nearly stoichiometric. Magnetization loops show that
the magnetization easy axis of FesN on Si (001) substrate followed the Fe easy axis [110] after

post annealing the sample in vacuum.
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Figure 3.2.2 (a) surface oxidation of Fe,N. The three layers in the (a) are identified as Fe,O,,
Fe,N,  and Fe,N. (b) to (d) are EEL spectra for the layers from top to bottom, respectively.

We also investigated the thermal stability of FesN thin films at RT in atmosphere. Figure
3.2.2 (a) shows an oxide layer on top of Fes;N thin film left uncapped FesN in air. The EEL
spectrum in Figure 3.2.2 (b) is consistent with the O K edge ELNES of a Fe;0, standard.
Therefore, the oxidation layer is Fe;O4. The phase transformation from FesN to Fe;O4 at RT is
thermodynamically favorable, since the standard Gibbs formation energies of FesN and Fe;O4

are +3.8 kJ/mol and -1015.4 kJ/mol, respectively. At the FesN / Fe;O4 interface, there is an
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intermediate layer as shown in Figure 3.2.2 (a). The intermediate layer has a larger lattice
constant than that of the FesN thin film. EELS quantification based on the spectra in Figure
3.2.2 (c) shows that the composition of the intermediate layer is close to &-Fe;Nj, which is
consistent with Somers et al.'””’ However, Figure 3.2.2 (c) also shows a small O K edge,
indicating that the intermediate layer, e-Fe;N; has O in its lattice, which may be another reason
why the lattice of e-Fe,Njx expanded compared to FesN. Figure 3.2.2 (d) shows the EEL spectra
from the Fe4N thin film, in which almost no O is detected. The easy oxidation of FesN thin film
suggests that a capping layer such as Al is essential to keep FesN stable at room temperature

under in atmosphere atm.

3.2.2 (CoxFe1x)4N Thin Film on TiN Buffered Si Substrate

Introduction
CosN is also a ferromagnetic material with the same fcc structure as FesN. %1% Similar
to FesN, CosN has the minority spin electron dominant conduction current, which was recently

predicted to be nearly half metallic."”*">’

The spin polarization of CosN at the Fermi level is
predicted to be -0.875, which is much larger than that of FesN (-0.675), suggesting that CosN
could be useful for spintronics applications. However, Matsuoka et al.'® found that instead of
CosN, a mixed phase of Co nitride including Co,N and CosN forms by reactively sputtering Co
with N,. Other approaches like heating CoN precursor up to 500 °C yielded a mixture of

! Tto et al.'® reported the growth of CosN

different CoNy phases, but without a trace of CosN.
thin films on SrTiOs substrates by MBE using NH; plasma.
Adjusting the relative composition of CoyFe;.x may lead us to the ordered CosFeN phase

with fully spin polarized electrons at Fermi level or might create stable films with higher spin

polarization than Fe,N.®® Therefore, we attempted to fabricate (CoFe;.,)sN films on TiN
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buffered Si(001) substrates by dual target reactive co-sputtering under similar conditions to
Chapter 3.2.1. Composition films were fabricated, but single-phase (CoxFe;.x)sN was not
achieved. We found that iron nitrides are much more likely to form than cobalt nitrides, which
may also suggest the possible reason for the difficulty of fabricating pure phase Co4N thin film.
Thin Film Fabrication

Bilayers with the structure of Si (001) / TiN / (CoxFe;x)sN were grown in the same
sputtering chamber as in Chapter 3.2.1. After the substrate was cooled to RT, the (CoxFe )N
layer was deposited on the TiN/Si(001) structure by co-sputtering from Fe and Co targets
simultaneously at substrate temperature (7) of 300 °C. During the reactive sputtering process,
the deposition power for Fe target was kept at DC 55 W, but Co target was rf sputtered at
different powers, i.e. 20, 30, 45, 60, 80, 120, 200, 250 and 300 W. The gas mixture for (CoxFe;.
x)aN layer deposition is 6 mTorr Ar mixed with 2.5 mTorr N,.
Results and Discussions

We used XRD to test whether we grew (CoxFe;.x)sN phase. However, with Co sputtering
power 20 W, we found only FesN peaks at ~ 23.4° in XRD, and no trace of Co nitrides. Figure
3.2.3 shows STEM investigations of such a thin film. Without a capping layer on top of the thin
film, an oxidation layer formed as shown in Figure 3.2.3 (a). Figure 3.2.3 (b) is a higher
magnification view of the same layer. The oxidation layer has a similar structure as the one on
top of FesN thin film shown in Figure 3.2.2 (a). The EEL spectrum of the surface oxidation layer
in Figure 3.2.3(c) also has a pre peak in O K edge and no Co L edge, which means that the
surface oxidation is completely Fe oxide. In Figure 3.2.3 (d), the EEL spectrum shows that only

Fe and N edges are presented, which might be due to the small Co sputtering power.
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Figure 3.2.3 (CoxFeix),N thin film with Co rf deposition power 20 W. (a) A low

magnification STEM image of the multilayer thin film. (b) A HRSTEM image of the
interfaces between surface oxidation layer and the thin film. (c) and (d) are EEL spectra from
surface oxidation layer and thin film, respectively.
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With increasing Co sputtering power, XRD showed that the peaks of FesN disappeared
and a peak at 50° emerged. This peak can be attributed to either CosN or fcc Co (002) because of
the close lattice parameter between these two materials. High resolution XRD found that 26 is
51.73° a little larger than the 260=51.52° of bulk fcc Co(002) peak, which suggests the epitaxial
fcc Co phase with out-of-plane compressive stress rather than the possible CosN phase
formation.

Figure 3.2.4 shows the thin films deposited with Co sputtering power 300 W. Figure
3.2.4 (a) shows the low magnification STEM image of the thin film. The surface still has a thin
oxidized layer, but it is smoother than the thin film with Co depositing power 20 W shown in
Figure 3.2.3 (a). A HRSTEM image in Figure 3.2.4 (b) shows the structures of the surface
oxidation layer, which is different from what is shown in Figure 3.2.3 (b). In Figure 3.2.4 (c),
the EEL spectrum on the surface oxidation layer reveals that the oxidation layer contains Co and
Fe with a Fe/Co ratio 0.52 £+ 0.12. The EEL spectrum on the thin film in Figure 3.2.4 (d) shows

only Co L edges with Fe/Co ratio 0.12 + 0.01 and no N K edge. We concluded that the peak
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shown in XRD around 50° is from fcc Co instead of CosN. From the results shown in Figure
3.2.3 and 3.2.4, iron nitrides form more easily than cobalt nitrides, which might be the reason

why the Co4N thin film is difficult to fabricate.
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Figure 3.2.4 (CoxFeix),N thin film with Co rf deposition power 300 W. (a) A low

magnification STEM image of the multilayer thin film. (b) A HRSTEM image of the interfaces
between surface oxidation layer and the thin film. (c) and (d) are EEL spectra from surface
oxidation layer and thin film, respectively.

Conclusions

We have fabricated epitaxial, nearly stoichiometric FesN thin film on TiN buffered Si
(001) substrate by reactive sputtering confirmed by HRSTEM and STEM EELS. We have
explored the optimal growth conditions that lead to form a stable FesN thin film, including small
deposition power, large N, concentration, 7s < 400 °C, N, atmosphere annealing. Fe;O4 has
formed on top of FesN thin film if without a capping layer. The formation of Fe;Os was
thermodynamically favorable. Our results suggest that (1) a proper capping layer is essential to
prevent surface oxidation on FesN thin films; (2) integrating Fe4N into a MTJ can be problematic
due to its easy-oxidation nature.

(CoxFeix)4N film films with increasing Co content were prepared on TiN buffered Si(001)



61

substrates. When the Co content is low, the thin film mainly consists of Fe4sN, while with the

increasing Co rf sputtering powers, fcc Co is the main phase of the thin films.
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Chapter 4 Ferromagnet/Oxide Interfaces in Magnetic Tunnel

Junctions with AlO, Tunnel Barriers

4.1 Formation of Fe;O, at CoFe/AlO, Interfaces in a Nominally Symmetric Ag
Buffered MTJ
Introduction

Most of the CoFe/AlO,/CoFe MTlJs exhibit positive TMR due to the positive SP across
CoFe/AlOy interfaces.”*'%'" However, Du ef al. observed inverse TMR in a CoFe/AlO,/CoFe
junction in a MTJ with over-oxidized AlO, tunnel barrier.”* They speculated that Fe;O4 formed

1.'97 showed

at the interface, but did not present any data supporting this hypothesis. Yang et a
that XPS exhibited Fe’* and Fe*" peaks typical of Fe;O4 from an over-oxidized CoFe/AlOy
interface, but their results were from a half junction, so they could not be correlated directly to
TMR properties.

In order to investigate the local structural and composition information in full junctions,
we applied Cs-corrected HRSTEM and STEM EEL SI to both interfaces of a CoFe/AlOx MT]J.
We compared three types of junctions: MTJ (1): A CoFe/AlOy/CoFe MTJ deposited on a Ag
buffer layer on Si, which exhibits inverse TMR after field cooling; MTJ (2): the same MTJ
before field cooling, which exhibits normal TMR; and MTJ (3): A CoFe/AlOy/CoFe MTJ
deposited on a TiN buffer, which exhibits normal TMR, both before and after field cooling.
Based on the O K-edge ELNES'"" and the Fe L,3 edge core level shifts,'*® both CoFe/AlO,
interfaces in the inverse TMR junctions have some regions covered with Fe;O4. EELS SI shows

that the Fe;O4 is not a continuous film, and as a result, it is not visible as a distinct layer in the

HRSTEM images. We find no Fe;O4 in the normal TMR junctions, although some other Fe
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oxides are present, so we ascribe the inverse TMR to negative spin polarized tunneling from
Fe;04.
MTJ Fabrication and STEM Experiment

The MTJ multilayer stack was fabricated by Dr. Hua Xiang. The normal TMR junctions
consisted of Si (001)/TiN (200) (9 nm)/Co7sFeys bee (200) (20 nm)/ AlOy tunnel barrier (1.7~2
nm)/ Co7sFess (5 nm) / Ir;xMnzg (20 nm)/Ag (100 nm). The bottom electrode was epitaxial. The
AlOy tunnel barrier was formed by rf sputtering of 1.2 nm of Al metal followed by in situ rf
plasma oxidation in 100 mTorr of oxygen. The MTJ sheet films were patterned into round
junctions with radii ranging from 55 to 95 um by photolithography, then Ar ion milling. The
inverse TMR samples have a similar structure, but with an Ag bottom buffer layer: Si (001)/Ag
fcc (200) (35 nm)/Co7sFers bee (200) (20 nm)/ AlOy (1.7~ 2 nm)/ CozsFeys (5 nm) / IrpMnsg (20
nm)/Ag (100 nm). Transport measurements were carried out by Dr. Hua Xiang using the
standard dc four-probe method. The TMR curves and the bias voltage dependences of the TMR
ratio were measured at room temperature. The annealing conditions for normal and inverse TMR
samples were slightly different: for the annealed inverse TMR junctions, the annealing
conditions were 300 °C for 3 min in air; for normal TMR junctions, we annealed them under 250
°C for 2 min. However, the annealing conditions made no substantial difference for the
measurements. After annealing, two types of junctions were both cooled down under a 1000 Oe
magnetic field.

The EELS conditions were different from what were described in Chapter 3.4. The probe
convergence angle was 24.5 mrad, and the probe current was ~100 pA (spotsize 6), resulting in
spatial resolution of ~0.1 nm. The EELS SIs were taken in EFSTEM mode with camera length

CL = 248mm, convergence angle a = 17.5 mrad, probe current 71 pA, spatial resolution ~0.1
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nm, and EELS collection angle B = 52 mrad. The smaller convergence angle was used to reduce
the current, which is necessary to avoid beam damage to the specimens. It also generates a more
compact probe for microanalysis. The SIs were all processed by weighted PCA for de-noising.'*’
In this experiment, 30 principle components were used to maintain the energy loss near edge fine
structures (ELNES). This relatively large number of principle components was required due to
correlated noise in the spectrum image from imperfect gain normalization or dark subtraction.

Composition profiles were extracted from the corresponding EEL Sls and then integrated
horizontally along the junctions. Quantifications were calculated without PCA denoising. We
assumed the horizontal compositions were uniform for all the junctions, which is true for a SI
with a small vertical drift rate. The reference for the measurement of Fe L, ;core level shifts is
an artifact peak in the EELS around 700 eV, which is due to secondary emission of the Titan
Schottky emission gun. This artifact peak is materials independent, but captures fluctuations in
the high voltage and the lab EM fields, so it provides us a reliable reference to determine the Fe
L,, 3 core level shifts.

Results and Discussions
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Figure 4.1.1 TMR loops and bias dependence for (a) and (b), a
TiN-buffered, 250 °C field-cooled junction, (c) and (d), an as-
prepared Ag-buffered junction, and (e) and (f), a Ag-buffered,
300 °C field-cooled junction. Only (e) and (f) show inverse TMR.

Figure 4.1.1 shows TMR loops and bias dependences for the TiN-buffered, 250 °C field-
cooled junction (a and b), the as-prepared, Ag-buffered junction (¢ and d), and the Ag-buffered,
300 °C field-cooled junction (e and f). The TiN-buffered junction shows relatively high normal
TMR signal (65%) with symmetric bias dependence. The as-deposited, Ag-buffered junction
also shows normal TMR with symmetric bias dependence, although the TMR signal is lower,
about 11% at room temperature under 0.035 V bias voltage. Only the Ag-buffered, field-cooled
junction shows inverse TMR. Its TMR is about -7% under -0.3 V bias voltage, and the TMR bias

dependence is asymmetric.
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Figure 4.1.2 HRSTEM images for three different junctions: (a) a TiN-buffered, 250 °C
field-cooled normal TMR junction, (b) an as prepared Ag-buffered normal TMR junction,
and (c), a Ag-buffered, 300 °C field-cooled inverse TMR junction. No obvious extra layers
are present in any of the junctions.

Figure 4.1.2 shows HRSTEM images of structures of all three junctions. Each image
shows, from top to bottom, the IrMn, CoFe, AlOy, and CoFe layers. The Ag or TiN buffer layer
and the Si substrate are not shown. There are no obvious second-phase layers visible in these
images. At a flat interface, continuous layers as thin as a monolayer are visible using this

8108199 The CoFe/AlOy interfaces are somewhat rough,'” but even the nearly

technique.
atomically flat local regions in the images have no second phase. However, these images view
the sample in two dimensional projection along the beam direction, so small islands of a second
phase that overlap with a more strongly scattering matrix can be difficult to image. Figures
4.1.3,4.1.4, and 4.1.5 show EEL SIs collected from the regions of the three junctions shown in
Figure 4.1.2. Each SI was processed for the Co, Fe, Mn, and O composition. (Al was not
included because it does not have an ionization edge within the 450 to 850 eV energy range of
the EEL spectra.) We also used the fine structure on the O and Fe edges in the EEL SIs to

determine the Fe chemical state and Fe-O phase.'*>'"!
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Figure 4.1.3 EELS results on normal TMR junctions: (a) the composition profile extracted from
EEL SI (b) simultaneous ADF image acquired with the EEL Sl (c) Typical O K edges for the
upper and lower interfaces. The arrows indicate the positions where the spectra come from.
Figure 4.1.3 shows the EELS SI of the TiN-buffered normal TMR junction, acquired
with 1 nm pixels. The center panel, Figure 4.1.3 (b), is the HAADF signal acquired at the same
time as the EEL spectra. Compared to the HAADF images in Figure 4.1.2, the HAADF map is
acquired at much longer dwell time per pixel and much sparser pixel sampling. The left of
Figure 4.1.3 (b) identifies the layers in the device, which are, from bottom to top, the [rMn, the
top CoFe electrode, the AlOy, and the bottom (near substrate) CoFe electrode. In the integrated
composition profiles shown in Figure 4.1.3 (a), the O concentration peaks in the tunnel barrier,
and there is also a small amount of O in the bottom CoFe electrode. This low O concentration
may be due to surface oxidation of the thin TEM samples, perhaps exacerbated by the plasma

clean. Mn has diffused through the top CoFe but was stopped by the barrier layer, consistent with

previous results of Samant et al.'”* Figure 4.1.3 (c) shows two O K edge EEL spectra extracted



68

from the top and bottom CoFe/AlOy interfaces at the positions indicated by the arrows (each

comes from one pixel in the SI). The two spectra have the same near-edge structure.
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Figure 4.1.4 EELS results on an as prepared inverse TMR junctions: (a) the composition
profile extracted from EEL Sl. (b) The simultaneous HAADF images acquired with the EEL
SI (c) the O K edges extracted from both upper and lower interfaces. The arrows indicated
the positions where the spectrums come from.
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Figure 4.1.5 EELS results on annealed inverse TMR sample: (a) composition profile
extracted based on EEL Slis (b) the simultaneous HAADF images acquired with EEL Sl (c)
the extracted O K edges from both upper and lower interfaces, the arrows indicate the
position where the spectra come from
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Figure 4.1.4 is an EELS SI of an as-deposited Ag-buffered normal TMR junction. The
composition profiles in Figure 4.1.4 (a) show that the O concentration is high in the upper
electrode. This concentration is too high for purely surface oxidation. However, the EEL spectra
in Figure 4.1.4 (c) from the two interfaces are the same.

Figure 4.1.5 is an EELS SI of an Ag-buffered, field-cooled, inverse TMR junction
acquired with 0.25 nm pixels. The simultancous HAADF image is shown in Figure 4.1.5 (b).
There are periodic dots visible in the barrier layer region, which may be caused by carbon
contamination on the sample.'” Figure 4.1.5 (a) shows the integrated composition profiles.
There is a significant amount of O in the top CoFe layer, which is too large for surface oxidation.
The O concentration decreases sharply in the bottom CoFe electrode. Figure 4.1.5 (c) shows
two O K edge EEL spectra extracted from the top and bottom CoFe/AlOy interfaces at the
positions indicated by the arrows. The top interface spectrum has a strong pre-peak before the
main O K edge. The bottom interface spectrum does not, like the spectra for MTJ (1) and MTJ

(2) shown in Figures 4.1.3 (c) and 4.1.4 (c).
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Figure 4.1.6 EELS results on annealed inverse TMR junctions: (a) the simultaneous
HAADF images acquired with EEL Sl (b) the mapping of the intensity of pre- peak of O
K edge (c) the composition profile extracted from EEL Sl (d) the extracted O K edges for
upper interface, barrier and lower interface. The arrows indicate the positions where these
spectrums come from.

Figure 4.1.6 is an EELS SI from a different area of the same inverse TMR junction,
acquired with 0.6 nm pixels. The composition profile in Figure 4.1.6 (C) is similar to the
composition profile on the TiN-buffered normal TMR junction in Figure 4.1.4 (a), although with
more O in the CoFe layers. Unlike Figure 4.1.5 (c), the O K edge ELNES for the two interfaces
in Figure 4.1.6 (d) show a pre-peak at the bottom interface and not at the top. Figure 4.1.6 (c) is
a map of the O K edge pre-peak intensity, integrated from 528.4 to 529 eV. The color scale is

normalized to the highest intensity of O K edge pre peak. The pre-peak intensity map shows a
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thin (one pixel wide), uniform band at the bottom interface, and low average intensity at the top
interface with a few hot spots due to noise. As in Figure 4.1.5 (d), the color is normalized to the
highest intensity of O K edge pre peak. Figure 4.1.6 (d) also shows an O K-edge from the AlOx

barrier, which does not have a pre-peak.

— Top CoFe/AlO interface
---- Fit to top

—— Bottom CoFe/AlOy interface
. ---- Fit to bottom

Counts (Arb. units)

I I 1 1 | |
695 700 705 710 715 720 725 730
Energy loss (eV)

Figure 4.1.7 Fe L edge core level shift between upper and lower
CoFe/AlOx interfaces

Figure 4.1.7 shows the Fe L, 3 edges from the same two positions in the inverse TMR SI
in Figure 4.1.6 as the O K-edge spectra in Figure 4.1.6 (d). The black line is the spectrum from
the top interface in Figure 4.1.6 (d) that does not have the O K edge pre-peak. The red line is
from bottom interface spectrum that does have the O K edge ELNES pre-peak. The dashed lines
are the Gaussian fits to the Fe L, white lines, which provide sub-channel measurements of the
peak position. The peak for the bottom interface has shifted approximately 0.5 eV higher in
energy compared to the peak from the top interface. Similar analysis of Fe L, ;edges from the
inverse TMR junction spectra in Figure 4.1.5 (c) shows a core level shift of 0.3 eV. No shift or

other changes in fine structure are found for any of the Co L, 3 edges in any SI.
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Annealing and field cooling created inverse TMR for nominally symmetric
Ag/CoFe/AlO,/CoFe junctions which should, in principle, show positive TMR.'”* Based on EEL
SIs and composition profiles from all three types of junctions, we believe that the inverse TMR
is due to a Fe;O,4 reaction layer at the interfaces between CoFe and AlOy. The reaction layer is
not always at the same interface, is not always the same thickness, and is discontinuous. There
are also thin FeO layers, which may reduce the TMR.

We identified the Fe-O layers primarily based on the O K-edge pre-peak'’’ and the Fe

L. core level shift.'*®

The O K edge corresponds to O 1s and 2p transitions. The pre-peak arises
from unoccupied O 2p states that are hybridized with Fe 3d orbitals. O bonded to Al, on the
other hand, has no prepeak.'”” Therefore, the regions with a strong pre-peak in Figure 4.1.5 (d)
and 4.1.6 (b) are regions with Fe-O bonds. The absence of the pre-peak in Figure 4.1.3 (c) and
4.1.4 (c) (and the in rest of those SlIs) indicates no Fe-O bonding. The shape, energy, and

relative intensity of the pre-peak depends on the Fe-O phase.'”!

The separation of the pre-peak
maximum and the main peak maximum is a convenient metric. Colliex ef al. have reported that
this separation is 10.7 £ 0.2 eV or Fe;04, 11.0 £ 0.2 eV for a-Fe,03, and 9.0 £ 0.2 eV for
FeO.""" In Figure 4.1.7, the peak separation is 10 eV, which is closest to the value for Fe;Os.
However, the shape of O K edge in this Fe;O4 thin layer is consistent with that measured in a
Fe;0,4 standard under similar experimental conditions. More details will be discussed in Chapter
6.

The Fe L, 3 edges correspond to an electron transition from Fe 2p states to empty 3d
states. If the Fe is oxidized, some of the 3d electrons are transferred to the oxygen, so there are
more empty 3d states on the Fe, which will shift the energy of the L, peak. The direction of shift

106

is a more complicated problem. ™ As shown in Figure 4.1.7, the Fe L, edge from the top
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electrode in the SI in Figure 5.1.6 is 0.5 eV higher in energy than the L, edge from the bottom
electrode. From the composition profiles in Figure 5.1.6 (a), we know that both electrodes
contain some Fe-O phase. The +0.5 eV shift is consistent with the difference in position

between FeO and Fe;04.'*

FeO does not have a strongly separated O K-edge prepeak. Instead,
there is a small shoulder on the low energy side of the main peak.'”’ The O K-edge from the top
electrode in Figure 4.1.6 may show such a shoulder, although it is not significantly above the
noise in the spectrum. The core level peak shift of the Fe L, edge for the inverse TMR junction
SI in Figure 4.1.5 is +0.3 eV, which is consistent with the shift from Fe;O, to Fe.'*

The lack of shift in the Co L, ; edge means that the Co was not oxidized. The Gibbs free
energy of formation AG of Fe;O4 is much lower than AG of CoO at the 300 °C temperature used
for field cooling, so the reaction rate to oxidize Fe is much larger than for Co. The Fe;O,4 layers
are too thin for the rejected Co to create a large enough change in the underlying CoFe electrode
composition to be detected in the EELS maps, as in Figure 4.1.5 (a) or Figure 4.1.6 (a). Along
similar lines, in CoFe/AlOy/FeOy/CoFe MTJs, Zhang et al. observed by Rutherford
backscattering spectrometry (RBS) no incorporation of Co into the FeOy at temperatures up to
400 °C, which is high enough to decompose the FeO,.'”

The thickness of the Fe;O4 layer of the upper electrode varies from 1.5 nm to 2 nm,
although we have not captured the top edge of the layer due to the limited area of the SI. In
Figure 4.1.6, the Fe;O4 at the bottom interface is only 0.6 nm (1 pixel) thick. That may or may
not be sufficient Fe;0, to exhibit negative spin polarization. Lu ef al."** reported that epitaxial
Fe;O4 films on GaAs (100) thicker than 1.6 nm have bulk-like magnetic properties, which

suggests they would also have negative spin polarization. Thinner films, <1 nm, did not have

bulk-like magnetic properties. However, very thin films may be discontinuous, or they may



74

incorporate such a high density of crystallographic defects such as anti-phase boundaries that

2213177 oven though they may still have

they do not exhibit bulk-like magnetic properties,
interface-dominated negative spin polarization.

Our results indicate that the Fe-O layers are not continuous. They do not appear in the
HRSTEM images in Figure 4.1.2, and the Fe/O ratio for the Fe;O4 reaction layer in Figure 4.1.5
is 0.26+0.04 from the EELS quantification, well below the 0.75 of Fe;O4. The low Fe/O ratio
indicates that through the thickness of the sample, we were averaging some thickness of Fe;O4
with some phase with lower O, possibly pure Fe. This might also explain the smaller O pre-peak
/ main peak energy difference we observed compared to the pure phases studied by Colliex et
al'" The Fe;04 pre-peak sits on a sloping pre-edge background of the pure Fe spectrum, which
slightly shifts the energies of the peaks. There is some evidence of islanding in the O prepeak
maps in Figure 4.1.5 (d), which grows more intense towards the bottom and at the top electrode
of Figure 4.1.6 (d) on the left-hand side.

We observed inverse TMR only in Ag-buffered samples after annealing and field
cooling. O has a relatively high solubility in Ag (about 2.24 c.c./g at 300 °C),'”™ especially, so
we speculate that the annealing released the O from the Ag, which diffused to the tunnel barrier,
and then reacted to form Fe;O4. We have not identified the source of O for the Fe;Oy4 in the top
electrode, although high O in either electrode is correlated to the formation of Fe;O4, as shown
by comparing the O profiles from a normal TMR junction in Figure 4.1.4 (a) to the inverse TMR
junction in Figure 4.1.5 (a).

Only a junction with Fe;O4 on one side of the AlOx and CoFe on the other side will
exhibit inverse TMR. We found that the Fe;O4 can occur in either electrode and that other, non-

ferromagnetic Fe-O phases may also be present. This may explain the low negative TMR (-7%)
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exhibited by our junctions. It also significantly complicates efforts to explain the asymmetric
bias dependence in Figure 4.1.1 (f), since our junctions are effectively a combination of
Fe;04/Al04/CoFe inverse TMR junctions and CoFe/AlOy/CoFe normal TMR junctions. In
general, TMR bias dependence in MTJs is a complicated problem, depending on factors such as
the increase in the conductance with bias, the excitation of magnons, and the energy dependence
of the spin polarization due to band structure effects.'”

Although these MTJs are not optimized for the inverse TMR, they represent a particularly
simple processing path to achieving inverse TMR, just by annealing. This may point to an easier
way to control inverse TMR by manipulating the O in Ag using the annealing time and
temperature. Other materials as buffer or capping layers might also be useful as oxygen
reservoirs, like Ta, Ti, Zr and Hf, which also have high O solubility.lgo’181
Conclusions

We found inverse TMR in a nominally symmetric, annealed, Ag buffered
CoFe/AlO4/CoFe junction. Aberration-corrected HRSTEM and STEM EELS were used to
characterize the buried interfaces. In the inverse TMR junctions, we found a thin, discontinuous
Fe;04 layer at the top and bottom electrode/tunnel barrier interfaces by EELS SI. We believe that
the Fe;Oy4 at the interfaces is the reason that the sign of TMR was reversed after annealing. These

results may point to a simple processing route to achieving inverse TMR using well-established

materials.
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4.2 FesO,4 Reaction Layer at Fe;N/AIO, Interface in a Fe;N/AIO,/Fe MTJ
Introduction

As discussed in Chapter 1, FesN with -100% spin polarization is promising as a
ferromagnetic electrode in spintronic devices such as MTJs.** Therefore, MTJs with Fe,N as
ferromagnetic electrodes should show high TMR. Komasaki et al.’’ reported a -75% TMR at RT
in a FesN/MgO/CoFeB MTJ after structural optimization. In their experiment, an ultrathin Mg
(0.4 nm) was inserted at Fe4sN/MgO interface to prevent the interfacial reaction between FesN
and oxygen during depositing MgO by rf sputtering. However, even using highly epitaxial FesN
electrode and controlling the oxidation at the FesN/MgO interface, the absolute value of TMR is
still not high compared to MTJs with CoFeB electrodes.”” The reason for the low TMR in Fe,N
based MTIJs is still not clear. Since FesN is metastable and easily oxidized to Fe;O4 driven by
thermodynamics as shown in Chapter 4, substantial interfacial oxidation might have happened
even with the Mg protecting layer. The interfacial oxidation could substantially alter the
performance of the MTJs.*

We used HRSTEM and STEM EELS to investigate the Fes;N/AIOy interface in a
FesN/AlOy/Fe MTJ before and after field cooling. Before field cooling, the TMR is positive (3.3%
at 0.02 V). Afterwards, it is negative (-5.7 V at 0.02 V). We found that the bottom epitaxial
Fe4N electrode has been partially oxidized to Fe;O4 at the FesN/AIOy interface after field cooling.
The formation of Fe;O4 explains the abnormal bias dependence found in this MTJ. A
redistribution of oxygen at the FesN /AlOy interface was observed before and after field cooling,
which helps explain the sign switching of the TMR in this junction.

MTJ Fabrications

MTJs with the structure Si(001)/TiN(10)/FesN(20)/AlOx(1.5)/Fe(6)/IrtMn(40)/ Ag(100)
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(numbers in parentheses are layer thickness in nm) were fabricated by dc and rf sputtering in a
vacuum chamber with base vacuum better than 1x107 Torr. The bottom Fes;N layer was
deposited onto the TiN buffer at 300 °C in an Ar and N, gas mixture, as described in detail
elsewhere.”* The resulting layers are epitaxial with the crystallographic relationship
Si(004)[100]//TiN(002)[100]//FesN(002)[100].>* The AlO, tunnel barrier was formed by rf
sputtering of a 1.2 nm Al pre-metal followed by in-situ rf plasma oxidation in 100 mTorr oxygen.
The rest of the layers were deposited at RT.

The sample was patterned by photolithography into discs with radii from 55 to 95 um and
then ion-milled in an Auger electron spectrometer. Field cooling was done in air by keeping the
as-prepared sample at 210 or 250 °C for 2 min and then cooling it to RT under a 1000 Oe
magnetic field. Transport properties and the bias voltage dependence of the TMR ratio were
measured using the standard dc four-probe method at RT. For consistency, all transport results
are reported for devices 80 um in radius. Characterizations done by STEM and STEM EELS are
described in detail in Chapter 2.4.

Results and Discussions

Figure 4.2.1 shows that the sign of TMR has changed after field cooling. Positive TMR
(3.3% under 0.02 V bias) is shown for the MTJ before the field cooling, which is abnormal for a
MTJ with one ferromagnetic electrode having negative SP and the other electrode (Fe) with
positive SP. However, after field cooling, we have a small negative TMR instead (-5.7% under

0.02 V bias).
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Figure 4.2.1 TMR of the Fe,N/AIO./Fe MTJs before and after field cooling as shown in (a)
and (b), respectively. Data acquired by Dr. Hua Xiang.

Figure 4.2.2 (a) shows a HRSTEM image of a reaction layer at FesN/AlOy interface in
the MTJ before field cooling. The EEL spectrum in Figure 4.2.2 (b) shows a pre peak feature of
the O K edge, which is consistent with the formation of a FeO, compound.'” An enlarged view
of the pre peak feature is shown in the energy range near the O K edge in Figure 4.2.2 (¢). N
signal was not observed in the EEL spectrum. We have conducted a quantitative analysis on the
EELS results to resolve the composition of the reaction layer. The qualitative peak shape and
peak splitting are consistent with the formation of Fe;O4. The quantification on the reaction
layer, however, shows that the Fe/O ratio is 1.1£0.1, indicating that the reaction layer is a mixed

phase of FeO and Fe;Os.
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Figure 4.2.2 STEM and STEM EELS of the MTJ before annealing. (a) HRSTEM cross-
section image of the MTJ before annealing. EEL spectra on (b) the FeOy layer, (c) the
enlarged view of O K edge in (b).

Figure 4.2.3 (a) shows an HRSTEM image of the FesN/AlOy/Fe junction after field
cooling. The reaction layer is still present at FesN/AlOy interface, but with improved
crystallinity. The crystal structure of the reaction layer is similar to that of Fe;O4 along [110]
zone axis discussed in detail in Chapter 3. To quantitatively identify the reaction layer, STEM
EEL SI was done on the interface area. The extracted spectra on the upper electrode Fe, the
reaction layer and the bottom electrode FesN are shown in Figure 4.2.3 (b) through (d),
respectively. The EEL spectrum shows only Fe-L edge on Fe electrode, but both the N K and Fe
L edges on the bottom electrode FesN, as one would expect. In the reaction layer (Figure 4.2.3
(c)), the EEL spectrum shows O K, Fe L edges and no N K edge. We have also observed similar
pre peak of O K edge compared to the un-annealed MTJ. The quantification, however, provides

key information that the Fe/O ratio from EELS is 0.8+0.1, which is consistent with the 0.75 Fe/O

ratio of Fe;Oa.
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Figure 4.2.3 (a) HR-STEM cross-section image of the annealed multilayer; EEL spectra
on (b) the Fe layer, (c) the reaction layer, and (d) the bottom Fe,N layer.

The formation of Fe;Oy4 is driven thermodynamically during the oxidation of FesN. The
standard Gibbs free energy of formation is +3.8 kJ-mol™ for Fe;0,4 and -1015.4 kJ-mol™ for
FesN, respectively,'® so there will be -1018.25 kJ energy released with per mole of Fe;O4
formed from FesN oxidation. In addition, both Fe;O4 and FesN have cubic crystal structures.
Since the lattice parameter of FesN (0.3795 nm) is about half of that of Fe;04 (0.8396 nm), eight
Fe4N unit cells can transform into one Fe;Oy4 unit cell with ~10% lattice mismatch, which makes
the formation of FesO; on FesN lattice kinetically favorable. Phase transformation of the
polycrystalline Fes;N to Fe;Oy, for example, has been reported in Liu ez al.’>'® using 400~1000

kV electron irradiation.
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Oxygen has important impact on the TMR. Since oxygen was supplied by plasma
oxidation of the Al layer for AlOx to make the tunnel barrier, a fraction of the oxygen may
remain at the electrode / tunnel barrier interface. We hypothesize that the remaining oxygen is
more than sufficient for Fe;O4 formation, which is supported by the composition of the reaction
layer. The extra oxygen, either in the form of FeO or not, especially near the tunneling interface,
could be detrimental to the TMR. Zhang et al.* showed that theoretically, a single atomic layer
of FeO in a Fe/FeO/MgO/Fe junction can greatly reduce the TMR due to the strong hybridization
of the Fe and O orbitals in the FeO layer. In addition, an oxygen overlayer on top of a bcc Fe
(001) surface in the vacuum leads to a positive surface SP at the Fermi energy, which reverses

the sign of the intrinsic SP of Fe.'**'®

In our FesN junction, the extra oxygen at the electrode /
tunnel barrier interface may have destroyed the negative SP from the bulk Fe;Oy layer, resulting
in the normal TMR for the as-prepared junction.
Conclusion

To conclude, HRSTEM characterization identified a reaction layer of FeOy at the
FesN/AlOy interface before and after field cooling. We believe that the reaction layer, FeOy, is
responsible for the abnormal behavior of the bias dependence in the MTJ. Before field cooling,
the Fe/O ratio of the reaction layer is 1.140.1, indicating formation of FeO, but O K edge
ELENS showed that the reaction layer was similar to Fe;O4. We believe that the reaction layer
before field cooling is the combination of FeO and Fe;O,4, which was responsible for the small
positive TMR. After field cooling, the structure and the composition of the reaction layer became

close to Fe;O,, but still showed a distorted crystal structure compared to the Fe;O4 thin film

show in Chapter 3. This distorted Fe;O4 could be responsible for the small negative TMR. The
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redistribution of O at Fe4sN/AlOy interfaces drove the changes in the compositions of the reaction

layer.
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Chapter 5 Ferromagnet/Oxide Interfaces in Co,MnSi/MgO

Magnetic Tunnel Junctions

Table 2 Spin polarization (SP) of the density of states at the Fermi level, calculated by projecting
onto the orbitals of the interface and sublayer atoms, for four terminations of the Co,MnSi/MgO
interface.'*

Termination MnMn/O CoCo/O MnSi/O SiSi/Mg

SP 1.00 0.67 -0.01 -0.25

Imperfect spin-dependent tunneling at the Heusler alloy / insulator interface may
significantly limit the performance of CMS/MgO MTJs.'®® As discussed in Section 1.6.3, CMS
with 100% spin polarization has an L2; ordered structure. Based on first principles calculations,
four interface terminations can exist at the CMS/MgO interface: CoCo/O, MnMn/O, MnSi/O and
SiSi/Mg.**1%!18 (CoCo/O means that at the interface a plane of entirely Co faces the MgO and
bonds entirely to O; the other interface designations are analogous.) Miyajima et al. also
proposed a disordered termination with a mixture of Co, Mn, and Si.'"™ Other interfaces have

been simulated, but found to be unstable."”’

Only MnMn/O termination, which is
thermodynamically metastable, gives 100% spin polarization of the zero-temperature density of
states at Eras show in Table 2. The other terminations listed are stable, but have interfacial
states at Er in the minority spin band: CoCo/O is 67% spin polarized, and MnSi/O and SiSi/Mg
have the opposite sign of spin polarization from the bulk CMS.**'**'* Even for half-metallic
electrodes, minority-spin interface states create tunneling conductance for the antiparallel
magnetization configuration at finite temperatures through spin-flip scattering, *>* so half-

metallic interface states are needed to fully realize the potential of half-metallic electrodes like

CMS.
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5.1 MTJ Structure and Fabrications

The CoFe / MgO / CMS MTIs consist of MgO substrate / MgO buffer (10 nm) / CosoFeso
(30 nm) / MgO barrier (1.4-3.2 nm) / Coo,Mn,Si (3 nm) (o = 0.8, 1.0, or 1.29) / Ru (0.8 nm) /
CogoFejo (2 nm) / Ir;xMnyg (10 nm) / Ru cap (5 nm). The multilayers were deposited in an
ultrahigh vacuum chamber with a base pressure of ~6x10~* Pa. The lower CoFe electrode was
deposited by magnetron sputtering at room temperature and annealed in situ at 500 °C. The MgO
barrier was deposited by electron beam evaporation at room temperature. The nominal thickness
of the MgO barrier was varied from 1.4 to 3.2 nm on each 20x20 mm® substrate by a linear
motion of a shutter during deposition. The CMS electrode was deposited at room temperature by
magnetron co-sputtering from a nearly stoichiometric CMS target and an Mn target. Excess Mn

190,191

in the CMS electrode suppresses Co antisite defects, which reduce the bulk spin

polarization of CMS."

5.2 Determination of MnMn/O Interface Termination

A Z-contrast STEM image of a CMS/MgO MTJ viewed along the [110] projection of the
CMS is shown in Figure 5.2.1 (a). The junction has TMR of 1049% at 4.2 K and 335% at 290
K,*" among the highest reported for CMS/MgO."”* Figure 5.2.1 (b) shows a closer view of the
CMS/MgO interface in Figure 5.2.1 (a). Based on the intensity variations in the atomic columns,
the CMS has the L2, ordered structure away from the interface. Two different CMS/MgO
interface terminations coexist in the image. Between the arrows in Figure 5.2.1 (b), the final
layer of the CMS facing the MgO is pure Co, so we identify this termination as CoCo/O. On the
right hand side of Figure 5.2.1 (b), a different termination occurs, in which the two planes in the

CMS closest to the interface both have constant intensity. The horizontal profiles 1 to 3 in
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Figure 5.2.1 (c¢) extracted from the indicated regions in Figure 5.2.1 (b) show the difference
between the MnSi planes in the CMS, which show clear contrast between Mn and Si columns
from the L2, structure, and the terminating interface plane in profile 4, which has constant peak

intensity.

Intensity (Arb.Untis)
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Figure 5.2.1 (a) Z-contrast STEM image of the MTJ structure, (from the bottom)
CoFe/MgO/Co,Mn_ , Si/Ru/CoFe/lrMn/Ru, with steps at the MgO/CMS interface indicated

by arrows. (b) Z-contrast image of the MgO/CMS showing two different interface
terminations. Switching between terminations is caused by the steps on MgO marked with
orange arrows. (c) Horizontal profiles taken on the numbered MnSi planes in (b) show L2,

ordering within the film but not at the interface.

We propose that this second interface termination is MnMn/O, based on evidence
contradicting the other possible stable terminations and on positive evidence consistent only with
MnMn/O. Figure 5.2.2 shows that the Co,Mn; 29Si/MgO interface has metal-oxygen bonding
using annular bright field (ABF) STEM, which is particularly useful for imaging light
elements.'”® Figure 5.2.2 (a) and (b) are Z-contrast and ABF STEM images, respectively, of the
structure we identify as MnMn/O rotated to the [100] projection of the CMS. In this orientation,

the Mg and O sublattices are visible as separate atomic columns. The O is visible in the ABF
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image, but not in the Z-contrast image due to its low Z. Both images show metal-oxygen
bonding across the interface, which is consistent with MnMn/O and rules out the SiSi/Mg

termination.
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Figure 5.2.2 (a) Z-contrast and (b) ABF STEM images of the MnMn/O interface along the CMS
[100] zone axis in the same MTJs used in Figure 5.2.1, showing metal-oxygen bonding across
the interface. (c) Measured interplanar distance across the MnMn/O interface and simulated
distance as a function of thickness for a disordered MnSi/O interface. The inset shows the
ordered MnSi/O interface which is the basis for the disordered interface simulations.

The constant peak intensity in Figure 5.2.1 (c) rules out the ordered MnSi/O termination,
but the Z-contrast intensity does not provide much further information. As shown in Figure
5.2.3, the Z-contrast intensity perpendicular to the interface in Figure 5.2.3 (b) decreases
smoothly up to the interface over 2-4 planes inside the CMS, even though in the image the
interface appears flat and compositionally abrupt. We attribute the spread of the intensity

194

gradient to static strain disorder at the interface. " Higher detector inner angles suppress strain
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contrast in Z-contrast STEM,” which we observed for the second interface type as shown in
Figure 5.2.3 (b)-(d). The intensity gradient decreases with increasing detector inner angles,
consistent with the behavior of contrast from strain.”” With larger detector angles, the intensity
difference between Mn in CMS and Mn at the interface gets smaller, but even at the largest
practical detector angle of 84.4 mrad, the interface plane intensity is still lower than either the Si

or Mn columns in the bulk.

(a) —— CoCo/0, DA = 53.9-269.5 mrad
= MnMn/O, DA = 53.9-269.5 mrad

MnMn/O, DA = 67.3~336.6 mrad
MnMn/O, DA = 84.4~422.1 mrad

Co Co
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Figure 5.2.3 (a)-(d) Line profiles across the (a) CoCo/O and (b) MnMn/O interfaces in
Figure 1(b). Both (a) and (b) show a decrease in intensity at the CMS/MgO interface
caused by strain. (c) and (d) show that at larger detector inner angle, the intensity drop
across the interface is smaller and more abrupt. The vertical lines mark the lattice distance
across the interface.

The structure we identify as MnMn/O was also observed by Miyajima ef al.'™ in Z-
contrast STEM images of the CMS/MgO interface. They interpreted it as a disordered mixture

of Mn, Si, and Co from the two planes of the CMS closest to the interface. They reported that
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the Z-contrast intensity in the final plane of the CMS is higher than the intensity from ordered
MnSi planes away from the interface and the intensity of the Co plane next to the interface is
lower than Co planes away from the interface, consistent with their interface model. However,
this pattern of intensities only exists after they have subtracted an arbitrary “smooth function” '**
from the experimental intensities to account for a strain-induced interface intensity gradient like
the one we observe in Figure 5.2.3. Our samples show a smaller intensity gradient near the
interface, perhaps because they are thinner, and if we suppress the strain contrast using large
detector angles, as in Figure 5.2.3 (c), the Co plane next to the interface is the same absolute
intensity as Co planes in the bulk. The interface plane is lower in intensity than any plane in the
bulk for all detector angles, but the peak-to-valley contrast along the interface layer in the profile
in Figure 5.2.1 (c) is quite similar to the contrast of the Mn columns in the plane away from the
interface and substantially larger than the contrast of the Si columns. Thus, if we follow
Miyajima et al.'"®® and treat the strain contrast as an additive background that is constant along

the interface plane, the interface plane contrast is more consistent with MnMn/O than a

disordered mixture of Co, Mn, and Si.
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Figure 5.2.4 (a) and (b) are ball-stick models for the ordered and disordered MnSi/O terminated
interfaces, respectively. Simulated images for (c) the ordered MnSi/O terminated interface at 5
nm thickness. and (d) the disordered MnSi/O terminated interface at 4 nm thickness.

More conclusive evidence for MnMn/O comes from the distance between the final CMS
plane and the first MgO plane. For the interface we identify as MnMn/O, the distance is 0.25 +
0.01 nm as shown in Figure 5.2.2 (c), averaged over 30 interface bonds and with one standard
deviation of the mean uncertainty. Similar values have been obtained for other images from
other sample areas, with the STEM scan rotated by 90 degrees, and from the ABF image in
Figure 5.2.2 (b). This value agrees only with the simulated value for MnMn/O, 0.240 nm."*® In
addition, we measure a distance of 0.20 + 0.01 nm from our STEM images for the CoCo/O
interface, in good agreement with the simulated values of 0.20 nm*® and 0.209 nm.'*® In both
theoretical studies, the simulated CMS lattice parameter parallel to the interface™'*®is in good
agreement with the experimental value.'”

We used STEM image simulation to further confirm the MnMn/O interface termination.

We built models for investigating the ordered and disordered MnSi/O terminated interfaces
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based on structures reported by Miura®® and Hiilsen.'® Figure 5.2.4 (a) and (b) show ball-stick
models for the ordered and disordered MnSi/O terminated interfaces, respectively, viewed along
the [110]cwms||[[100]meo projection. The ordered interface in Figure 5.2.4 (a) has a Mn-O bond
distance of 0.225 nm and a Si-O distance of 0.317 nm.*® Based on the distances reported by
Miura ef al.,*® we calculated that because of the relaxation of the Si and O, the Si atoms moved
0.022 nm back into the CMS, and the first neighbor O of the interface Si moved 0.07 nm back
into the MgO. The perpendicular distance from the Si to the Mg, which is primarily what is
observed in Z-contrast STEM in this orientation, is thus 0.247 nm. To construct the disordered
MnSi/O terminated interface, interface atoms of the CMS were randomly assigned to Mn or Si
with equal probability, and then shifted to keep the same Mn-O, Si-O, and Mn-Si distances as the
ordered interface. The disordered structure was not further relaxed, so homonuclear (Si-Si or
Mn-Mn) interactions within the CMS interface plane or any second-neighbor interactions were
not taken into account.

STEM image simulations were performed via the frozen phonon multislice algorithm'®
with a 40 A x 40.8 A x 304 A supercell sampled with 2048x2048 pixel wavefunctions. The
simulations were carried out with the same parameters used in the experiments: 200 keV,
convergence semi-angle of 24.5 mrad, and high angle annular dark field (HAADF) detector inner
and outer semi-angles of 53.9 and 270 mrad, respectively. Typical measured aberration values
for our STEM up to A5 were used, although the exact lower-order aberrations for the
experimental images are not known. Thermal diffuse scattering was introduced via the frozen
phonon algorithm at 300 K. The Debye-Waller (D-W) factors for Co and Mn were obtained from

196

the D-W factors of the Co,MnGe at room temperature. ~ The D-W factor of Si was calculated

196

from the factor for Ge atoms in CooMnGe, " scaled for the atomic mass of Si using the harmonic
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oscillator approximation. The slice thickness was 2 A. Simulations were averaged over 12
phonon displacement configurations for the disordered interface and 4 phonon configurations for
the ordered interface. The simulated images were convolved with a Gaussian with a full width at
half maximum of 88.2 pm after the simulation to account for incoherent source broadening. The
Gaussian source size was determined by matching simulated and experimental images of GaN,
following LeBeau ef al."”’ Figure 5.2.4 (c) and (d) are two simulated images of the disordered
and ordered MnSi/O interfaces, respectively. For the disordered MnSi/O terminated interface,
we calculated images for sample thicknesses of 1 nm, 2 nm, 3 nm, 4 nm, 5 nm, 6 nm, 7 nm, 10
nm, 15 nm, 20 nm, 25 nm and 30.4 nm. For the ordered interface, we calculated the images for

sample thicknesses of 5 nm, 10 nm, 15 nm, 20 nm, 25 nm and 30.4 nm.

Figure 5.2.5 (a) Experimental PACBED pattern on a typical sample with clear CMS/MgO
interface. (b) Simulated PACBED pattern of 4 nm thick CMS.

For comparing the experimental data with simulated one, specimen thickness needs to be

112
was used to

determined. Position averaged convergence beam electron diffraction (PACBED)
determine the sample thickness. We acquired an experimental PACBED pattern from inside the

CMS, near an areas used to determine the interface termination. For the PACBED simulation,
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we used the same parameters as the image simulations. Thermal diffuse scattering was
introduced via the frozen phonon algorithm with 16 phonon configurations at 300 K. The best
match between the measured and simulated PACBED determines the experimental thickness, as
shown in Figure 5.2.5 (a) (experimental) and (b) (simulated). The simulated PACBED pattern
contains more fine structure inside the bright field disk than the experiment, indicating that there
may be some point defects or thin amorphous surface layers in the experiment that are not
present in the simulation. These features limit our ability to exactly match the experimental and
simulated PACBED patterns, so we estimate the uncertainty in the thickness determined by this
method to be +1 nm, similar to LeBeau e al.’s result. ' '*

As shown in the inset to Figure 5.2.2 (c), in ordered MnSi/O, the simulated Mn-O
distance is 0.225 nm®*® (0.227 nm'®®), inconsistent with our measured value. The Si and O are
not bonded, leading to relaxation of the Si into the CMS and the O into the MgO, so the Si-O
distance is 0.317 nm.* However, the perpendicular distance between the Si plane and Mg plane
is 0.247 nm,*® which is consistent with our measured value. Thus, we must consider an interface
with MnSi/O termination but with site disorder of the Mn and Si in the termination plane as a
possible explanation for both the constant contrast along the interface plane and the interface
plane distance.

We extracted the inter-plane distance across the interface from the simulated images by
fitting Gaussian peaks to line profiles drawn perpendicular across the interface, then calculating
the difference between the Gaussian centers. This method is needed due to the relatively poor
pixel sampling of the simulated images. The uncertainty in the distance arises from the fitting
uncertainty and variation in measurements for several atom pairs across the interface in each

simulation, reflected by the standard deviation. At very small sample thicknesses, the standard
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deviation is larger because the fractional variation in the Mn and Si concentration from column
to column is larger due to the small total number of atoms through the thickness. For the
experimental thickness, the estimated interplanar distance is 0.229+0.004 nm, which is
dominated by the Mn-O bond length, and smaller than the experimental value, as shown in
Figure 5.2.2 (¢).

Image simulations show that for the disordered interface, the distance in the Z-contrast
image is dominated by the stronger scattering from the Mn. Figure 5.2.2 (c) shows interface
plane distances measured from frozen-phonon multislice simulations of Z-contrast images of a
disordered MnSi/O interface with the same interface bond distances as the ordered interface. The
distances in the simulated images have some thickness dependence, which we speculate arises
from probe channeling through the disordered interface plane. However, at the experimental
thickness of 4+1 nm, determined by position averaged convergent beam electron diffraction'*®
(Figure 5.2.5), the experimental distance is inconsistent with the disordered MnSi/O interface.

Therefore, from data inconsistent with CoCo/O, SiSi/Mg, mixed Co, Mn, and Si, and
ordered and disordered MnSi/O, and from data consistent with MnMn/O, we conclude that the
second termination type on the right of Figure 5.2.1 (a) is MnMn/O, even though that
termination is metastable. Attempts to confirm this assignment by high-resolution microanalysis
using electron energy loss spectroscopy or energy-dispersive x-ray spectroscopy failed because
the interface was destroyed by the high electron dose required by those experiments. The
interface plane is in fact more beam-sensitive than the interior of either the CMS or MgO thin
films.

The changes in interface termination in Figure 5.2.1 (a) and (b) are associated with

monolayer steps of the MgO. The MgO in this MTJ is deliberately wedge-shaped, which may
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have oriented the steps parallel to the electron beam, enabling this observation. The change in
interface termination accommodates the MgO surface steps without generating defects such as
grain boundaries or antiphase boundaries in the CMS. The absence of extended defects,
especially near the interface, may enhance coherent tunneling. Theoretical calculations of
coherent tunneling at the CMS/MgO have only considered the CoCo/O termination'” or the
MnSi/O termination,*® so further calculations considering coherent tunneling for the MnMn/O
interface are needed. Interface roughness is well known to influence TMR by changing the
tunnel barrier thickness, but the relationship between steps on the MgO and the CMS/MgO

interface termination points to another mechanism by which interface roughness influences

TMR.
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Figure 5.2.6 (a) Fraction of CoCo/O, MnMn/O and MnSi/O interface terminations as a function
of Mn concentration in Co,Mn Si, estimated from Z-contrast images such as (b)-(e). The inset
figure shows TMR for Co,Mn Si/MgO MTJs with different Mn concentration. (Data acquired by
Dr. Hongxi Liu) (b) CoCo/O and (c) MnMn/O and MnSi/O termination in a Co,Mn, Si MTJ.
(c) and (d) Larger areas of MnMn/O and CoCo/O termination in a Co,Mn, Si MTJ. The scale
bars are 1 nm.

Although MnSi/O was calculated to be the most stable termination'™ and reported in

188,200

previous experiments, we do not observe it in our MTJs. We speculate that the lack of
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MnSi/O and the presence of MnMn/O arise from high Mn chemical potential on the film surface
during non-equilibrium growth by sputtering. To test this hypothesis, we examined a series of
junctions with varying Mn content and estimated the fractions of MnMn/O, CoCo/O, and
MnSi/O interface terminations, as shown in Figure 5.2.6 (a). Mn concentration in the films was
determined by inductively coupled plasma optical emission spectroscopy with an accuracy of 2%
to 3% for Co or Mn and 5% for Si.*' Typical images used to estimate the interface termination
fractions are shown in Figure 3b-d. The estimates in Figure 3a are fractions of the observed
interface length, but because termination switch is driven by steps and the steps run mostly
parallel to the electron beam, we believe this is a good estimate of the interface area as well.
Random uncertainties are estimated as the square root of the number of interface unit cells
counted for each interface type.

Figure 5.2.6 (a) shows a clear trend toward higher MnMn/O fraction and lower CoCo/O
fraction at higher Mn content, suggesting that high Mn chemical potential during non-
equilibrium deposition may be responsible for the MnMn/O termination. Hiilsen et al. calculated
that MnMn/O is only stable at high Mn chemical potential,'®® outside the stability range of the
bulk phases, so we must appeal to the out-of-equilibrium nature of thin film growth by sputtering,
where kinetic constraints may prevent decomposition of the CMS film even at high Mn chemical
potential on the surface.

We found only 2% MnSi/O interface termination at the CMS/MgO interface with o = 0.8,

the lowest Mn concentration we studied. Saito et al.2°%*"!

reported mainly MnSi/O termination
in a Fe/Co,Mny91Sip93/MgO half junction from x-ray magnetic circular dichroism (XMCD)

measurements as a function of film thickness. However, they did not consider the metastable

MnMn/O termination in their modeling of the XMCD data. Hiilsen et al.'® suggested that
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Saito’s early results®™' may be consistent with MnMn/O. Miyajima et al.'® studied MTJs with
stoichiometric CMS layers and focused their attention primarily on observation of the MnSi/O
termination, but did not report the interface termination fractions.

The inset figure of Figure 5.2.6 (a) shows the room temperature TMR also increases with
the Mn concentration in the similar junctions. We expect MnMn/O termination to substantially
increase the finite-temperature TMR of CMS/MgO-based MTJ by two mechanisms. First, the
half-metallic MnMn/O termination has no minority spin states, so it reduces the tunneling
conductance in the anti-parallel magnetization configuration by suppressing spin-flip tunneling
through minority-spin interface states coupled to magnons. Second, more MnMn/O termination
means less CoCo/O termination, and CoCo/O is subject to spin-flip tunneling in the antiparallel

configuration due to instability of the interfacial Co spin moment. %

More experimental and
theoretical research is required to understand the influence of MnMn/O termination in detail, but

we believe it is very encouraging for future device performance that Mn-rich CMS electrodes

191

facing a MgO barrier can create a half-metallic interface as well as a half-metallic electrode.

Figure 5.2.7 (a) and (b) are HRSTEM images of MTJs with CMS as both electrodes. The Mn
concentration here in the CMS electrode is oo = 0.72

The junctions described so far have Co bottom electrodes and CMS upper electrodes.
Figure 5.2.7 shows images of junctions with CMS top and bottom electrodes. Both electrodes

are Mn deficient. At the bottom CMS/MgO interface, mainly MnMn/O termination was observed,
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but at the upper CMS/MgO interface, MnSi/O and CoCo/O terminations can also be found. We
suspect the asymmetry is driven by surface roughness. The bottom CMS electrode is deposited
on a very smooth CoFe buffer layer, and then annealed at high temperature to give it a smooth
surface. The upper electrode is deposited on MgO, which typically has a rougher top surface and
is not as readily smoothed by annealing. Since interface steps switch the termination, a rougher

interface means more switching and more CoCo/O, even if MnMn/O is otherwise favored.
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Figure 5.2.8 Temperature dependence of three types of junctions is shown in (a) through (c),
respectively. CMS in all three MTJs are Mn rich, with a. = 1.29. (Acquired by Dr. Hongxi Liu,
unpublished) (d) HRSTEM image of CoFe/MgO/i-CoFe/Co,MnSi MT]J.

In Chapter 1.3, both theoretical and experimental work showing that FM/tunnel barrier
interfaces affect the temperature dependence of TMR in CMS based MTJs is summarized. The
magnetic moment of Co fluctuates easily, which causes spin flip scattering at the interface at
finite temperature. Therefore, MTJs with CoCo/O interface terminated interfaces should show
decrease in TMR with increasing temperature, exactly as shown in Figure 5.2.8 (a), which
compares an MTJ with an upper CMS electrode to an MTJ with CoFe / MgO interfaces only.

MTIJs with CMS as the lower electrode and with mainly MnMn/O terminated interface should
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show weaker temperature dependence confirmed by Figure 5.2.8 (c). The difference in the
temperature dependence is the results of interface termination. Figure 5.2.8 (d) shows how
inserting an ultrathin CoFe at CMS/MgO interface avoids the problem of interface termination at
the CMS / MgO interface entirely. Thus, the temperature dependence in Figure 5.2.8 (c) of the

junction shown in Figure 5.2.8 (d) is similar to Figure 5.2.8 (b).

Figure 5.2.9 (a) and (b) HRSTEM images of CMFS/MgO/CMFS MTJs after ex-situ annealing.
In (b), three defects are pointed out by the orange circles.

We applied the same analysis to investigate the interfaces of Co,Mn; 4Fep 1651 (CMFS)
with MgO in a junction with CMFS as both electrodes. The CMFS MTJ has TMR of 429 % at
RT and 2611% at 4.2 K, which is much higher than MTJs with CMS electrodes. Fecher et al.**
investigated spin polarizations of a series of Co.MnyFe;Si with x = 0, 0.5 and 1. Their
theoretical calculation shows that all three compounds are half metallic.””> As shown in Figure
5.2.9 (a) the upper CMFS/MgO interface is rougher than the lower interface. The main type of
interface termination for both interfaces is Mn(Fe)Mn(Fe)/O. However, it is hard to determine

the composition of the terminating plane because electron microanalysis such as EELS and EDX
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destroys the interfaces. In Figure 5.2.9 (b), misfit dislocations are highlighted by the orange
circles. Right at the dislocations, the interface termination is Mn(Fe)Si/O, which is not half
metallic across Fermi level.

Figure 5.2.10 shows a dark field TEM image of the Co,MnFeSi/ MgO/ Co,MnFeSi
interfaces, which both contain the periodic mismatch dislocations. The dislocation spacings for
the upper and lower interfaces are 6.3 + 0.3 nm and 6.1 + 0.2 nm, respectively. Compared to
images of CMS/MgO/CMS interfaces taken under the same condition g = [200]Mgo,204
CMFS/MgO has a larger spacing, and lower mismatch dislocation density. Lower misfit

dislocation density improves the coherent tunneling spin filtering and thus increases TMR.

L0 il

Figure 5.2.10 A dark field TEM image of MgO (sub)/CoFe/Co,MnFeSi
(CMFS)/MgO/CMFS/CoFe/lrMn/Ru multilayer structure. | picked g =
[020].

In conclusion, using high-resolution Z-contrast STEM we have found that the half-

metallic MnMn/O interface termination dominates the MgO/CMS interface in CoFe / MgO /

CMS MTlJs. The next most prevalent interface termination is CoCo/O, and monolayer steps in
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the MgO cause switching from one termination to the other. Increasing Mn co-sputtering during
CMS growth increases the fraction of the interface with MnMn/O termination. Inserting an
ultrathin CoFe layer eliminates the interfacial state that leads to strong temperature dependence
of TMR. Design of structures with a higher fraction of MnMn/O termination may yet reach the
promise of very high spin polarized currents from half-metallic CMS electrodes in MTJs and

other spintronic devices.

5.3 Channeling Effect on EELS Quantification of CMS

When we investigated the series of CMS junctions with different Mn concentrations,
tried to measure the CMS composition by EELS. However, EELS acquired with the sample
oriented on the [110] zone axis shows a very small Si signal. We believe that probe channeling
effect plays an important role on the quantifications of CMS. To reduce the effects of
channeling, we tilted the sample off the zone axis. The farther we tilted away from [110] zone
axis, the stronger the Si L edge becomes. Therefore, if we want to obtain the right compositions
of CMS, avoiding strong channeling condition will be beneficial.

In Chapter 2.3, EELS is introduced to measure the energy loss characteristic of particular
elements. The ELNES can provide information of the local DOS of unoccupied states in the
sample. When the incident beam goes through the sample, it is deformed by the specimen lattice
potential. If a crystal is orientated to a high-symmetric zone axis, the electrons that travel down
the zone axis focus on the atom columns due to the attraction to the atomic nucleus screened by

205
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the inner core electrons. This channeling peak oscillates with depth in the specimen.
another point of view, channeling effect is explained by Bloch waves. The solution of the

Schrédinger equation for an electron moving in a crystal is a Bloch wave, even at 200 kV. Which

Bloch waves are excited and with what amplitude are highly dependent on the crystal
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orientation. If the sample is on a zone axis, the most intense Bloch state is a 1s state localized on
the atom columns. The 1s Bloch state interferes with other Bloch states, leading to oscillations in
the on-column electron amplitude. The cooperative focusing by a column of atoms is called
channeling effect.**® Channeling increases the resolution in STEM especially for a relatively
thick samples. Tilting off the zone axis excites a broader range of Bloch states, resulting in less

pronounced oscillations in the on-column intensity as a function of thickness.
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Figure 5.3.1 (a) A 200 kV probe channeling depth-sectioning image on
Si column in CMS [110] zone axis. (b) Line profile just along the Si
column shown in (a).

Figure 5.3.1 (a) shows simulated probe channeling on the Si column of CMS for a 200
kV probe with convergence angle 17.5 mrad. A line profile on the Si column is as shown in

Figure 5.3.1 (b). The first peak appears at 3.2 nm, which is close to the entrance surface of the
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sample, The profile shows that the Si atoms see a large probe intensity only in the first 3 nm of
the sample. After that, the probe is disperses throughout the sample, exciting all the atomic
species equally, and at some thicknesses may re-condense on Co or Mn atomic columns with
larger positive charge. Therefore, typical sample thickness used for EELS composition
measurements (~0.5 A, 50 nm), the signal that contributes to the Si EELS signal is less than 10%
and the rest of sample only contributes the background as the Si edge energy, which makes the

edge less prominent.
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Figure 5.3.2 Normalized EEL spectra of CMS along [110] zone axis by (a) 5 degrees, (b)
10 degrees and (c) 20 degrees, respectively.

Multilayer thin film (from bottom to top) MgO (substrate) / Co.Mn; 15Sip 33/ MgO / AlOy
was deposited using the same method described in Chapter 5.1. EELS experimental conditions

are described in Chapter 2.4. The plural scattering was removed by Fourier log deconvolution.'"!
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Figure 5.3.2 shows a series of normalized EEL spectra on the sample area but with different
tilting angles 5°, 10° and 20°, respectively. The intensity of Si L edge increases with increasing
tilt angles. The Si/Co atomic ratio from EELS quantification also show an consistent increase
from 0.25 + 0.04 to 0.40 £+ 0.15 with increasing tilt angles away from CMS [110] zone axis.
Thus, CMS must be tilted away from strong channeling conditions to obtain reliable composition

measurements.
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Chapter 6 O K edge ELNES of Fe oxides investigated by STEM
EELS

Introduction

EELS is often used for detecting valence changes in transition metals in their oxide forms
based on O K edge ELNES and transition metal L edge core level shifts.””” Despite this, there are
conflicting reports in the literature regarding the ELNES for the different crystal phases of iron

. 147,208-211
oxide.

The disagreements of previous results are summarized in Table 3 for FeO, a- and
v-Fe;03, and Fe;04. In addition to the pre-peak / main peak energy difference AE; we have used
previously (e.g. Chapter 3 and 4) to determine the iron oxide phase, some studies with higher
energy resolution report that the pre-peak splits into two narrow peaks separated by AE,. Our
EEL spectra do not have sufficient resolution to resolve the AE; splitting.

In an attempt to resolve some the discrepancies in the literature and develop a reliable
standard for identifying differentiating a-Fe,Os3 from Fe;O4 for our own use, we applied STEM
EELS to study Fe;O4 and a-Fe,Os standards, bought from Sigma-Aldrich. O K edges were
acquired from several crystallographic orientations from each material with dispersion 0.05
eV/channel to obtain 0.7 eV energy unlike the usual conditions described in Chapter 2.4. Two
different convergence angles, 24.5 and 10.5 mrad were used, and five different collection angles,

52 mrad, 41 mrad, 31.7 mrad, 25 mrad and 19.7 mrad were used. Probe current of 25 pA

(spotsize 8) was used to minimize the beam damage to the Fe oxides standard.
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Table 3 AE; (splitting between pre peak and main peak) and AE; (splitting of the pre peak)
for different Fe oxides compound

Compounds AE; (eV) AE,; (eV) Energy References
resolution
(eV)/ Method
Fes304 10.7+/- 0.2 N/A 1/EELS [147]
10.3 0.7 0.5/XAS [208]
11.1 N/A 0.5/XAS [209]
11.3 0.6 0.5/XAS [210]
o-Fe 03 11.0+/- 0.2 N/A 1/EELS [147]
11.1 1.3 0.5/XAS [208]
11.6 N/A 0.5/XAS [209]
11.2 1.3 0.5/XAS [210]
FeO 9.0+/-0.2 N/A 1/EELS [147]
9.0 N/A 0.5/XAS [208]
10.2 N/A 0.5/XAS [209]
9.2 1.2 0.5/XAS [210]
Y-Fe,Os3 10.9 +/-0.2 N/A 1/EELS [147]

Results and Discussions

HRSTEM images in Figure 6.1 (a) and (d) show Fe;O4 along the [111] and [110] zone
axes, respectively. EEL spectra in Figure 6.1 (b) and (c) were taken along Fe;O4 along [111]
zone axis, using convergence angle 24.5 mrad and 10.5 mrad, respectively. EEL spectra in
Figure (e) and (f) were acquired under the same conditions but along the Fe;O4 [110] zone axis.
Each figure (from Figure 6.1 (b) (c) and (e) (f)) contains four EEL spectra, which were taken
using different collection angles. Every spectrum contains four peaks labeled with numbers 1 to

4 as shown in Figure 6.1 (b). Peak 1 is the pre peak due to unoccupied O 2p states hybridized
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with Fe 3d states. Peak 2 is the main peak due to the unoccupied O 2p hybridized with Fe 4sp
states. The main peak also involves multiple scattering events. Peak 3 and peak 4 arise from the
single scattering event and are related to the scattering within the first oxygen shell of the Fe

. 208,209
oxide compounds.”™

Therefore, the positions of peak 3 and 4 are expected to be different for
different Fe oxides. In Figure 6.1 (b) and (e), there is a 10 eV splitting between the main peak
and pre peak for both [111] and [110] orientations of Fe;O4. In Figure 6.1 (b) and (c), the pre
peaks (peak 1) are unchanged when changing collection angles and convergence angles.
However, a shoulder on peak 2, labeled by the black arrows, changes with collection angle, and

the changes are only visible when the convergence angle is 24.5 mrad. In EEL spectra taken

along the Fe;O04 [110] zone axis, similar phenomenon are shown in Figure 6.1 (¢) and (f).
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Figure 6.1 (a) and (d) are HRSTEM images along the [111] and [110] zone axes, respectively.
EEL spectra in (b) and (c) were taken along the zone axis shown in (a), but with 24.5 mrad and
10.5 mrad convergence angles (c), respectively. EEL spectra in (e) and (f) were taken along the
zone axis shown in (d) with 24.5 mrad and 10.5 mrad, respectively. Each figure from (b) (c) and
(e) () contains spectra corresponding to different collection angles (f) as labeled at the bottom
of the figures. Scale bars in (a) and (b) are 1 nm.

The shoulder labeled by black arrows in Figure 6.1 (c) could arise from a non-dipole. As
shown in Figure 6.2, the entrance aperture selects what scattered vector kK goes into the EELS
spectrometer. Convergence angle (o) and collection angle (B) also affect the ELNES. Normally,

the core level electrons transitions obey the dipole transition rule ( A/ = £1), but it is only true
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when |g:r. |1, in which q is the momentum transfer (q = kXAE/2E) as defined in Figure 6.2

and r¢is the radius of the core. In Figure 6.2 (b), this requirement means the scattering angle 6

has to be « (Ei)l/ 2 where E is the energy of inelastic scattered electron and E is the incident
0

electron energy.”'” For example, O K edge is at ~530 eV, so § has to be « 51 mrad. In our
experimental setup, the collection angle § is equal to 52 mrad, which is sufficiently large to
allow the detection of non-dipole transitions. Therefore, the shoulder feature labeled by black
arrows in Figure 6.1 (b) can be a result of non-dipole transition. This hypothesis could be tested

by theoretical calculations.

(a)

: (b)

Entrance aperture

Figure 6.2 A schematic view of geometry of STEM EELS without any lenses, which
shows the convergence angle o and collection angle B. (b) Definitions of the incident
beam k, scattered beam k and the momentum transfer g.

Because [111] Fe,O; in Figure 6.3 (a) and [110] Fe;O4 in Figure 6.1 (d) have
indistinguishable STEM images, we also studied the effect of crystal orientation on the O K-edge

ELNES. As shown in Figure 6.1 (b) and (e), it has little effect on the fine structure of the O K

edge taken under our experimental conditions. In Fermi’s golden rule in Equation (3.14), the
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unoccupied final state reflects any anisotropy in the crystal. Thus if the DOS of the unoccupied
states is anisotropic, the resulting ELNES will depend on the crystal orientation. The choice of a
scattering vector allows the selection of a particular final crystal orbital for the transitions and
thus affects ELNES. This effect can be significant for materials with strong anisotropy such as
BN*" and graphite®'*. In our case, no obvious difference was observed for Fe;0, between two

orientations in Figure 6.1, as expected for the high-symmetry cubic space group.

EEL spectra from Fe,O; are similar to spectra from Fe;O4, comparing the spectra in
Figure 6.3 (b) and (c). The peak splitting between pre peak and the main peak in Fe,O; is the
same as the splitting in Fe;O4, which means that the peak splitting value is not a reliable way to

distinguish Fe;O4 from Fe,Os.
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Figure 6.3 (a) HRTEM image of Fe,O; along [111]. EELS spectra along Fe,O3 [111] are shown
in (b) and (c). In (a) we kept convergence angle to be 24.5 mrad and varied the collection angles.
The arrows on the main peak indicate the changes of find features according to the collection
angles. In (b), we kept convergence angle to be 10.5 mrad and varied the collection angles.
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EEL spectra from Fe;O4 and Fe;Os each in two different orientations are compared
directly in Figure 6.4. As pointed out earlier, both Fe;O4 and Fe,Os a pre peak and the main
peak. However, there are two differences in the spectra between Fe;O4 to FeyOs. First, the
position of the peak 3 and peak 4 in Fe;O,4 shifts 0.64 eV to lower energy compared with Fe,Os,
as labeled by the solid black lines. Positions and shapes of peak 3 and peak 4 were not studied in

147,208-211

detail in the previous reports. Therefore, our study reveals a difference that is significant

to distinguish Fe,O3 from Fes;Os.
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Figure 6.4 EEL spectra from Fe;O4 and Fe,O; with different zone axis under the same
experimental conditions: convergence angle o = 24.5 mrad, collection angle = 52.

Second, the intensity ratio between the pre peak and main peak differs sufficiently
sufficiently to distinguish Fe;O4 from Fe,Os;. However, determining the exact background
underneath peak 1 and peak 2 is difficult, so this method is difficult to transfer from one set of

experimental conditions to another, and possibly difficult to transfer from microscope to
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microscope. For spectra acquired under exactly the same conditions on the same microscope, we
can compare the experimental data with the spectrum acquired on the standard by overlaying
them together. We have applied this idea to compare the spectra acquired in Fe;O4 thin film and
standard, and found a perfect agreement in the intensity ratio between these two systems under
the same experimental conditions as shown in Figure 4.1.5.
Conclusions

To conclude, we have studied the ENLES of O K edges for Fe;O4 and Fe,O; with
different convergence angles and collection angles. We have found that peak 3 serves as a good
criterion to distinguish Fe;O4 from Fe,Os, which was studied in previous reports. In addition, the
intensity ratio of the pre peak and main peak is also a good reference to distinguish these two
materials. We found that at large big convergence angles, the shoulder on the main peak (peak 2)
changed dramatically with deceasing collection angles for both Fe;O,4 and Fe,Os. This change
may correspond to suppression of the non-dipole transition captured at the large collection

angles.
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