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We present a detailed structural characterization of the interfaces in Fe/MgO/Fe layers grown by molecular-
beam epitaxy using aberration-corrected transmission electron microscopy (TEM), scanning TEM, and electron
energy-loss spectroscopy. When fabricated into magnetic tunnel junctions, these epitaxial devices exhibit large
tunnel magnetoresistance ratios (e.g., 318% at 10 K), though still considerably lower than the values predicted
theoretically. The reason for this discrepancy is being debated and has been attributed to the structure of, and
defects at the interface, namely, the relative position of the atoms, interface oxidation, strain, and structural
asymmetry of the interfaces. In this structural study, we observed that Fe is bound to O at the interfaces. The

interfaces are semicoherent and mostly sharp with a minor degree of oxidation. A comparison of the two
interfaces shows that the top MgO/Fe interface is rougher.
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I. INTRODUCTION

Following theoretical predictions'? of tunneling magne-
toresistance (TMR) in epitaxial Fe/MgO/Fe junctions, TMR
ratios of approximately 200% were measured at room tem-
perature for CoFe/MgO/CoFe and fully epitaxially Fe/
MgO/Fe junctions.>-® Significant progress has been since
achieved with sputter-deposited CoFeB/MgO/CoFeB mag-
netic tunnel junctions (MTJs) in which the CoFeB ferromag-
netic electrode is amorphous.”~!! For these MTJ, TMR ratios
of 604% at room temperature have been reported,” which is
of interest for technological applications such as in magnetic
random access memory and magnetic sensors. However,
these values, and especially the TMR ratio of the model ep-
itaxial Fe/MgO/Fe MTI are still considerably lower than the
predictions based on first-principles calculations."? Conse-
quently, revealing the physical origin of this discrepancy
may further contribute to understanding the large TMR ratio
in MgO-based MTJ, as well as associated experimental ob-
servations such as asymmetric bias voltage dependence.*

Calculations'? have shown that the TMR value is signifi-
cantly reduced if the interfaces are oxidized though recent
experimental work shows that the effect of oxidation may
not be as significant as expected by those calculations'? but
rather the degree of strain.'* The asymmetry and decrease in
the TMR ratio have been attributed to interface phenomena:
dislocations, " electronic structure of the Fe/MgO interface,’
and the formation of an Fe-O layer.!>!%!7 Therefore, to better
understand their role on electron tunneling, these interfaces
have been characterized by surface x-ray diffraction, Auger
electron spectroscopy, x-ray absorption spectra, X-ray mag-
netic circular dichroism, x-ray photoelectron spectroscopy,
spin-dependent tunneling spectroscopy, and transmission
electron microscopy (TEM).!>-20
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In this work, we report on a detailed structural character-
ization of epitaxial Fe/MgO/Fe layers, which when fabri-
cated to a MTJ, achieved a TMR value of 170% at room
temperature.®!® Although fully epitaxial structures will prob-
ably not be used in commercial devices, they are model sys-
tems to compare experimental results and theoretical calcu-
lations and to study spin-polarized coherent tunneling.*~’

In particular, the aim of this work is to characterize the
interface structure of epitaxial Fe/MgO/Fe multilayers,
which when fabricated into MTJ devices, demonstrate
among the highest TMR ratios to date. To achieve this aim,
we use aberration-corrected TEM and scanning TEM
(STEM).

Revealing the atomic structure of the Fe/MgO interface is
important because this information is the basis for theoretical
calculations.?> Experimental characterization of the interfa-
cial structure that has been used as input for such calcula-
tions was undertaken by in situ measurements. Urano and
Kanaji?® reported that Fe atoms are adjacent to O ions at the
Fe/MgO (001) interface after the first monolayer growth, as
measured by low-energy electron diffraction. However, such
in situ characterization during growth does not account for
structural alteration that may occur after completing the fab-
rication of the device, for example, due to strain relaxation.
Therefore, an ex situ measurement such as TEM, can be
advantageous in characterizing the atomic structure of the
actual device. Here, we have investigated the atomic struc-
ture across the interface, namely, how the Fe atomic columns
are positioned with respect to the Mg or O columns. This
was studied by recording high angle annular dark field
(HAADF)-STEM images in which the contrast is related to
the atomic number.?! As the atomic number of Fe is consid-
erably larger than that of Mg or O, a HAADF-STEM image
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allows us to identify the relative positions of the atomic col-
umns.

As described earlier, the structure of the Fe/MgO inter-
faces, for example, whether the terminating Fe layer is oxi-
dized, is predicted to influence significantly the TMR
ratios.'>?>23 Various in situ techniques including surface
x-ray diffraction? and x-ray magnetic circular dichroism?>-
have been used to characterize the Fe/MgO interface struc-
ture, arriving at conflicting conclusions. Serin et al.'® mea-
sured an asymmetry in the roughness of the two interfaces,
using STEM to collect electron energy-loss spectroscopy
(EELS) data. However, the data were collected along the
MgO [001] direction, namely, along atomic columns that
combine Mg and O atoms. In this work, we examine the
samples along the Mg [011] direction, in order to differenti-
ate between O and Mg atomic columns. In addition, the
thickness of the MgO barrier in our samples is 3 nm, which
is applicable for MTJ devices.

We characterized the oxidation structure at the interface,
by comparing experimental high-resolution aberration-
corrected TEM images with simulated ones, and also mea-
suring the interplanar distances between Fe and MgO layers.
We conclude that for the growth conditions used in this re-
search for the fabrication of MTJ structures, the interfaces
are predominately sharp, though we cannot rule out the pos-
sibility of a minor component of oxidation at the interfaces.

Finally, the growth modes of the Fe/MgO/Fe junction,
namely, MgO growth on Fe followed by Fe growth on MgO,
are important in determining the spin-dependent transport
properties. The structure of the two interfaces has been com-
pared by Z-contrast HAADF-STEM images and EELS. This
study shows that the top Fe/MgO interface is rougher than
the bottom one.

II. EXPERIMENTAL DETAILS

Epitaxial multilayers with the following structure Fe(50)/
MgO(3)/Fe(10) structures (thickness of layers in nanometer)
were deposited on MgO (001) single-crystal substrates. The
epitaxial  relation of the layers, Fe(001)[100)/
MgO(001)[110]/Fe(001)[100], is well characterized. De-
tailed growth information and structural characterization us-
ing reflection high-energy diffraction, and x-ray diffraction
are presented elsewhere.5!16:1%-27

The samples were prepared by molecular-beam epitaxial
growth on MgO (001) single crystals at a base pressure of
5X107!" mbar. Prior to the growth, the MgO substrates
were degreased by boiling successively in trichloroethylene,
propan-2-ol and methanol and then annealed at 500 °C for
30 min in ultrahigh vacuum. A 10-nm-thick MgO buffer
layer was grown to prevent carbon contamination. Then, the
bottom Fe layer was deposited at 200 °C and annealed at
400 °C. The MgO barrier was deposited at room tempera-
ture followed by the top Fe electrode at 200 °C. Finally, a Cr
capping layer was deposited to prevent oxidization. Deposi-
tions of both MgO and Fe are achieved by e-beam evapora-
tion of single-crystal MgO and high-purity Fe materials. The
growth rates of Fe and MgO were 0.03 nm/s and 0.01 nm/s,
respectively.
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During growth of the MgO layer, an increase in the partial
pressure at mass 32 from below detection levels to around
2.5X 1072 mbar was measured. Similar observations were
reported by Yuasa et al.,* suggesting that the residual gas is
oxygen due to the decomposition of the MgO source. This
phenomenon may result in oxygen vacancies in the MgO
barriers, which will be further discussed in this report.

A JEOL-2200FS TEM equipped with two aberration
correctors?® was used to acquire both high-resolution TEM
(HRTEM) and HAADF-STEM images of the Fe/MgO inter-
faces. In TEM mode, a negative C; (third-order spherical
aberration), measured at =6+ 5 wm, combined with the de-
focus value was used to compensate for Cs (so-called “Cs
balanced condition”?). For HAADF-STEM imaging, the
inner- and outer-collection semiangles were 50 mrad and 140
mrad, respectively. The spatial resolution in STEM mode is
approximately 0.1 nm.

In order to study possible oxidization at the bottom Fe/
MgO interface, the two reported models of sharp' and
oxidized** interfaces were used for the TEM image simula-
tion. We note that the TEM cross-sectional specimens were
cut along the MgO [110] direction so that Mg and O atomic
columns can be observed individually. Detailed information
on TEM sample preparation and multislice image simulation
methodologies can be found in our previous paper.>! The
entire focal series was compared to image simulations in
order to confirm the structure and thickness of the sample.
Here, we show a single image from these series, typically at
Gaussian focus.

The EEL spectra for these samples were acquired at the
“SuperSTEM” facility,”> using a modified VG501 STEM
with a cold field-emission gun, equipped with a Nion second
generation spherical aberration corrector®> and a Gatan En-
fina electron energy-loss spectrometer. The convergence
angle of the electron probe was set at 24 mrad for both im-
aging and spectroscopy modes. The collection angle for EEL
spectra was 19 mrad. The inner and outer angle for the
HAADF imaging was 70 mrad and 210 mrad, respectively.
The energy resolution is 0.6 eV, which is determined by the
chosen energy dispersion of the spectrometer at 0.3 eV, re-
spectively.

The relative Fe and O atomic concentrations were calcu-
lated according to the following steps, using a script written
by Gatan for DIGITALMICROGRAPH 3.10. After removing the
background signal using a power-law relation, the relative
composition or atomic areal density of O and Fe were com-
pared using the hydrogenic (white lines) model** at each
point. In order to improve the signal-to-noise ratio, multi-
variate statistical analysis?®3-¢ was employed.

III. RESULTS AND DISCUSSION

Figure 1 shows an overview of the multilayer structure
using a low magnification HAADF-STEM image. Areas in
the image showing larger intensity (brighter contrast) corre-
spond to the Fe layers due to the higher atomic number of Fe
relative to MgO while the MgO regions have lower intensity.

We first characterize the structure at the interface region
between the MgO substrate and the bottom Fe layer using
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FIG. 1. HAADF-STEM image showing an overview of the MTJ
multilayer structure.

HAADF STEM. Due to the crystallographic quality of the
substrate and the flatness of this interface, we can determine
the relative positions of the atomic columns. This analysis
also allows for a more reliable characterization of the Fe/
MgO interface in the MTJ structure itself.

A. Structure of the interface between the bottom Fe electrode
and MgO substrate

An atomic resolution HAADF-STEM image of the MgO
substrate/bottom Fe interface along the MgO [110] zone axis
is presented in Fig. 2. The atomic columns with the brighter
contrast correspond to the Fe columns, whereas those with
lower contrast correspond to the Mg columns. However, O
atomic columns are not clearly visible because of its low
atomic number. Two types of rows are marked in Fig. 2(a),
referred to as A and B, repeated along the in-plane MgO
[001] direction. The atomic structure of rows A and B, as-
suming a sharp interface, is shown schematically in the inset
based on the intensity from the Fe and Mg atomic columns in
the experimental image. The difference between the rows is
that for A, Fe atoms are positioned directly adjacent to O
atoms at the interface, whereas for B, Fe atoms are separated
by one atomic plane from the Mg columns at the interface.
This atomic configuration fits the model shown in the inset
of Fig. 2(a) showing that the Fe columns are positioned ad-
jacent to the O columns at the interface.

In order to confirm this atomic arrangement, two line
scans of the image intensity were performed along columns
without background subtraction as shown in Fig. 2(b). An
intensity line scan of a type A column shows that the peak to
background intensity value of the Fe HAADF signal is ap-
proximately twice as large than for the Mg signal (the atomic
column associated with the HAADF signal is denoted sche-
matically by circles in the figure). Arrow C denotes sche-
matically the location at which the oxygen column would be
expected for a sharp interface. However, from these results,
we cannot detect an oxygen column because the HAADF
intensity at point C is close to the background level of the
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FIG. 2. (Color online) (a) High-resolution STEM image of the
interface between the bottom Fe and MgO substrate, obtained along
the MgO [110] direction; (b) two line scans of the intensity of the
HAADF signal obtained from atomic columns along the directions
denoted schematically by arrows A and B. Inset: the atomic ar-
rangement of the Fe and MgO layers.

measurement. Away from the interface, the positions of oxy-
gen atomic columns are detected more clearly.

For the column B line scan, Fe atomic columns are posi-
tioned above the Mg columns. The atomic arrangement away
from the interface shows that positions of Fe, Mg, and O
columns are complimentary to those observed in column A.
In this case, we note that the intensities of the Mg atomic
columns adjacent to the interface are lower, which may be
attributed to misalignment of the electron probe or variations
in sample thickness.

Both of these intensity scans confirms that the arrange-
ment agrees with the model drawn in the inset. Although the
detection of oxygen columns at the interface is not conclu-
sive from these data (see following section), these HAADF-
STEM measurements characterize the alignment of Fe, Mg,
and O atomic columns between the bottom Fe electrode and
the MgO substrate. These experimental results are in agree-
ment with in situ measurements’® and the atomic arrange-
ment used for theoretical calculations.'*” In the following
section, we focus on the structure of the interface between
the bottom Fe electrode and the MgO tunneling barrier.

B. Structure of the interface between the Fe electrode and MgO
barrier

Figure 3 presents an HRTEM image overview of the MTJ
structure obtained along the [100] zone axis of MgO, in this
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FIG. 3. A HRTEM image from the bottom Fe electrode and
MgO barrier. The zone axis is MgO [100]. The interface in region A
is coherent while a dislocation is observed in region B. The two
insets are images reconstructed from the reflections of MgO (100)
and Fe (110) in power spectra calculated from regions A and B,
respectively.

case using a conventional TEM (JEOL 3000F). The epitaxial
quality of MgO is evident as both (002) planes and (200)
planes are observed throughout the entire barrier. The lattice
spacing of the Fe (002) planes is not resolved due to the
resolution limit of this microscope. Inset A, which shows an
image that was reconstructed from a power spectrum using
the MgO (100) and Fe (110) reflections, demonstrates a re-
gion of a coherent interface between the Fe and MgO epi-
taxial layer. In the case of inset B, a similar image recon-
struction highlights a dislocation, which originates from the
approximately 3.5% lattice mismatch between the MgO
(100) and Fe (110) planes. This result shows that the inter-
face is semicoherent, namely, the first aspect we observe at
these Fe/MgO interfaces that deviates from the ideal descrip-
tion. Such defects may contribute to a reduction in the ex-
perimental TMR values when compared to those predicted
theoretically for ideal coherent interfaces. Bonell et al.'* re-
ported that a reduction in the lattice mismatch between the
MgO barrier and the ferromagnetic electrode, using an Fe-V
alloy, results in an increase in the TMR ratio.

Several experimental techniques have been applied to
study the structure of the Fe/MgO interface, in particular, to
determine the existence of an Fe-O monolayer. Meyerheim et
al.'"?* used in situ surface x-ray diffraction during MgO
e-beam deposition on a single crystalline Fe (001) substrate,
concluding that an FeO layer is indeed formed at the inter-
face. Yu’s density-functional theory calculations®’ of such an
interface resulted in an Fe-O interlayer distance of 0.247 nm,
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which is in reasonable agreement with Meyerheim’s result.
However Sicot et al.®® and Miyokawa et al.> characterized
the Fe/MgO interface in situ using x-ray absorption spectros-
copy and x-ray magnetic circular dichroism, respectively,
from which they concluded that the interface is sharp, i.e.,
there is no Fe-O monolayer. Oh et al.’® suggested that the
interface is partially oxidized based on high-resolution elec-
tron EELS. Again, we note that these experiments were
based on in situ measurements, which may not reflect the
final structure of the MTJ.

Recently, Serin et al.,'® applied EELS at the atomic scale
to study MTJ multilayers using STEM, namely, ex sifu, with
the electron beam aligned along the MgO [100] direction.
They reported that Fe and MgO terraces can overlap, extend-
ing parallel to the interface over typical widths of 6—10 nm
and heights below 1 nm. In addition, for a 10-nm-thick MgO
barrier, a structural asymmetry was reported in which the top
interface was found to be rougher.

Our previous work3! focused on characterizing the Fe/
MgO interface using conventional HRTEM. That study indi-
cated that the interfaces are sharp, though due to aberrations
of the microscope, oxygen atomic columns could not be im-
aged directly. Consequently, the differences between experi-
mental and simulated HRTEM images of sharp and oxidized
interfaces are subtle. In order to differentiate clearly between
the oxidized and nonoxidized interfacial models, we apply
here aberration-corrected HRTEM to image oxygen atomic
columns at the interface. Several studies have proved that it
is indeed practical to image oxygen columns using
aberration-corrected microscopy.*?-4!

Figure 4(a) presents a comparison between an experimen-
tal HRTEM image (center) with simulated images (left and
right). The simulated images of oxidized and sharp interfaces
are shown on the left and right sides of the experimental
image in Fig. 4(a), respectively. The structures used for
simulating these HRTEM images are shown in Figs. 5(a) and
5(b) for the oxidized and sharp interfaces, respectively. The
experimental image shown in this figure was recorded near
the Cs balanced condition®® and at the Gaussian focus. The
best fit between the experimental and simulated focal series
images is for a sample thickness of 6 nm.

For aberration-corrected HRTEM images, the difference
between the two proposed models is significant and can be
observed directly in the simulated images. In the oxidized
model, oxygen columns are observed (marked by the arrow
in the simulated image) in the first Fe layer, whereas this
feature does not appear in the case of the sharp Fe/MgO
interface.

We note that sharp interfaces, which include atomic steps,
could potentially be also interpreted as oxidized interfaces
because the HRTEM image is a two-dimensional projection
of the sample. However, image simulations of sharp inter-
faces in which atomic steps were introduced resulted in sig-
nificantly different contrast compared with oxidized
interfaces.*> This observation is in agreement with the report
of Serin et al.,'8 regarding typical terrace widths of 6-10 nm,
which is comparable to our sample thickness.

A line scan measuring the image intensity was applied to
the first MgO atomic layer along the in-plane MgO [100]
direction. The aim of this measurement is to confirm the
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FIG. 4. (Color online) (a, center) A HRTEM image from a focal
series recorded at near Cs (fifth-order aberration) balanced condi-
tions, Gaussian defocus, compared with simulated images of 6-nm-
thick samples: (a, right) sharp interface and (a, left) oxidized inter-
face. The inset shows the atomic arrangement at the interface. (b)
An intensity scan along the first MgO layer above the bottom Fe
electrode over a width of 0.1 nm from the region denoted by a box
in (a).

detection of oxygen atomic columns, shown in Fig. 4(b). The
intensity scan highlights the position of the Mg and O atomic
columns in the tunnel barrier, demonstrating that the imaging
condition used in this work enables identification of these
low atomic number atoms. However, no oxygen columns
were observed in the first Fe layer, indicating that in this
region, the interface is sharp. Through the comparison with
the simulated models, the interplanar distance of Fe-O is
measured to be 0.220*+0.005 nm, which agrees well with
the result from our previous conventional TEM analysis.’!
Measurement statistics are limited when analyzing cross-
sectional TEM images. However, similar analysis of several
interface regions concluded that the interface is sharp.

In order to remove residual aberrations and further im-
prove the signal-to-noise ratio of the images, the phase of the
exit electron wave was reconstructed using a focal series of
aberration-corrected HRTEM images. Figure 6(a) presents
the phase of the electron wave at the exit plane of the
sample. The phase was reconstructed from a series of 20
images acquired with defocus values ranging from —40 to
+40 nm at a focal step of 4 nm. For the case of thin speci-
mens, which can be considered as weak phase objects, the
bright contrast in the reconstructed phase can be directly cor-
related with the atomic column sites.*?

A line scan of the electron phase values inside the MgO

barrier along the in-plane MgO [110] direction is shown in
Fig. 6(b), which shows both O and Mg atomic columns. The
measured intensity of the oxygen column is less than the Mg
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FIG. 5. (Color online) Structural input for HRTEM multislice
image simulations in the case of (a) an oxidized interface with an
FeO layer at the Fe and MgO interface; and (b) a sharp Fe/MgO
interface. The interplanar distance at the interface is 0.235 nm for
the oxidized model (Ref. 24) and 0.220 nm for the sharp interface
(Ref. 31).

columns since its projected potential is weaker. Variations in
the peak intensities attributed to the same type of atomic
column can be due to surface contamination and damage,
and small thickness variations. Another scan was performed
along the first Fe layer in order to examine whether it is
oxidized. As illustrated in Fig. 6(c), in most cases intensity
peaks associated with Fe atomic columns are clearly sepa-
rated, though a small peak is observed between two such
intensity maxima. This observation may be attributed to the
presence of oxygen showing that a minor part of the interface
may be oxidized. Additionally, this result may also be ex-
plained by a tilt of the crystal specimen away from the zone
axis. This tilt can be observed particularly in Fe layers (Fig.
6), as streaked elongated features along the Fe [110] diagonal
direction.

Another intensity scan along the [001] growth direction is
shown in Fig. 6(d). A signal from an oxygen column is de-
tected directly adjacent to the Fe columns, in agreement with
our previous HAADF-STEM observation and consistent
with theoretical predictions,’® namely, that Fe bonds with the
O at the interface. With respect to atomic steps at the inter-
face, the reconstructed phase cannot determine conclusively
the existence of these because this methodology is not sen-
sitive enough to the small effective variations in atomic num-
ber. However, as described previously, HRTEM image simu-
lations of atomic steps at the interface were significantly
different from the experimental data and the proposed model
for the oxidized interface.

In summary of this section, the interface between the
MgO barrier and bottom Fe electrode is predominately sharp.
The existence of a sharp interface can explain the high TMR
values [170% at room temperature and 318% at 10 K (Ref.
6)] achieved in devices based on this growth protocol. Con-
versely, the detection in our samples of dislocations and pos-
sible minor oxidization at the interface may explain why the
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FIG. 6. (Color online) (a) Reconstructed phase of the exit wave
function from a through-focal series of HRTEM images in the
JEOL 2200FS with Cs at =5 wm. (b) An intensity scan across the
MgO barrier region denoted by arrow A, (c) an in-plane intensity
scan from the first Fe layer denoted by arrow B, and (d) an intensity
scan along the growth direction denoted by arrow C. The width of
the line scan is 0.08 nm. The zone axis is MgO [110]. Note: the
term intensity refers to the reconstructed phase.

TMR values are lower than the theoretical predictions based
on an ideal interface model.

C. Growth modes of the electrode and barrier

A HAADF-STEM image of both Fe electrodes and the
MgO barrier is shown in Fig. 7. The bottom interface appears
smooth while the top interface has considerably more atomic
column steps, typically one or two atomic planes in width,
marked by arrows in Fig. 7. This observation agrees with a
previous report** and is further studied in this section using
EELS measurements.

A typical HAADF image of the barrier region, obtained
using the SuperSTEM instrument, is shown in Fig. 8(a). The
top Fe electrode is seen in the left part of the image and the
bottom Fe electrode is on the right side. An EELS line scan
acquired with spatial steps of 0.16 nm was recorded along
the direction shown schematically by the rectangle denoted
in the image, starting from the top electrode.

The atomic ratio between Fe and O is plotted as a func-
tion of spatial position in Fig. 8(b). The relative error of the
composition content is estimated at ~10%. From the start of
the composition profile in the top electrode, the Fe content is
high though an oxygen content of approximately 10 at. % is
measured, attributed to surface oxidization of the TEM
sample. Near the top interface, the Fe composition decreases
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FIG. 7. Z-contrast HAADF-STEM image from the MgO barrier.
(The position of steps at the top interface are denoted by arrows.)
The zone axis is MgO [110].

while the oxygen content increases with the transition into
the MgO barrier and possible intermixing of Fe and O due to
roughness observed at that interface. Inside the barrier, the
Fe signal is still visible in the spectra resulting in an apparent
Fe concentration of less than 10%. The inset of Fig. 8 is one
such EEL spectrum measured at the center of the tunneling

oK

Fe/O content
(Atomic percentage)

-
o
o

Intensity [a.u.]

S0 w0 700 | 800
Energy Loss (eV)

Fe/O content
(Atomic percentage)
»
o

N
o
1

o

o
N
»
o
©

FIG. 8. (Color online) (a) Z-contrast STEM image from the
barrier region; (b) the atomic ratio of O and Fe across the MgO and
Fe layers derived from EEL spectra measured along the direction
denoted schematically by the rectangle shown in (a). The inset is a
spectrum from the middle of the MgO barrier apparently showing a
large Fe content (c) the composition profiles for O and Fe derived
from the EEL spectra data of (b) and applying MSA.
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barrier, which shows clearly the Fe L edge. In the following
paragraph, we attribute this result to an artifact due to geo-
metric broadening of the electron probe. Toward the bottom
electrode, the Fe signal increases eventually reaching nearly
90%. Qualitatively, it can be observed in Fig. 8(b) that the
relative change in Fe/O composition at the two interfaces is
different, namely, the bottom interface appears sharper than
that of the top interface.

In order to further analyze this observation, Fig. 8(c)
shows the same composition profiles for O and Fe deduced
from EELS data, after reconstruction using multivariate sta-
tistical analysis with two sets of eigenvalues.?®3¢ This analy-
sis results in a reduction in the signal noise compared with
the composition profiles calculated from the raw data in Fig.
8(b). Here too, we observe that the change in Fe and O
concentration across the top interface appears more gradual
than that across the bottom interface. As the composition
profile can be fitted to an error function, the width of the
interface can be defined as the distance between fractions of
0.84 and 0.16 of the maximum Fe or O content. The widths
of the top and bottom interfaces are estimated to be 1.3 nm
and 1 nm, respectively. Similar analysis on a sample with a
thinner bottom Fe electrode resulted in a similar conclusion
regarding the asymmetry of the interfaces.

In order to examine whether this result, and the detection
of Fe in the MgO barrier are measurement artifacts due to
broadening of the electron probe* resulting from the sample
thickness, we applied a geometrical model described in Refs.
46 and 47. This approach enables to estimate the volume in
the sample from which the signal is acquired during these
measurements. The sample thickness was estimated by the
ratio of the zero loss to plasmon peaks, and the geometry of
the electron beam is defined by the convergence semiangle.
We note that the top interface is closer to the hole of the
TEM sample, namely, a thinner region. Qualitatively, if we
assume that the two interfaces are identical, geometrical
broadening of the electron beam at the top interface would
be reduced, thus appearing to result in a smoother interface.
However, the measurements show that the top interface is in
fact rougher. In addition, calculations of the geometric beam
broadening for these experimental conditions*> explain the
apparent detection of Fe at the center of the MgO barrier.
Here, the diffusion of Fe into the epitaxial MgO barrier ap-
pears as mostly a measurement artifact of the EELS analysis.
Such significant diffusion is not expected due to the rela-
tively low growth temperature.

This asymmetry in the two interfaces, attributed to rough-
ness or intermixing, may be a result of different growth
mechanisms or growth protocol. Seabourne ef al. examined
the O K edge energy-loss near-edge structure of EEL spectra
obtained from this sample. Using the ab initio density-
functional theory code CASTEP, a better fit to calculations
was found for a sharp interface rather than an oxidized
interface.*

Fe growth on MgO is a three-dimensional island mode.*’
However, in the case of the bottom electrode, the Fe layer is
thick (50 or 100 nm) and undergoes thermal annealing,
which results in an epitaxial and smooth layer.

On this surface, we can expect the MgO to wet the under-
lying Fe layer due to the relatively low surface energy of
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MgO [calculated at 1.16 J/m? for the (001) plane]*° com-
pared to that of Fe [calculated at 2.94 J/m? and approxi-
mately 2.2 J/m? for a polycrystalline material at 298 K and
Fe (001) plane, respectively].>!-?

Therefore, the bottom barrier interface is smooth com-
pared to the top barrier interface. The relatively large lattice
mismatch (~3.5%), and consequently low critical thickness
(~1 nm) (Ref. 44), as well as the low growth temperature of
MgO, may tend to roughen the top MgO barrier/Fe interface
as observed experimentally.

IV. SUMMARY

The aim of this electron microscopy study was to charac-
terize the interface structure in an epitaxial Fe/MgO/Fe
multilayer used for the fabrication of MTJ. Such a detailed
study can clarify the differences between the input structures
used for theoretical calculations of spin-dependent tunneling
and the actual structure of an epitaxial MTJ device. These
differences may then explain the discrepancies between cal-
culated and experimentally measured TMR ratios. First, we
verified the atomic structure at the Fe/MgO interface,
namely, how the Fe atomic columns are positioned with re-
spect to the Mg or O columns, using atomic resolution
Z-contrast HAADF Cs-corrected STEM. The results show
that Fe columns are positioned on top of the O columns, in
agreement with previous in situ measurements by low-
energy electron diffraction.?”

Using aberration-corrected TEM,?° experimental and
simulated Cs-corrected HRTEM images distinguish directly
between models of sharp' and oxidized?* interfaces by en-
abling to image oxygen atomic columns along the MgO
[011] direction. HRTEM imaging of the bottom MgO/Fe in-
terface suggests that the interface is predominately sharp.
The  measured interplanar  distance  of  Fe-O,
0.220*=0.005 nm, at the MgO/Fe interface agrees with the-
oretical calculations of a sharp interface.?” Reconstruction of
the phase of the exit electron wave* verified again that the
interface is sharp. We note the possibility that a minor frac-
tion of the interface may be oxidized though we cannot dif-
ferentiate this result from measurement artifacts.

Calculations show that oxygen vacancies can cause a sub-
stantial reduction in TMR.>* Experimentally, Bonell et al.'3
fabricated MTJ with controlled addition of oxygen at the
interface. A relatively small reduction in the TMR ratio was
reported with increasing interface oxidation. Further calcula-
tions of Fe/MgO/Fe MTIJ are required in order to quantify
the relative significance of dislocation defects and minor oxi-
dation, which were both observed in our samples.

Z-contrast STEM images and a compositional analysis us-
ing Fe L and O K edges in EEL spectra show that the top
MgO/Fe interface in the MTJ is rougher than the bottom one.
This asymmetry of interface roughness may be attributed to
lattice mismatch and low critical thickness for strain relax-
ation of the MgO layers. Note that the relative low surface
energy of MgO compared to that of Fe suggests in fact a
reduction in roughness of the top interface. This observation
may be due to the large difference in growth temperatures of
the bottom Fe electrode and MgO barrier. Therefore, the
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structure of interfaces in epitaxial MTJ appears significantly
different from an ideal equilibrium model used in theoretical
calculations, which assumes that both interfaces are sharp
and smooth.
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