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Spin-dependent tunneling across a highly textured MgO insulating barrier has received much attention due
to its potential applications in various spintronic devices. However, the interfacial magnetic and electronic
structure of a prototypical realization of this in Fe/MgO/Fe and the effective band gap of the MgO layer are
still under debate. In order to resolve these issues, we have employed standing-wave excited core and valence
photoemission, as well as core-level magnetic circular dichroism (MCD) in photoemission, to study the Fe/MgO
interface with subnanometer depth resolution. For our synthetic procedure, we show that the Fe/MgO interface
is linearly intermixed in composition over a length of ~8 A (~4 monolayers) and that there is a magnetic dead
layer ~2-3 A thick. The unambiguous extraction of depth-resolved density of states (DOS) reveals that the
interfacial layer composition is mostly metallic and nonmagnetic FeO,, with x = 1, which accounts for a smaller
magnetoresistance compared to theoretical predictions. The formation of the magnetic dead layer (FeO) at the
interface should also reduce the tunneling spin polarization. The analysis of our data also shows a clear valence
band edge of ultrathin MgO layer at ~3.5 eV below the Fermi level (Ef) that is very close to that of single
crystal bulk MgO. An analysis that does not consider the interdiffused region separately exhibits the valence band
edge for MgO layer ~1.3 eV below Ef, which is significantly closer to the MgO barrier height estimated from
magnetotransport measurements and further suggests that the Fe/MgO interdiffusion effectively reduces the MgO

band gap.
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I. INTRODUCTION

Magnetic tunnel junctions (MTJs) consisting of an insu-
lating barrier sandwiched by two ferromagnets'? are being
intensively used as, e.g., read heads in hard disk drives and
magnetic random access memory (MRAM). To extend their
application further to logic devices, a greater on-off ratio,
i.e., tunneling magnetoresistance (TMR) ratio is required. The
TMR ratio is defined as (Rap — Rp)/Rp where Rp and Rap
are junction resistances in parallel and antiparallel magnetic
configurations of the two electrodes, respectively. MTJs
with an amorphous Al,O3 barrier exhibit at most 80~90%
TMR ratios,** which correspond to ~55% tunneling spin
polarization P, as estimated from the Julliere model: TMR =
2P?/(1 — P?).> Recently, a theoretical prediction of giant
TMR ratios from a crystalline MgO barrier®” has been realized
in experiments at room temperature.®? It is known from theory
that the MgO crystalline barrier filters out one orientation of
spins preferentially due to a selective transmission of specific
wave function symmetries and thus actively provides an even
higher TMR ratio than what is calculated from the simple
Julliere formula and the electrode spin polarization at the Fermi
level. At present, the highest TMR ratio at room temperature
has reached more than 600% by use of Co-Fe-B ferromagnetic
electrodes along with a highly textured MgO(100) barrier.
However, this value is still smaller than what the theories
predict (>1000%), and in addition the barrier height of
the MgO layer estimated from transport measurements is
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significantly lower than that of single crystals. It is thus still not
clear how the MgO electronic structure is changed by being
in contact with the Fe electrodes and how different methods
of synthesis might affect this. A number of experimental and
theoretical studies have been carried out on this system,lo‘25
but the exact nature of the Fe/MgO interface is still unclear.
Previous soft x-ray spin-resolved photoemission experiments
on epitaxial molecular beam epitaxy (MBE)-grown MgO on
Fe(001) show an oxide-free interface,”® but other studies
have reached opposing conclusions concerning this aspect.
Furthermore, spin-dependent attenuation of particular Fe-
related direct-transition photoemission features, as MgO layers
have been made thicker, has been observed.?’

In this paper, we report on the depth-resolved composition
and magnetic and electronic structure of the Fe/MgO inter-
face by combining x-ray standing-wave (SW) excitation of
photoelectrons with a wedge-shaped sample profile in what
has been termed the SWEDGE method.?®*! Such SW excited
photoemission is based on growing the sample as, or in our
case, on top of, a synthetic multilayer mirror, and has been
shown in several prior studies to be capable of deriving depth
profiles of concentration,?®?*3? magnetization,” densities
of states,’! and interface crystal field effects,’? in several
spintronic multilayer structures. The measurements combine
both wedge scans and rocking curves around the first-order
multilayer Bragg angle and are analyzed by fitting the data
to x-ray optical simulations with variable geometric and
electronic structure parameters.m‘32
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FIG. 1. (Color online) Schematic diagram of our sample, with
the Fe in a wedge layer, including the geometry of the exciting x-
ray beam and outgoing photoelectrons. Reflection from the Si and
Mo multilayer mirror, with light incident at the first-order Bragg
incidence angle of about 10.2°, creates a strong SW above the mirror,
as qualitatively indicated. The magnetic easy axis for the Fe layer is
in-plane, and the sample has been magnetized perpendicular to the
wedge direction and thus nearly collinear to the incidence direction
of the light, as required for the MCD measurements.

II. EXPERIMENTAL

The x-ray SW generating multilayer (80 alternate bilayers
of MoSi, and Si with 39.82 A periodicity) was prepared
with rf-sputtering in the Center for X-ray Optics, Lawrence
Berkeley National Laboratory, Berkeley (LBNL), with the
top layer being Si that is slightly oxidized to atmospheric
exposure. The multilayer period of 39.82 A translates into
a 39.82 A SW period above the mirror in first-order Bragg
reflection; the thinner Mo layer (11.5 A, compared to 28.3 A
for Si) leads to its being mostly MoSi, and thus being more
stable against elevated temperatures during sample growth.
On top of this was grown the Fe wedge, a constant thickness
MgO layer, and a final Al,Os3 capping layer, with overall
nominal configuration as shown in Fig. 1. The 0-200 A Fe
wedge, 10 A MgO, and 14 A Al,03 layers were grown using
a dc-sputtering method in the IBM Almaden Research Center,
and the wedge extended over ~20 mm, which yields a nominal
slope of 10 A/mm. However, it is not essential to know the
actual wedge slope precisely, as the wedge scans to be shown
later automatically calibrate a change in z position to the SW
period. But as rough numbers, the actual experimental wedge
scan to be presented below extended over ~7.0 mm and so
from the estimate above spanned about 70 A or about two
SW periods. To protect the hydrophilic MgO layer against
moisture contamination during transfer of the sample in air,
the sample was capped with a 14 A Al,O3 layer. The base
pressure in the deposition chamber was better than 5 x 10~°
Torr, and the pressure during the sputtering process maintained
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at 3 mTorr. The MgO and Al, O3 layers were formed by reactive
sputtering of MgO and Al,O3; from Mg and Al sputter targets,
respectively, in an Ar-O; environment (97.5-2.5% mixture
for MgO, 93-7% mixture for Al,03). A small magnetic field
(~300 G) was applied along the transverse direction to the
Fe wedge during the deposition of the Fe layer in order to
set uniaxial magnetic anisotropy (easy axis) along the applied
field so that the magnetic circular dichroism (MCD) signal
in the photoemission intensity becomes optimized along the
wedge scan with the given MCD measurement geometry.
The experiments were carried out at Beamline 4.0.2 at the
Advanced Light Source in LBNL that provides high-brightness
tunable circularly polarized photons in the soft x-ray range
using an elliptical polarized undulator (EPU).* To set the
magnetization in the actual analysis chamber, the sample was
magnetized in an applied field of 40 G for 120 s before the
data began to be acquired. The photon energy was set to
hv =900 eV for all measurements, an energy well away from
any absorption resonances in the sample. Linear p-polarized
light has been used except for the MCD experiments. The
size of the focused x-ray beam spot (~100 microns) as
compared to the wedge slope of ~200 A/1 cm=2 A/(spot
width) is small enough that the SW is well defined in vertical
distribution and can highlight or suppress the signal from
specific depths by tuning the incidence angle to the first-order
Bragg reflection of the mirror and scanning the beam along
the slope direction of the wedge in the sample (a wedge
scan). Several cycles of the SW can thus pass through the
sample in a wedge scan. Alternatively, a rocking curve scan
of angle around the multilayer Bragg condition can be used
to pass about one-half cycle of the SW through the sample.
By combining such wedge-scan and rocking curve data with
x-ray optical simulations, one can accurately determine the
depth profile of each layer, the interdiffusion at the interfaces,
the magnetization at interfaces,”®? and, as demonstrated for
the first time here, the densities of states in interfaces. In
particular, by measuring rocking curves and wedge scans of
C 1s (present in a thin surface contaminant), Al 2p, O 1s
(present in both the Al,O3 cap and MgO), Mg 2p, and Fe 3p,
and comparing these to theory via an R-factor analysis, we can
determine the layer concentration profiles. These experimental
results are summarized in Figs. 2 and 3(a). Once the layer
configuration was characterized by this fitting, wedge scans
of both Fe 2p MCD and valence band photoemission were
measured at the Bragg angle, and these data are presented in
Figs. 4 and 3(b), respectively. The former can provide us with
information about depth-resolved Fe magnetization, while
the latter permits determining the depth-dependent electronic
density of states, particularly near the Fe/MgO interface (as
described in more detail below).

III. RESULTS AND DISCUSSION

The core-level photoelectron spectra were fitted in a
standard way using Voigt functions with a Shirley background
subtraction:* all intensities are thus the areas of these
Voigt functions above this background. The intensity of
the fitted spectra for the rocking curves (Fig. 2) and the
wedge scans [Fig. 3(a)] have then been simulated with a
specifically designed code taking into account all relevant
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FIG. 2. (Color online) Rocking curves of O 1s, C 1s, Al 2p,
Fe 3p, and Mg 2p orbital photoemission intensities with excitation
energy hv =900 eV near the Bragg angle measured at the center of
samples (corresponding to ~100 A Fe thickness in wedge). These
measurements permit determining the Bragg angle to be 10.2°.

x-ray optical effects in a dynamical (multiple scattering)
formalism, the atomic differential photoelectric cross section,
attenuation due to the inelastic mean-free paths of the emitted
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at the surface.?*3!-3> The Bragg angle was determined from
an analysis of the rocking curve scans in Fig. 2 and found
to be 10.2°. Then at this fixed Bragg angle, the wedge scans
were measured. Figure 3(a) plots the wedge scans recorded
for the Al 2p, Fe 3p, and Mg 2p core levels, as well as the
valence band. Figure 3(b) further shows line scans of the
valence band spectra at several key points in the wedge scan:
when Fe 3p is a maximum, when Mg 2p is a maximum, and
when the Fe-derived valence-band (VB) intensity near E is a
minimum; clear differences are noted, depending on whether
the Fe-derived density of states near Eg or the deeper densities
of states below the band gaps of Al,O3 and MgO are being
emphasized by the SW position.

Pronounced modulations of both core and valence intensi-
ties as high as 45% are clearly seen in both the rocking curve
data and via the color scale; the wedge scan data furthermore
span about two full cycles of the SW. The forms of the rocking
curves are also very different, depending on the depth of a
given atomic type from the surface and the thickness of its
parent layer(s). The phases in the core-level wedge scan data
provide an even more direct depth sensitivity in that locations
of maxima and minima strongly depend on the atom of origin
and its relative depth in the sample [see Fig. 3(a)]. The notation
“deeper” indicates the direction in which the SW field is
moving to greater depths below the surface. The modulation
phase as a function of wedge thickness is determined by the
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FIG. 3. (Color online) (a) 2D plots of the wedge scans of photoelectron spectra for Al 2 p (left panel), Fe 3p, and Mg 2 p (middle panel) and
the valence band (right panel). The color code is violet: high intensity, red: low intensity, with a color scale as inset. (b) Line cuts through the
valence band data of Fig. 2(b) at several key points emphasizing maximum and minimum Fe emission, as well as maximum MgO emission,
as judged from the core-level data.
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FIG. 4. (Color online) Line cuts of Fe 2p MCD results at a certain point along a wedge scan, at approximately an Fe thickness of ~44 A.
(a) Raw intensities using left (1) and right (/) circular polarized light and (b) normalized MCD signal derived from the data in (a), where
I°=(I"+17)/2. 3D plots of (c) the whole series of I° intensity measurements taken in the wedge scan of the Fe 2p core level and (d) the

MCD signal derived from the intensities /+ and /— in (c).
location of a given emitting layer with respect to the SW mul-
tilayer, which fixes the phase of the SW. The wedge distance
between two maxima and minima of the intensity modulations
corresponds to the SW multilayer period or 39.82 A. For the
valence spectra, the intensity modulation phase for the spectral
feature near Ef in valence band spectra is well synchronized
with that of the Fe 3 p orbital, consistent with the expectation
that the spectral intensity near Er originates from the metallic
Fe layer. By contrast the position of the Mg 2p maximum
corresponds to a minimum in the Fe-derived intensity, with
oxide-derived densities of states being much more important.
In order to more quantitatively map out the entire multilayer
depth profile, we have carried out simulations taking into
account also interdiffusion (equivalent to roughness in this
analysis) between neighboring layers. The optimization of
these geometric parameters was done via an R-factor analysis,
with some of the results being summarized in Figs. 5(a)-5(f).
The R-factors for intensity are defined as R—factor(layer) =
Ul
is 9 A thick (very close to its nominal value of 10 A), while
the Al, 03 capping layer is 14 A thick (compared to a nominal
12 A). The R-factor analysis permits estimating errors in these
values at +2-3 A, as seen in Fig. 5(c). A small amount of
carbon and oxygen buildup is observed on top of the surface,
although a slight Ar ion etching has been applied before the
experiments. The Fe/MgO and MgO/Al,O3 interfaces have
been found to be linearly interdiffused over total lengths of
8 A (~4 ml) and 4 A (~2 ml), respectively, again with

. From this analysis we find that the MgO layer

estimated errors of +2-3 A, while no interdiffusion was
found at the interface between the top C-O contaminant layer
and Al,Os;. Figure 5(c) indicates one of the two-dimensional
R-factor searches that were carried out, here coupling MgO
thickness with Fe/MgO interdiffusion (reported as half of the
total interdiffusion width).

The MCD in Fe 2p photoemission was measured with
90% circular polarized light, including a wedge scan, with
these results summarized in Fig. 4. These data have been
analyzed using the methodology discussed previously for
both MCD in SW photoemission*® and x-ray emission and
inelastic scattering,’® with detailed equations appearing in
the latter publication. The MCD value is given by MCD =
(It —17)/1° where IT(I7) is the Fe 2p peak height for the
left (right) polarized light and 1 =+ +17) /2. Figures 4(a)
and 4(b) show line cuts at a particular position along the
wedge corresponding to a wedge thickness of about 44 A to
illustrate how the MCD is derived. Figures 4(c) and 4(d) show
three-dimensional (3D) plots of 1 0 and the MCD, respectively,
over the full wedge scan. Three peaks in I for the wedge
scan are seen [Fig. 4(c)] while three pronounced dips in
the MCD signal are also [Fig. 4(d)]. If the magnetization
distribution per Fe atom were exactly the same throughout
the full Fe layer configuration, the MCD values for the wedge
scan would be constant, as discussed previously in connection
with SW excited MCD in Fe Lo x-ray emission.*® The MCD
modulations of more than 50% in our data show that the
atom-specific magnetization must vary through the interface.
This observation requires an additional parameter to fit the
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FIG. 5. (Color online) The final best fits of x-ray optical theory to the experimental wedge scan data for both core-level intensities
(a) Fe3p, (b) Mg 2p, (d) Al2p, (e) O 1s, and (f) C 1s as well as (g) Fe 2p MCD. Also shown are sample R-factor plots (among several that were
done) indicating (c) the two-parameter sensitivity to the intensity analysis of interdiffusion at the Fe/MgO interface and the MgO thickness and
(h) the MCD analysis as a function of the Fe/MgO interdiffusion and the Gaussian magnetization half-width at half-maximum.

MCD modulation as a function of Fe wedge thickness: the
width of the magnetization distribution at the Fe and MgO
interface, which we assume in the x-ray optical calculations
to be described by a half-Gaussian function varying from
unity at the pure Fe side of the interface to zero when the
Fe has ceased to contribute any net magnetization as sensed
by the MCD. A second R-factor was then used to fit these

. Y, (MCDP —MCDSy
data: R—factor(MCD) = W
5(h) illustrate the final fit to the MCD data and the R-factor
analysis of this fit, in which the parameters are the Fe/MgO
interdiffusion width and the half-width-half-maximum of
the Gaussian magnetization profile (or 1.17 times its sigma
value). The MCD modulation is in fact more sensitive to the
Fe/MgO interdiffusion variation than the depth distribution
in the layers [cf. Fig. 5(c)], because the MCD modulation is
created at the interface only, whereas the core peak intensity
modulation originates from both bulk and interfaces. Thereby,
we can fit not only the magnetization half width but also the
interdiffusion length more precisely with the MCD modulation
results. The R-factor two-dimensional (2D) contour plots
display obvious minima, and we deduced the best fitting
parameters from the analysis; a 2.6-A-thick magnetic layer
width within the 8.0 A overall chemical interdiffusion at
the Fe/MgO interface. The final results of this analysis of
the core-level intensities are shown in Fig. 6 with those

. Figures. 5(g)—

for element-specific concentration profiles in Fig. 6(a) and
Fe-specific magnetization profiles in Fig. 6(b). The total
amount of each oxide layer is the thickness of pure undiffused
material, plus one half of the linear diffusion width(s) above
or below that layer. The MCD results in Fig. 6(b) imply that
there exists a magnetic dead layer over the upper 2-3 A of the
Fe/MgO interface (i.e., where the Gaussian profile is reduced
to about 10% or less), and one can hypothesize that its chemical
composition is likely to be FeO, as we will confirm from the
analysis of our valence band results below.

(a) Concentration
C/0=10A

(b) Magnetization

ALO, 12 A

4 A linear diffusion

8 A linear diffusion e

Fe wedge 0-200 A

Fe wedge 0-200 A

FIG. 6. (Color online) Final results for (a) the assumed linear
concentration profile in the sample, including interdiffusion at all
interfaces and (b) the assumed half-Gaussian atom-specific Fe
magnetization across the Fe/MgO interface.
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Finally, we have extracted the matrix-element weighted
depth-resolved density of states (DOS) from the Fe/MgO
interface region by analyzing the wedge scan of the valence
band spectra shown in the rightmost panel of Fig. 3(a) and in
a few line cuts in Fig. 3(b). For a given Fe thickness dp., the
intensity of valence band photoelectrons emitted with kinetic
energy Ey, from a depth z can be written as

00

Iyg(Exin,dr.) = C / |E(ZadFe)|2 exp[—z/(A.(Exin) sin6,)]
0

x D(Exin,2)dz, (D

where C is a constant factor, E(z,dp.) is the electric field at
depth z, A.(Exyin) is the effective attenuation length (EAL) of
the photoelectron, 6, is the photoelectron emission angle with
respect to the surface, and D(Exin,z) is the matrix-element-
weighted DOS at z that we will deduce. The valence band
spans a small region of only about 12 eV out of the ~900-eV
kinetic energy, so we can evaluate the EALSs at the same energy,
which yields via the semiempirical TPP-2M formula the values
of 15 A for Fe, 26 A for Al,03, and 22 A for MgO.?” Because a
matrix-element-weighted DOS should be uniform in a uniform
layer, Eq. (1) can be rewritten as

RaBinjie) = C 3 DiBiny) | [BGudr)l
L zel
x exp[—z/(A,.L sinb,)] dz

=CZ[)L(Ekm,j)/ Wi(z,dre) dz,  (2)
I3 0

where EL(Ekin,j) is the matrix-element-weighted DOS at
kinetic energy Eyj,; for a uniform layer L, and Wy is the
depth-dependent weighting of a given layer, as given by

E(z.dre)Pexpl—z/(A. L sing,)] if zeL
WL(ZvdFe)E{l (@ dre)"expl=2/(Ae.r ) i
0 if z¢1L
3)

The values of Wy (z,dge, Exin) are given by the theoretical
calculation, with quantitative consideration of the x-ray optics
and the photoelectron emission process.>> We have assumed
a total interdiffused interface layer between Fe and MgO
of thickness 8.0 A, as derived from the prior core-level
analysis. This leads to four weighting factors Way,o0,, Wm0,
Wee/MgO-interface> and Wre, which are plotted as a function of
z and dp in Figs. 7(a)-7(d). The different phases of the SW
in the different layers are evident here. Finally, Eq. (2) can be
reduced to

Ivg(Exin.dre) = C Y Di(Exin)UL(dre), “
L

where Uy (dre) = [ Wi (z,dpc)dz, with curves of this inte-
grated quantity being presented in Fig. 7(e). Iys(Exin,dre)
is given by the Shirley background-subtracted experimental
valence band spectral weight. For a given Eyy, (or binding
energy Ep), the number of variables (the number of L’s or
D’Ls) to be determined is four, while the number of equations
(the number of d,’s) is the total number of valence spectra over
the wedge scan, which is 26. Thus, the D;’s can be uniquely
determined by solving the overdetermined linear Eq. (4) in a
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least-squares fit way. An additional constraint on this solution
is to require that the D;’s should be zero or positive. The
calculations are then straightforward and unambiguous with
no parameters to be optimized.

The final calculated matrix-element-weighted DOS for each
layer D ALO;3 > DMgo, Dpe /MgO-interface> and D]:e are plotted as the
solid curves in Fig. 8. Figures 8(a) and 8(b) show that the calcu-
lated DOS values for Al,O; and MgO are negligibly small for
Epg < ~3.9eV and ~3.5 eV with respect to E, respectively,
which correspond to the valence band edges of these insulators.
Assuming for simplicity that the Fermi level sits in the middle
of the band gap, the values of the valence band edge positions
for Al,O3 and MgO are close to one-half of the band gaps for
single crystal samples of these materials, i.e., Egp~9.5 eV
for Al,O3 and Eg.p, ~ 7.7 €V for MgO. The small differences
may be due to the asymmetry of valence and conduction
band edges with respect to the Fermi level and/or changes
in degree of crystallinity. The density of states of the Al,O3
layer shows a two-peak structure, with one at ~2.0 eV below
the valence band edge and one at ~9.4 eV. These features are
in reasonable agreement with both x-ray photoemission (XPS)
data and local-density (LDA) theory, which exhibit two-main
peaks at ~2-3 eV and 7-8 eV below the valence band edge.*®
Three broad peaks and shoulders are seen in the MgO layer
DOS at Eg ~ 2,4 and 7 eV below the valence band edge [see
Fig. 8(b)]. These three features are also observed in previous
work on MgO deposited on Fe, at very nearly the same binding
energies.’ The results for both Al,O3 and MgO thus confirm
that our approach for extracting DOSs is reasonable and quan-
titative. For the Fe layer minus the interface, the DOS is shown
in Fig. 8(d); here, we find a pronounced peak observed near
Er followed by a shoulder at Eg ~ 2.0 eV, and a broad, weak
feature at about 6 eV that are also confirmed by previous XPS
experiments on bulk Fe films* and MgO films grown on Fe
single crystals.*® Finally, the Fe/MgO interdiffused interface
layer exhibits a distinctly different DOS compared to that of the
MgO and Fe layers. The DOS shows a high spectral weight at
Er and a peak very near that of the Fe layer, but also a broad but
pronounced feature is observed at Eg ~ 3-5 eV, in additionto a
peak near Ef. Since our model assumes a linear interdiffusion
at the Fe/MgO interface, the peak at Er may originate from
that portion of the Fe/MgO interdiffused interface closest to
Fe. Assuming that the interdiffused region is stoichiometric,
the most probable Fe-O chemical composition ratio is FeO to
satisfy the two observations above. This is reasonable, since
prior photoemission shows a strong Fe-derived features at ~2,
4, and 7 eV below the VB maximum.*! FeO is a paramagnetic
metal at room temperature and becomes antiferromagnetic
below T ~ 190 K.** Therefore, a thin nonmagnetic metallic
layer, FeO, formed at the Fe/MgO interface can result in a
significant reduction of the spin-dependent tunneling, which
may account for the discrepancy between experiment and the
theoretical prediction of the TMR values. On a microscopic
scale, we can cite three possible sources of this discrepancy:
that the presence an interface layer that is at least partially FeO
destroys proper wave function matching at the interface, that
the paramagnetic nature of this FeO reduces spin-dependent
tunneling, and that the metallic nature of the FeO/MgO
interface reduces the effectiveness of tunneling. Our data do
not permit deciding conclusively among these, however.
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FIG. 7. (Color online) (a)—(d) 2D plots of the depth-resolved theoretical weighting factors W for each layer, as defined in Eq. (3), as a
function of Fe wedge thickness dg. and depth z, for (a) Waj,0,, (b) Waie0, (€) Wre/Me0—interface> and (d) We.. Note that these include both the
variation of the electric field as the SW scans through the sample and the inelastic attenuation of the escaping photoelectrons. With the higher
photon energies of 2-4 keV used in a similar SWEDGE study in Ref. 44, the attenuation of the photoelectron intensity in each layer with z
would be 2-3 times less (i.e., EALs would be 2-3 times larger). (d) The integrals U; of W, over a given layer, Uaj,0, (black), Uyeo (red),

Uke/MgO—interface (green), and Uf, (blue) are plotted versus depth.

As a final step in our analysis of the valence band data,
we have also calculated the DOSs neglecting the Fe/MgO
interdiffused region, and these results are plotted in dotted
lines in Figs. 8(a), 8(b), and 8(d). As might be expected, the
DOSs and valence band edges of the Al,O3 and Fe layers do
not change significantly by this consideration. However, the
DOS for the MgO layer becomes significantly different over
Eg ~ 1-6 eV from the case that treated the valence band region
separately, showing a valence band edge at ~1.3 eV below Eg
[see Fig. 8(c)]. This is remarkable in that 1.3 eV is in fact
close to the barrier height value estimated from -V tunneling
transport measurements of MTJs based on MgO barriers,*
and this may suggest that the injected spins from the Fe layer

pass through an effectively lowered barrier height due to the
interdiffusion at the interfaces.

Finally, we note that our conclusions are for a sample that
was grown by reactive sputtering, with the MgO formed by
simultaneous oxidation of a Mg layer during its deposition.
Thus, the Fe and Mg layers were not epitaxial in nature, and
some oxidation of Fe might be expected, although the MgO
is expected to be highly textured. By comparison, a recent
study of the Fe/MgO system using the SWEDGE method by
our group was based on samples grown on a similar Mo/Si
multilayer, but with the MgO evaporated directly and not
involving oxidation of deposited Mg. These measurements
were also carried out with much higher photon energies of 2.01
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FIG. 8. (Color online) The final least-squares fitted matrix-
element weighted layer DOSs derived from Eq. (4) that considers
the Fe/MgO interdiffused interface layer separately are shown
in thick solid curves for (a) the Al,O; layer (black), (b) the
MgO layer (red), (c) the Fe/MgO interface layer (green), and
(d) the Fe layer below the interface (blue). Also shown as dotted
curves in the same colors for (a) the Al,O3 layer, (b) the MgO
layer, and (d) the Fe layer are calculated DOSs that do not take into
account the interdiffused layer separately. The valence band edges
for insulating layers are indicated by dashed lines for (a) the Al,O3
layer and (b) the MgO layer (solid with inclusion of the interface and
dashed without it).

and 4.00 keV and thus up to about three times higher electron
effective attenuation lengths (EALs), which would lead to less
sensitivity to the Fe/MgO. Nonetheless, the analysis of this
data yields about the same conclusion concerning Fe/MgO
interdiffusion (~6 A compared to the ~8 A found here).
However, there is no evidence of oxide formation at the
interface, probably due to the difference method of MgO
formation. This study was more limited than the present one,

PHYSICAL REVIEW B 84, 184410 (2011)

in that no MCD measurements were made, no analysis such
as that of Eq. (4) was performed, and the much larger EALs
involved would in any case make it more difficult to clearly
resolve the DOS near the interface.

IV. CONCLUSIONS

In summary, we have used a powerful new tool, SW
photoemission, including the SWEDGE method, to explore the
depth-dependent chemical, magnetic, and electronic structures
of a prototypical MTJ sample by measuring the core-level
photoemission, core-level MCD and valence band photoe-
mission. The combination of experiment and x-ray optical
calculations shows that the Fe/MgO interface is composi-
tionally interdiffused over an 8-A-thick region and that the
magnetization (at room temperature) decays with a halfwidth
of about 2.6 A deep into the interdiffused interface, indicating
via the Guassian curve of Fig. 6(b) a more or less dead layer of
2-3 A thick near the top of the interface. We have also deduced
the layer-resolved DOSs, including this interface region and
found that the MgO layer has a valence band edge at Eg ~
3.5 eV and the interdiffused layer appears to be FeO-like, and
thus non-magnetic and metallic. On the other hand, the MgO
valence band edge decreases to 1.3 eV when the interdiffused
region is not considered separately in the analysis, providing a
link to transport measurement determinations of this quantity.
This work thus helps to resolve several controversies over
the discrepancy between magnetotransport measurements and
other characterization experiments on MgO-based MTJs.
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