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Consequences of interfacial Fe-O bonding and disorder in epitaxial Fe/MgO/Fe(001) magnetic
tunnel junctions
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We report on a thorough experimental investigation of the influence of an FeO layer at the Fe/MgO interface
on the magnetotransport properties in epitaxial Fe/MgO/Fe(001) magnetic tunnel junctions. Interfacial oxygen
is introduced by adsorbing O, on the bottom Fe(001) layer. The morphology and composition of the FeO film
are investigated by means of scanning tunneling microscopy, reflection high-energy electron diffraction, and
x-ray photoelectrons spectroscopy. We show that the amount of interfacial oxygen can be precisely tuned and
that either ordered or disordered FeO layers can be grown. Both Fe-O bonding and interfacial disorder strongly
alter the conductances of junctions. However, the tunnel magnetoresistance remains large (>85%) even for
large oxygen exposure. Interfacial Fe-O bonds are found to lower the parallel conductance in agreement with

theoretical predictions.
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I. INTRODUCTION

Magnetic tunnel junctions (MTJs) are of great interest for
novel spintronics devices and magnetic sensors. The recent
use of MgO as the insulating barrier led to enhanced magne-
totransport performances compared to AlO,-based MTJs,
namely, a lower resistance-area product and a higher tunnel
magnetoresistance (TMR). The latter is defined as the asym-
metry of resistance when the electrodes’ magnetizations are
parallel (P) or antiparallel (AP): TMR=(Rsp—Rp)/Rp. Con-
tinuous progress in this field makes nowadays sputtered
MgO-based MTJs serious candidates for technological
developments.!

These major advances are due to a deeper knowledge of
the mechanisms which govern spin-polarized tunneling, in
particular, in the Fe(001)/MgO(001)/Fe(001) model system.
First-principle calculations originally demonstrated the huge
potential of this simple stacking and predicted a huge TMR
(>1000% at 0 K) arising from the conservation and filtering
of wave-function electronic symmetries during a ballistic
tunneling process, in addition to the spin conservation.??
These theoretical predictions have been rapidly experimen-
tally demonstrated in high-quality single-crystal Fe/MgO/
Fe(001) MTJ systems grown by molecular-beam epitaxy
(MBE) (Refs. 4-6) as well as in (001) textured CoFeB/MgO/
CoFeB grown by sputtering. The highest TMR ratios were
reported in the latter (600% at room temperature).’

The simple Fe/MgO/Fe(001) stacking still benefits from
most theoretical studies. However, within the complex spin-
polarized tunneling physics in single-crystal MTJ devices
some points still remain unclear. In particular, after gradual
improvements due to progress in the preparation, the TMR of
Fe/MgO/Fe(001) MTJs seems to have reached its optimal
value, i.e., 250% at 20 K and 180% at room temperature
(RT), as reported by several groups.®®° Consequently, im-
portant experimental and theoretical efforts are aimed at un-
derstanding this limitation. Real MTJs actually deviate from
ideal ones considered in theoretical models: the structural
defects are suspected to reduce the filtering efficiency and
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therefore the magnetoresistive response. This reduction was
readily ascribed to the presence of an FeO, layer at the Fe/
MgO interface.!®'> However, this interfacial oxidation re-
mains controversial since several groups showed no evidence
of it.”>13-15 Moreover ab initio calculations predict a very
weak interaction between Fe(001) and MgO(001).'¢ There-
fore, it seems that the presence of FeO at the interface is not
specific to the Fe/MgO system but rather depends on the
sample preparation. This conclusion is furthermore sup-
ported by a theoretical investigation of the MgO growth on
Fe(001).!7 However, the structural/chemical characterization
of the interface and the magnetotransport measurements are
usually not performed on the same samples, which unfortu-
nately makes their correlation difficult to analyze. The only
relevant conclusion ruled out up to now was that MTJs ex-
hibiting state-of-the-art TMR ratios do not present any inter-
facial oxidation.>!?

The importance of the question about a possible interfa-
cial FeO layer is related to the high sensitivity of spin-
polarized tunneling to interfacial bonding. Calculations pre-
dict that even less than 1 monolayer (ML) of interfacial
oxygen would drastically alter the TMR and the bias depen-
dence of the conductances.'"'820 In a same way, it has been
experimentally shown that interfacial carbon also affects the
tunneling process.® Interestingly, the TMR remains large in
this last case and several important characteristics for poten-
tial device integration are indeed improved. C-doped MTIJs
show in particular a higher output voltage,”! an extremely
small 1/f noise and a large stability in electric fields.?? This
illustrates the possibility of skillfully tuning the electronic
properties of interfaces in Fe/MgO/Fe(001) MTJs by insert-
ing small amounts of an interfacial species.

Some theoretical attempts for modeling real MTJs take
into account the effects of disorder.>*~2° Lattice distortions in
the barrier and at the interfaces are mostly investigated as
well as atomic vacancies in MgO. Defects in the barrier are
generally found to lower the junction resistance by favoring
hopping or scattering events. The roughness is generally
modeled by interfacial disorder. In epitaxial Fe/MgO/Fe(001)
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calculations show that introducing a weak and uniform inter-
facial distortion does not affect the TMR very much. On the
contrary, large distortions, which better account for small
scale disorder (dislocations, steps, and defects), are expected
to strongly alter the TMR.

Up to now, the effects of interfacial oxidation and disor-
der on the magnetotransport in Fe/MgO/Fe(001) have not
been much investigated experimentally.?® For this purpose,
we report here a thorough study of epitaxial MTJs with a
controlled oxygen interfacial layer. This oxidized interface is
obtained by controlling the adsorption of O, on top of the
bottom Fe(001) electrode prior to the barrier deposition. The
adsorption of oxygen on Fe(001) has been widely studied in
the past.”’-3> It was shown that an order/disorder transition
can be induced by annealing the oxygen overlayer, leading to
a p(1X1)-0 1 ML film on the Fe(001) surface.?3*3¢ This
surface allows studying the effect of Fe-O chemical bonds at
the interface in a well-ordered MTJ with conservation of the
crystalline periodicity at the interface. In contrast, as-
deposited oxygen forms a quite disordered layer with a
strongly changing morphology within the early stages of ad-
sorption. This makes difficult its characterization, leading to
contradictory interpretations reported in the literature. In par-
ticular, the absolute oxygen coverage corresponding to the
different adsorption stages as well as the large scale mor-
phology of the surface remain unclear.

The present paper is divided in two parts. The first one
concerns the preparation of the samples and the in situ char-
acterization of oxygen covered Fe(001) surfaces. A structural
analysis by means of reflection high-energy electron diffrac-
tion (RHEED) and scanning tunneling microscopy (STM) is
coupled with a chemical analysis allowed by in situ x-ray
photoelectrons spectroscopy (XPS). The second part is de-
voted to magnetotransport in MTJs with O-doped Fe/MgO
interfaces. The thorough characterization of oxidized
Fe(001) surfaces presented in the first part allows us to par-
tially disentangle the effects of Fe-O bonding and the effects
induced by interfacial disorder. The features induced by the
interfacial oxygen on the dynamic conductances are also dis-
cussed. Concerning the Fe-O bonds, a good agreement is
found with theory. Trends are given to explain the effects of
interfacial disorder.

II. EXPERIMENTAL DETAILS

Single-crystalline multilayers are grown on MgO(001)
substrates by using MBE operating with a base vacuum of
8 X107 Pa (6 X 107! torr). The MBE chamber is equipped
with liquid nitrogen cryopanels, leading to working pressure
equal to 3107 Pa (2.5x 107! torr). It should be noted
that the vacuum pressure does not exceed 5 X 107! torr dur-
ing Fe, Co, and Au growth or substrate heating. Prior to the
deposition of the multilayers stack, the substrate is outgassed
at 875 K and an additional 7-nm-thick MgO layer is grown at
725 K in order to improve the quality of the substrate sur-
face, and more importantly to avoid the diffusion of residual
carbon through the first Fe layer and its segregation at the
surface.” A 50-nm-thick Fe layer is deposited at room tem-
perature and annealed at 725 K for 20 min in order to obtain
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an atomically flat surface. Auger electron spectroscopy
(AES) and XPS measurements reveal no traces of carbon
contamination and sometimes the presence of oxygen traces,
limited to less than 0.1 ML.

Subsequently, molecular oxygen is adsorbed at RT on this
Fe(001) layer. O, is introduced by a leak valve with a partial
pressure of 7 X 1077 Pa (5X 107 torr). The amount of ad-
sorbed oxygen is controlled during the adsorption by moni-
toring the O ls peak by XPS, which allows us to stop the
adsorption when the desired coverage is reached. This pro-
cess is performed in a separate chamber so as to avoid the
oxidation of the crucibles and the deterioration of the high
vacuum in the epitaxy chamber. XPS is done using standard
Al/Mg anodes.

A structural analysis of oxygen overlayers is performed
by using RHEED and STM. In addition to the surface lattice
determination, the RHEED technique is employed to get in-
formation about the growth process (RHEED intensity oscil-
lations) but also about in-plane lattice spacing variation. For
this former purpose the evolution of RHEED profiles perpen-
dicular to the (0,-1), (0,0), and (0,1) diffraction streaks is
recorded during the adsorption. The profiles are then fitted
using Lorentzian line shapes, which allow us to extract the
evolution of intensity, width, and position of each peak. STM
imaging of Fe surfaces with different oxygen coverage is
done in a chamber directly connected to the MBE chamber,
in a pressure of 4 X 107® Pa (3 X 107!° torr). These measure-
ments are performed in the constant current mode. We use
chemically etched W tips, which are heated under UHV by
Joule effect and finally shaped above the sample surface by
field effect prior to oxygen adsorption. In addition, the Fe
oxidation state for the oxygen covered Fe(001) surface is
investigated by XPS on MgO/Fe(50 nm)/Co(10 ML)/Fe(1
ML) multilayers.

The first steps of MTJs preparation is similar to what is
described above (MgO buffer, 50-nm-thick Fe bottom elec-
trode, using same annealing conditions). To prevent any con-
tamination of the bottom Fe layer which may occur during
STM experiments, the samples dedicated to transport mea-
surements are not analyzed by STM. The controlled oxygen
adsorption is performed on top of this bottom smooth Fe
electrode and a 2.5-nm-thick MgO barrier is grown at RT.
For this purpose we evaporate stoichiometric MgO by
electron-beam heating at a growth rate between 0.01 and
0.02 nm/s. The MgO thickness is precisely controlled during
the growth by monitoring RHEED intensity oscillations.
Subsequently, a 15-nm-thick second Fe electrode is depos-
ited on top of the MgO barrier. The whole stack is then
annealed 10 min at 475 K. The hard/soft magnetic architec-
ture in such a MTJ, necessary to operate independently the
magnetization of its electrodes, is obtained by hardening the
top Fe electrode by a 20-nm-thick Co overlayer. Samples are
then capped with 20 nm of Au. After the growth, square
MTIJs with sizes varying from 10 X 10 to 200X 200 um? are
patterned by optical lithography and ion etching.

III. O, ADSORPTION ON Fe(001)—RESULTS

A. Adsorption kinetics and growth mode

The O 1s peak area monitored by XPS during an adsorp-
tion run is plotted against the oxygen dose (1 Langmuir
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FIG. 1. (a) Area of the O 1s peak monitored by XPS during the
adsorption of O, on Fe(001) (I L=107° torr s). Points from three
experiments are plotted together and correspond to three different
0, partial pressures (2.5X 107, 50X 107, and 7.5X 107 torr).
Right axis gives the corresponding oxygen coverage. (b) Intensity
of the RHEED (01) diffraction rod. (c¢) FWHM of the (01) rod. (d)
Relative variations in the surface in-plane lattice parameter.

=107° torr s) in Fig. 1(a). For such low coverage the attenu-
ation of photoelectrons by surface atoms can reasonably be
neglected so that this area is almost proportional to the
amount of deposited oxygen. The results of three separate
adsorption processes are plotted together, corresponding to
three different oxygen partial pressures: 2.5X 107, 5.0
X 107, and 7.5 X 107 torr. Plotting the O 1s peak area ver-
sus the dose shows the superposition of the three kinetics.
Thus, in this range the reaction rate is first order with respect
to the pressure. Therefore the weak scatter reflects the good
control and reproducibility of the process. The kinetics
clearly exhibits the two regimes reported in previous
studies.?’ 2 The O 1s peak grows rapidly in the first stage up
to a dose of 0.7%=0.1 L in our experimental conditions.
Then the rate of adsorption decreases and keeps a constant
value. In the literature it is not clear whether the transition
between these two regimes corresponds to 0.5 ML (Refs. 27,
28, 30, and 31) or 1 ML (Refs. 29, 32, and 34) of adsorbed
oxygen.

To complete the adsorption kinetics analysis, RHEED
experiments are performed in real time during the oxygen
adsorption process. Figures 1(b) and 1(c) show the (0,1)
RHEED streak intensity and width, respectively, recorded
during an adsorption process. The presence of two intensity
oscillations probes a layer-by-layer growth. The first maxi-
mum, occurring at about 0.8 L, corresponds to the comple-
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FIG. 2. RHEED patterns in azimuth [10] of Fe(001) surfaces
with various adsorbed oxygen amounts. (a) 0 ML of oxygen (clean
Fe), (b) 0.3, and (c) 2 ML.

tion of the first monolayer and provides a calibration of the
XPS measurements [see right axis in Fig. 1(a)]. As expected,
the second maximum corresponds to a twice larger O s
peak area. The quick decrease in the RHEED intensity can
be attributed to the appearance of some roughness, structural
disorder, or three-dimensional (3D) growth. The evolution of
the (1,0) rod’s full width at half maximum (FWHM) pro-
vides complementary information. Our observation is that
the FWHM is nearly constant during the first oxygen mono-
layer deposition. This FWHM then increases up to 1.5 ML
coverage and decreases for larger coverage. Such oscillating
FWHM in opposite phase with intensity oscillations was re-
ported in various cases of homoepitaxy and heteroepitaxy.’’
It has been shown to be related to the nucleation, growth, and
coalescence of islands.?® Figure 1(c) shows that the FWHM
oscillation occurs during the second oxygen monolayer
deposition. Interestingly, the nearly constant FWHM in the
first adsorption regime indicates a different growth mode.
Finally, the relative variations in the average in-plane lattice
spacing parameter (a;) with respect to the initial substrate
surface parameter a, are plotted in Fig. 1(d). They are ex-
tracted from the peaks positions in RHEED profiles, know-
ing that the distance between the (0,—1) and (0,1) diffraction
rods is inversely proportional to {a;). The measured (a;) does
not deviates from the initial substrate value a, by more than
0.5%.

B. Structure and morphology of oxygen
covered Fe(001) surface

RHEED patterns of Fe(001) surfaces with various oxygen
coverages are shown in Fig. 2. For a clean Fe surface,
RHEED patterns are highly contrasted with thin diffraction
rods and marked Kikuchi lines. The background intensity
gradually increases during the adsorption, indicating an in-
creasing surface disorder. For sufficiently high oxygen cov-
erage (>2 ML) low-intensity additional streaks appear in the
RHEED pattern, typical of a new crystalline structure.

STM images shown in Fig. 3 illustrate the morphology of
oxidized Fe(001) surfaces at a large scale (200X 200 nm?).
Concerning clean Fe(001) one can see large terraces bor-
dered by monatomic steps. These steps are curved and often
link two threading dislocations or holes. We ascribe the latter
to some dewetting (since Fe growth on MgO forms 3D is-
lands at equilibrium). It should be noted that the atomic res-
olution is not reached at RT. Surprisingly, surfaces with less
than 1 ML of oxygen are similar. The presence of oxygen is
thus not directly evidenced by STM in this first adsorption
regime. Adsorbing more than 1 ML results in the formation
of oxide islands. These islands are uniformly distributed and
appear as bright regions in STM images. The islands cover-
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FIG. 3. (Color online) 200 X 200 nm? STM images of Fe(001)
surfaces with various adsorbed oxygen amounts (tip-sample volt-
age: =500 mV and current: 1 nA). (a) 0 ML of oxygen (clean Fe),
(b) 0.3, (c) 1.2, and (d) 2 ML.

age estimated from Fig. 3(c) is found to be around 30% of
the whole surface. An important point is that the atomic res-
olution is now attained at RT (Fig. 4). The observed islands
are one atom high and lie on a square surface lattice whose
parameter is 0.29 nm, that is, the parameter of the Fe(001)
surface. The atoms which compose these islands are found to
be on top of the underlying atoms.

The atomic resolution obtained for coverage above 1 ML
is an opportunity to observe additional adsorption mecha-
nisms. Indeed, many clusters composed of four surface at-
oms appear darker than the surrounding lattice in atomic
scale images (Fig. 4). Moreover, these square depletions are
found to move when recording several successive STM im-
ages. No correlation has been observed between their trajec-
tory and the STM tip movements. From the extracted profiles
along these features, the induced vertical displacements of
the tip reach 0.06 nm in our tunneling conditions. We ascribe
these features to isolated oxygen adatoms. O and N atoms,
which are highly electronegative and hence have strong in-
teractions with a metallic substrate, are known to appear as
depressions.’*#! On our Fe(001) surfaces we identify the
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FIG. 4. (Color online) STM images of the Fe(001) surface with
1.2 ML of oxygen shown in Fig. 3(c) (tip-sample voltage:
—500 mV and current: 1 nA). In (a) one can see oxide islands and
square depletions lying on a p(1 X 1)-O lattice. The mobility of the
square depletions is illustrated in (b) and (c), which are two images
of the same area recorded at a few seconds of interval.
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FIG. 5. (Color online) p(1 X 1)-O reconstruction on Fe(001), (a)
sketch of the surface, (b) RHEED pattern in (Ref. 10) azimuth, (c)
200200 nm? STM image of the surface, and (d) atomically re-
solved 7.6X 7.6 nm?> STM image (tip-sample voltage: —500 mV
and current: 1 nA).

species to oxygen since no other species are detected by XPS
and AES. The square shape of these features is direct evi-
dence that isolated oxygen adatoms are located in the hollow
site. They equally alter the local density of states of the four
underlying Fe atoms.

C. Temperature driven p(1X1) ordering

Flashing oxidized Fe(001) at 925 K leads to the recovery
of very flat surfaces, as shown in Fig. 5. The RHEED pattern
remains unchanged up to about 675 K. A reordering of the
surface then occurs (not shown here). At 925 K the RHEED
pattern becomes very similar to a clean Fe(001) one [Fig.
5(b)] and shows no change at higher temperatures. All the
eventual additional streaks due to oxide islands completely
disappear and the contrast strongly increases, which indi-
cates a p(1X 1) ordering of the surface. It should be noted
that the oxygen coverage must not be too high to recover
such a RHEED pattern. When the amount of oxygen exceeds
the equivalent of 2 ML we observe that the diffraction rods’
intensity remains modulated along their length.

Large scale STM images of p(1 X 1) reconstructed sur-
faces confirm the complete disappearance of islands and look
like preoxidized Fe(001) surfaces [Fig. 5(c)]. In addition,
Fe-O bonding makes the atomic resolution attainable at RT.
Observations at this scale evidence the presence of a continu-
ous atomic surface layer and confirm the p(1 X 1) reconstruc-
tion [Fig. 5(d)]. Whatever the initial oxygen amount is (be-
tween 1 and 2 ML), the O 1s peak area measured by XPS
after annealing corresponds to 1 ML.

D. Fe oxidation state at the surface

Figure 6 shows Fe 2p spectra recorded during the oxygen
adsorption on a MgO/Fe(50 nm)/Co(10 ML)/Fe(1 ML)
multilayer. The Co layer was used in order to enhance the
sensitivity to the Fe surface plane. Clear RHEED intensity
oscillations were observed during the growth of Co and of
the top Fe layer, demonstrating a low roughness of the films
and a good covering of the top Fe. As probed by RHEED
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FIG. 6. (Color online) Evolution of the Fe 2p peaks measured
by XPS during O, adsorption on MgO/Fe(50 nm)/Co(2.8 nm)/Fe(1
ML). The reference line for bulk FeO is from Ref. 32. Inset: Fe 2p
XPS signal on substrate MgO/Fe(50 nm)/Co(2.8 nm) (filled circles)
and substrate MgO/Fe(50 nm)/Co(2.8 nm)/Fe(1 ML) (empty
circles).

patterns, the surface lattice remained square. Therefore, the
Co layer does not significantly alter the Fe structure. More-
over, the adsorption kinetics particular to the Fe(001)/0,
system and depicted in Fig. 1 are identical when adsorbing
O, on Fe/Co(10 ML)/Fe(1 ML). Consequently, the XPS
measurements carried out on the latter surface can reason-
ably be extended to the oxygen adsorption on 50-nm-thick
Fe(001) films.

As evidenced by the curves shown in the inset of Fig. 6,
the Co film strongly attenuates the signal due to photoelec-
trons excited in the Fe buffer, in such a way that about half of
the Fe 2p signal is then due to the topmost Fe monolayer.
The Fe 2p,, and 2p;, binding energies are measured, re-
spectively, at 719 and 706 eV. During adsorption, a slight
shift of the Fe 2p5, core level to a higher energy is observed
but is not distinguished on the Fe 2p,, level. The intensities
of both peaks gradually decrease while shoulders grow at
723 and 710 eV, especially after the completion of the first
oxygen monolayer. These shoulders are typical of an iron
oxide phase. Moreover, the shift of the Fe 2p peaks suggests
that this phase is close to FeO rather than Fe,O5 and Fe;O,
phases.

E. O, adsorption on Fe(001)—general discussion

The presence of two regimes in the adsorption kinetics
monitored by XPS is in agreement with previous studies.?’~32
RHEED intensity oscillations clearly demonstrate that the
transition between the two adsorption regimes occurs at 1
ML of oxygen. This is perfectly supported by the O ls peak
intensity due to the p(1X 1) reconstruction obtained after
annealing. It has been suggested that the two first oxygen
monolayers deposition proceeds in a layer-by-layer growth?’
before the 3D growth of bulklike oxide.?’*> We confirm this
assumption by the observation of RHEED intensity oscilla-
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tions and by the appearance of two-dimensional islands after
the completion of the first oxygen monolayer.

We now focus our discussion on the first oxygen mono-
layer adsorption. To account for the kinetic behavior, Sim-
mons and Dwyer?’ proposed a mechanism involving a mo-
bile precursor, presumed to be molecular oxygen in a very
low concentration (not detectable by XPS or Auger spectros-
copy). It was expected to mediate the chemisorption at every
stage of adsorption, that is, both on the initial clean Fe(001)
surface and on the subsequently grown overlayers. Indeed,
STM imaging gives direct proof that a mobile species exists
during the second oxygen layer adsorption (appearing as
square depletions, see Fig. 4). However, we identify it with
atomic oxygen rather than O,, which is consistent with the
fact that the presence of O, has never been evidenced in
previous studies. In the first monolayer adsorption, such mo-
bile oxygen adatoms are not evidenced by STM. This is not
surprising because their presence tends to lower the apparent
atomic corrugation, which is not resolved on clean Fe(001)
at RT. Our results suggest that the first monolayer is initially
composed almost entirely of this precursor since no island is
seen with STM and since the FWHM of RHEED streaks
remains constant. This also contradicts the rise and growth of
c(2 X 2) patches sometimes reported”’?® and certainly due to
C contamination. This first phase is thus in a disordered/gas
phase, as confirmed by the increasing background observed
in RHEED patterns during this first regime. The nature of
this disorder has already been investigated by means of high-
resolution electron energy-loss spectroscopy.** It was clearly
shown that atomic oxygen preferentially adsorbs on the four-
fold hollow sites, and partially populates the bridging and
on-top sites when approaching the full coverage. This prob-
ably leads to the adsorption rate slowdown we measure with
XPS between 0.5 and 0.7 L. Nevertheless, to account for the
temperature dependence of the O, adsorption Kkinetics,
Brundle®® inferred that the degree of ordering should be quite
high at RT. Our STM experiments support this assumption
since a p(1 X 1)-O reconstruction is seen after the completion
of the first oxygen layer.

In the second monolayer adsorption, the additional oxy-
gen is adsorbed on this p(1 X 1)-O layer into the mobile pre-
cursor state. In parallel, the nucleation and growth of oxide
islands take place. The islands uniformly cover the surface
and are separated by a few Angstroms as indicated by the
evolution of the FWHM and probed by STM. In agreement
with published results,?®3%3 XPS shows that this initial ox-
ide is mainly composed of Fe?*. Having established the FeO
nature of the islands, their coverage measured from STM
large scale images [0.3 ML from Fig. 3(c)] is in agreement
with the 1.2 *0.1-ML-thick oxygen deposition fixed with
XPS assuming that the film is constituted of a p(1 X 1) oxy-
gen phase plus 0.2*+0.1 ML corresponding to islands.
Knowing that the lattice constant of bulk FeO in the cubic
wustite phase with the NaCl structure is 0.431 nm, one can
expect an epitaxy relationship similar to the one of the Fe/
MgO(001) system, that is, Fe(001)[100]/FeO(001)[110].
This means that the atoms composing islands seen in Fig. 4
and located in the on-top sites of the p(1 X 1) are Fe atoms.
O atoms of the islands are not resolved. Since (a;) extracted
from RHEED patterns remains close from the Fe(001) sub-
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strate value within =0.5%, the growth of the initial oxide
islands is pseudomorphic for the investigated coverage. Fur-
thermore, the increasing background intensity of RHEED
patterns and the rapid decrease in the diffraction streaks in-
tensity are due to the inhomogeneity of the surface at small
scale. The appearance of new diffraction streaks for cover-
ages greater than 2 ML probes a new crystallographic phase.
It was shown that an Fe O/Fe,0; mixed oxide layer grows
on top of the FeO layer at this stage.’?

The ordering of the surface obtained thanks to annealing
at 925 K leads to a complete oxygen monolayer entirely
reconstructed in a p(1 X 1) fashion. Previous studies showed
that the (i) oxygen surplus diffuses into the bulk, (ii) oxygen
occupies Fe(001) hollow sites only,* and (iii) the eventual
amount of Fe* species strongly decreases.’® The stability of
this phase was also shown,3® which explains why oxygen
tends to form a p(1 X 1) layer even without annealing. How-
ever, only a high-temperature annealing provides the homo-
geneous ordering over the whole surface and the recovery of
highly contrasted RHEED patterns.

Both ordered and disordered Fe(001)/O surfaces are inter-
esting. Indeed, the spin-polarized transport in single-crystal
Fe/MgO/Fe MTIs is strongly linked to the crystalline sym-
metries and therefore to the degree of order. Here the term
“disorder” combines all the small scale inhomogeneities of
chemical composition and structure (in particular, oxide is-
lands) which disturb the perfect crystalline periodicity of the
Fe(001)  surface. Therefore, the ordered Fe/p(1
X 1)-O/MgO interface allows us to investigate the role of
interfacial chemical bonds, whereas in MTJs with nonan-
nealed interfacial oxygen layers the effects of both chemical
bonds and disorder should arise.

IV. Fe/FeO/MgO/Fe(001) MAGNETIC TUNNEL JUNCTIONS
A. MTJs growth

Given the level of understanding we aim at, a detailed
analysis of the MgO growth on top of the oxygen overlayer
is required before discussing the magnetotransport measure-
ments. For this purpose, we performed RHEED intensity os-
cillations during the MgO deposition on disordered and or-
dered oxygen layers prepared on Fe(001), and compared
them to the RHEED oscillations obtained on the clean
Fe(001) surface. The results are shown in Fig. 7. The layer-
by-layer growth mode adopted by MgO on Fe(001) is clearly
not affected by the presence of oxygen. The only small dif-
ference is that the amplitude of RHEED oscillations is a little
smaller on disordered oxygen layers, compared to clean
Fe(001) and p(1 X 1)-O surfaces. This is not surprising since
RHEED intensity oscillations are very sensitive to any dis-
order. However, the RHEED patterns observed on 2.5-nm-
thick deposited MgO barrier on these three different initial
surfaces are similar. The crystalline quality of the MgO bar-
rier is thus not strongly affected according to the observed
RHEED patterns. We should mention that the growth of
MgO onto clean Fe(001) and p(1 X 1)-O surfaces was further
investigated by Cattoni et al.,*> who found a beneficial influ-
ence of the oxygen layer on the crystallinity of MgO and on
the quality of the interface.
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FIG. 7. RHEED intensity oscillations recorded during the layer-
by-layer growth of MgO at RT on three initial surfaces.

Furthermore, we checked by using XPS that the adsorbed
oxygen layer is not removed upon MgO deposition. To dem-
onstrate it experimentally, two samples were first grown: (i) a
Fe/p(1 X 1)-O surface and (ii) an Fe(001) clean surface. The
O 1s peak was then measured by XPS on both samples. The
second step was to grow one MgO atomic plane on both
samples in the same process and to measure again the O 1s
peak by XPS. The observations are very clear. First, the O Ls
peak corresponding to 1 ML of MgO grown on Fe/p(1
X 1)-0 is found to be equal to the sum of the peaks measured
on the one hand on Fe/MgO(1 ML) and on the other hand on
the Fe/p(1 X 1)-O surface, taking into account for the latter
the attenuation of photoelectrons by an atomic layer of MgO.
For this treatment, the attenuation length of O 1s photoelec-
trons (0.84 nm for a kinetic energy of about 960 eV) was
extracted from measurements of the O 1s peak after succes-
sive depositions of MgO monolayers. Second, Mg ls peaks
with identical shapes and areas are measured on both
samples. This experiment clearly means that (i) the adsorbed
oxygen is not consumed by the MgO growing layer itself and
(ii) the adsorbed oxygen does not segregate on top of the
MgO layer. The MgO deposition thus does not alter the ad-
sorbed oxygen layer.

In standard Fe/MgO/Fe MTJs, the second Fe electrode is
deposited on the MgO barrier at RT and the whole stacking
is then annealed at 675 K during 20 min. This annealing is
absolutely necessary to obtain the highest TMR values re-
ported on the Fe/MgO/Fe(001) system (180% at RT). This
process is however not suitable for MTJs with disordered
oxygen at the Fe/MgO interface since the oxygen overlayer
on Fe(001) begins to reorder at this temperature. Conse-
quently, we have limited this annealing to 10 min at 475 K.
For this reason, the maximum TMR value obtained for clean
interfaces reaches 140% and the results obtained with oxy-
gen have to be compared to this value.
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FIG. 8. TMR of Fe/O/MgO/Fe(001) MTJs measured at 10 mV
at RT versus oxygen content adsorbed at the Fe/MgO bottom inter-
face. Solid symbols: MTJs with a nonannealed FeO interfacial layer
(disordered interface). Open symbol: MTJ with an annealed FeO
interfacial layer [p(1 X 1) reconstructed].

B. Magnetotransport results

The magnetotransport experiments are performed on MTJ
stacks with MgO barrier thickness of 2.5 nm. This corre-
sponds to the asymptotic regime® where the dominant propa-
gating wave functions have a wave vector normal to the bar-
rier and symmetries are those with the smaller attenuation
rate within the MgO.

The evolution of the TMR at zero bias with the interfacial
oxygen content is plotted in Fig. 8. Vertical error bars repre-
sent the standard deviation obtained from the measure of 22
MTIs on every sample. The larger the oxygen amount, the
lower is the MR ratio. For disordered interfaces, the TMR is
110% at 1 ML. MTJs containing the p(1 X 1)-O reconstruc-
tion present ratios beyond 120%.

We systematically investigate the bias dependence of the
TMR and of the conductance in both P and AP configura-
tions of magnetizations. The voltage is defined with respect
to the top electrode, which means that in positive bias elec-
trons flow from the bottom oxidized interface to the top one.
Figure 9 shows the evolution of the TMR(V) for various
oxygen coverage rates. To allow their comparison, the curves
are normalized to their maximum value, which is always
measured at O V. The TMR of standard Fe/MgO/Fe(001)
MTIJs is highly asymmetric, as reported in previous
studies.®® When increasing the oxygen content it gets gradu-
ally more symmetric. This is associated with a relative de-
crease in the TMR at both negative and positive biases.
However it is evident that the main changes occur for posi-
tive voltage. This TMR reduction is found to be gradual
when increasing the oxygen content and stronger with the
p(1X1)-0O interfacial layer.

Figure 10 displays the normalized conductances of
oxygen-doped MTJs at low bias for P and AP configurations.
Conductances over a wider voltage range are shown in Fig.
11 for the Fe/MgO/Fe and Fe/p(1 X 1)-O/MgO/Fe MTJs.
The first observation is that the presence of oxygen does not
make the conductances symmetrical with respect to the bias.
Therefore, the fact that the TMR(V) curve becomes symmet-
ric is purely fortuitous and should not lead to the conclusion
that the top MgO/Fe interface is oxidized. The relative re-
duction in the TMR at positive bias is clearly due to a strong
reduction in the parallel conductance Gp while the antiparal-
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FIG. 9. (Color online) Normalized TMR versus applied voltage
for several Fe/O/MgO/Fe(001) MTJs with various oxygen contents
at the bottom Fe/MgO interface (the voltage sign is defined with
respect to the top electrode).

lel one G p remains almost unaffected by interfacial oxygen.
At negative bias both Gp and G,p seem to increase. The
inflection of Gp at about —0.2 V remains. The conductance
evolution is gradual when increasing the oxygen amount.
However, when the interfacial oxygen coverage exceeds 2
ML the low-bias structure of Gp and G4p completely disap-
pears. The conductances become parabolic, as shown for Gp
in Fig. 12. However, the TMR still reaches 85% in this case.

C. Discussion

Zhang et al.'' computed the expected effect of interfacial
oxygen on the TMR of epitaxial Fe/MgO/Fe MTJs at zero
bias. They found that the TMR should drop exponentially,
loosing 1 order of magnitude for a coverage of 1 ML. Their
theoretical TMR values reached about 4000% for an ideal
MTJ and 100% for an Fe/p(1 X 1)-O/MgO/Fe MT]J, consid-
ering an 8-ML-thick barrier. Higher ratios are expected for
larger thicknesses. Thus it is often claimed that interfacial
oxygen is responsible for the limited measured TMR. Our
experiments clearly do not confirm such a huge detrimental
effect. Qualitatively, we actually measure a sizable and mo-
notonous decrease, which illustrates again the sensitivity of
spin-polarized transport to interfaces. Even though a quanti-
tative agreement is not reached with ab initio calculations,
the analysis performed by Zhang et al.'! provides useful
clues for interpreting our results. This will be addressed first
through the comparison of Fe/MgO/Fe(001) and Fe/p(l
X 1)-0/MgO/Fe(001) MTIJs; then the influence of disorder
will be discussed.

We first want to discuss about the Fe-O bonding influence
on the electronic transport. In Ref. 11 it is demonstrated that
at zero bias, the Fe-O bonds have a much higher impact on
the majority-spin tunneling current than on the minority-spin
current. This leads to a strong reduction in Gp while Gp is
weakly affected. Our measurements agree with this since the
TMR decrease we observe here is due to the reduction in Gp.
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FIG. 10. Normalized dI/dV conductances in the parallel (black)
and antiparallel (gray) configurations of magnetization, for several
Fe/O/MgO/Fe(001) MTJs with various oxygen contents at the bot-
tom Fe/MgO interface.

The origin of this phenomenon was shown to be the charge
transfer from Fe to O in the interfacial plane. The Fe A,
density of states (DOS) at the Fermi level becomes strongly
localized within the FeO plane, mainly through s and p or-
bitals. This in turn reduces the matching of the A; wave

G/G, (0)

G/G, (0)

s L ' ' " "
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V() vVv)

FIG. 11. Normalized dI/dV conductances in the P and AP con-
figurations of magnetization. (a) Fe/MgO/Fe(001) and (b) Fe/p(1
X 1)-0/MgO/Fe(001).
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FIG. 12. Parallel conductances of two MTJs with different oxi-
dized bottom Fe/MgO interfaces: Fe/p(1X1)-O/MgO/Fe MTJ
with an highly ordered interface (black) and Fe/O(2 ML)/MgO/Fe
with an highly disordered interface (gray).

functions with the available tunneling states in MgO and
therefore their injection in the barrier. As an experimental
clue, this localization of the Fe interfacial DOS allows us to
reach a higher lateral resolution with STM on the Fe/p(1
X 1)-O surface than on clean Fe(001), where electrons are
highly delocalized at RT. Now we turn to the bias depen-
dence of the conductances. In a simple picture of tunneling,
electrons from one electrode scan the empty DOS of the
opposite interface. Therefore, the fact that the experimental
Gp reduction at 0 V extends to positive bias means that the
occupied majority states at the bottom Fe/MgO interface are
involved more importantly than the empty states. Theoretical
efforts have been done to compute the bias dependence of
TMR in epitaxial MTJs.!8-20 The presence of oxygen at the
interfaces has also been considered. Different behaviors arise
from these studies. According to Ref. 18, the TMR should be
almost zero at zero bias and should increase with increasing
the voltage. From Ref. 19, an Fe/p(1 X 1)-O/MgO/Fe MTJ
should exhibit a negative TMR over the whole voltage range
considered here, the TMR decreasing continuously when in-
creasing the bias. Obviously, we observe none of these sce-
narios. However, both theoretical studies point out that in
Fe/p(1X1)-0/MgO/Fe MTJs G,p should be much more
sensitive to the bias than Gp because of interface resonant
states (IRS) contributions. In particular, the main feature in
the conductances predicted in Ref. 19 is a strong increase in
G p correlated with the activation of an unoccupied IRS at
the FeO/MgO interface. This has been predicted to occur at
about —0.5 V for a 12-ML-thick MgO barrier*® (with our
convention for the voltage sign) and may be the key point for
interpreting the relative increase we observe at negative bias
(further experimental investigations are in progress). How-
ever, the overall matching between measured and computed
voltage dependences remains doubtful. As was suggested in
Refs. 18 and 24, IRS-induced features in the conductances
are certainly less sharp in practice than in theory because of
roughness or local defects. That is why theoretical studies
including a proper modeling of defects®> are maybe more
suited to real Fe/MgO/Fe(001) MTIs.

Another important result obtained in this study concerns
the effect of interfacial disorder on the conductance. Both
Fe/MgO/Fe and Fe/p(1X1)-O/MgO/Fe MTJs present a
high degree of order (bulk and interface). On the other hand,
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in comparison the bottom oxidized Fe/MgO interface of the
MTJs without p(1X 1) reconstruction presents local order
combined with long-range disorder, as shown in the first part
of this paper (see Fig. 3). Therefore, they present a mixed
effect of both Fe-O bonding and disorder. Let us recall that
disorder means here any disturbance of the crystalline peri-
odicity at the interface induced by adsorbed O,. Therefore
this includes first the presence of some oxygen atoms possi-
bly located in bridge or on-top sites of Fe(001) (Ref. 34) and
second the presence of FeO islands. Indeed, the islands
edges, the possible imperfect stoechiometry of these islands
and finally the induced interfacial roughness participate to
disorder. We must mention that the MgO still grows layer-
by-layer on disordered oxidized Fe(001) surfaces, as evi-
denced by RHEED intensity oscillations. However we can-
not rule out that the bottom interfacial disorder also induces
some disorder in the barrier or an increased roughness of it.
It is clear that the Gpap(V) characteristics and TMR values
are different for the same oxygen content, whether the oxi-
dized Fe layer was annealed (ordered) or not. As shown in
Fig. 9, the TMR reduction at positive bias characteristic of
Fe-O bonding is gradual when increasing the interfacial oxy-
gen amount but is surprisingly less pronounced when the
interface is disordered. Thus, one could expect higher TMR
than in Fe/p(1 X 1)-O/MgO/Fe MTJs. This is actually not
the case; it is shown in Fig. 8 that the TMR in MTJs with a
disordered interface is lower than in ordered ones. This
shows that in these MTJs the TMR is also reduced by local
inhomogeneities which break the crystalline periodicity at
the interface. This reduction seems to have almost the same
amplitude than the reduction induced by Fe-O bonding; it is
certainly not negligible but it does not completely suppress
the TMR. This detrimental effect of disorder is an additional
indication that the TMR is dependent on the crystal and elec-
tronic Bloch states symmetry conservation both within the
bulk and across the interfaces.” Note that even though oxi-
dized surfaces are not as flat and homogeneous at a small
scale as the clean Fe(001) one, STM and RHEED experi-
ments probe that the order remains relatively high. This
could explain why the TMR is not drastically reduced. On
the other hand, this means that a limited interfacial disorder
has sizable effects on the TMR. Consequently, one can ex-
trapolate our results and suspect that in real Fe/MgO/Fe(001)
MT]Is any deviation from the ideal stacking will have such a
detrimental effect on spin-polarized transport. Hence, the cu-
mulated effects of local defects at both sides of the barrier
(for instance, interfacial misfit dislocations and edge ter-
races) could possibly explain the quantitative discrepancies
between theory and experiments concerning the TMR ratio
amplitude.

For large oxygen amounts Gp becomes parabolic (Fig.
12), which strongly suggests two hypotheses: (i) one looses
the electronic structure signature on the transport of bcc Fe.
The measured large TMR ratio (85%) above the free-electron
expectation having in view the bulk polarization of Fe invali-
dates this first hypothesis® and (ii) interfacial diffusion of the
bulk wave function determines a free-electronlike parabolic
conductance response. It is obvious that interfacial disorder
should enhance diffusive phenomena. Local defects (isolated
atoms or island edges) break the crystalline symmetry, in
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such a way that electrons experience local variations in the
periodic potential and can be elastically scattered. As a re-
sult, a pure symmetry in the bulk will be described at the
interface by a linear combination of all the other symmetries
(A;) with different amplitudes. However, in our junctions
with 2.5-nm-thick MgO barriers having in view the
symmetry-dependent attenuation rate within the single-
crystal MgO barrier only mostly freelike s electrons (A,
symmetry whose attenuation rate is the smallest within the
MgO) are dominant in the tunneling. This hypothesis is sup-
ported furthermore by the parabolic shape of G,p that sug-
gests the opening of a A; channel in the AP state. Therefore
in the AP configuration, A; majority states which are propa-
gative wave in one electrode and evanescent one in the other
can be scattered at the interface into a propagative state and
then participate to tunneling.’ In this simple scheme the
scattering rate (reflected by the probability amplitude of the
A, component of the wave function at the interface) deter-
mines the amplitude of the TMR. In our case it would be
large enough to observe parabolic conductance but low
enough to keep a large TMR (85%). At this point we propose
only simple trends to understand these observations, more
sophisticated theoretical calculation being necessary to get
more insight.

V. CONCLUSION

To investigate experimentally the effect of interfacial oxy-
gen in Fe/MgO/Fe(001) MTJs, we have studied in details the
mechanisms of oxygen adsorption on Fe(001). With respect
to similar experiments performed by several groups before,
the present work allows us to go further into the understand-
ing of the adsorption kinetics and the role of the interfacial
order and chemical structure on spin-polarized tunneling
transport in MTJs. Our experimental observations shown
here are in agreement with previous works. However, in ad-
dition, we definitely clarify two important points. First, using
STM and also quantitative information given by RHEED
(intensity oscillations, FWHM, and in-plane lattice spacing
oscillations) we demonstrate that the coverage ratio at which
the adsorption kinetics change corresponds to exactly 1 ML
of adsorbed oxygen. Second, the STM and RHEED analysis
clearly demonstrates that the adsorption kinetics modifica-
tion at this coverage is due to a phase transition from a dis-
ordered to a condensed phase. This condensed phase is con-
stituted of FeO islands, whereas a p(1 X 1) oxygen phase is
observed on the rest of the surface. This surface oxygen or-
dering, strongly suggested in previous works, is clearly dem-
onstrated here. Moreover, as an annealing process was
known to get such a p(1X1) oxygen surface lattice, the
STM observations on such a prepared surface definitely con-
firm this ordering.

This detailed analysis on oxygen adsorption allowed us to
build Fe/MgO/Fe(001) MTJs with controlled amount of oxy-
gen and order/disorder at interface. This led to a complex
study on correlation between oxygen interfacial doping and
order/disorder and spin-polarized tunneling/symmetry filter-
ing effects in single-crystal MTJs. Comparing MTJs having a
highly ordered bottom interface [Fe/MgO/Fe and Fe/p(1
X 1)-O/MgO/Fe], we have shown that interfacial Fe-O
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bonds lower the parallel conductance, in agreement with ab
initio calculations. This effect is asymmetric with respect to
bias, which means that oxygen principally affects the occu-
pied states of Fe at the interface. In MTJs with a disordered
FeO interfacial layer, the signature of Fe-O bonds on the
parallel conductance appears gradually when increasing the
oxygen amount. In addition, the increasing disorder alters the
fine structure of conductances, suggesting a predominant
tunneling of s electrons due to scattering at the interface.
Both Fe-O bonds and interfacial disorder slightly reduce the
TMR. However, from a reference value of 140% in Fe/MgO/
Fe, the TMR drops to 120% in Fe/p(1 X 1)-O/MgO/Fe and
still reaches 85% with a disordered 2 ML FeO interface. This
clearly means that any oxygen contamination during the pro-
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cess of Fe/MgO/Fe growth by MBE or sputtering is not as
harmful to the TMR amplitude as suggested by the calcula-
tions within nondiffusive models. Consequently, the discrep-
ancy between the 1000% theoretical TMR and the 180%
experimental results at RT for this particular Fe/MgO/
Fe(001) system cannot be strictly assigned only to interfacial
oxygen contamination.
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