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We present a surface x-ray diffraction study of the interface geometric structure in the Fe/MgO/Fe�001�
magnetic tunnel junction �MTJ�. While the lower MgO/Fe�001� interface is characterized by a substoichio-
metric FeOx �x=0.6±0.1� layer in agreement with previous studies, growth of Fe on the MgO spacer and the
upper Fe/MgO interface structure strongly depends on the preparation method. If 0.4 monolayers of Fe are
initially deposited in ambient oxygen atmosphere �p=10−7 mbar� followed by Fe deposition under ultrahigh-
vacuum �UHV� conditions, structural coherence across the trilayer junction is observed. In this case, substo-
ichiometric FeOx layers are present at both Fe/MgO interfaces corresponding to a symmetric MTJ structure. In
contrast, lattice registry is not preserved if Fe deposition is carried out solely under UHV conditions. Our
results might have important implications for the preparation of magnetic tunnel junctions optimized to achieve
giant tunneling-magnetoresistance amplitudes.
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I. INTRODUCTION

When the magnetization-dependent tunneling of electrons
through an insulating barrier sandwiched between two ferro-
magnetic electrodes was first reported in 1975 by Julliere,1

the change of the resistance was solely related to the spin
polarization of the two electrodes, i.e., the ratio between the
numbers of minority and majority electrons at the interface.
In general, the magnitude of the effect is defined by the
tunneling magnetoresistance ratio �TMR� �RAP−RP� /RP,
where RP and RAP represent the resistance for parallel and
antiparallel alignment of the electrodes, respectively.

Efforts in improving the TMR amplitude go in parallel
with the continuously increasing technological relevance of
TMR multilayer systems in information technology. Mag-
netic tunnel junctions �MTJs� not only play a role in data
storage systems as readheads for hard drives or nonvolatile
memory cells in magnetic random access memories, but also
in the developing field of spintronics. Here, the spin degree
of freedom becomes the information carrier instead of the
charge.2 In order to optimize the TMR amplitude for such
applications numerous attempts to prepare MTJs were car-
ried out.

Considerable attention has been focused on the study of
MTJs involving amorphous oxide barriers like alumina
�Al2O3�. Carefully chosen electrode materials and optimized
growth of the barrier have led to TMR amplitudes up to 70%
at room temperature.3 On the basis of the Julliere model,
high TMR values require electrode materials characterized
by a spin polarization close to 100%. Although many sys-
tems were investigated only limited success was achieved.
Furthermore, due to scattering of the electrons within the
amorphous barrier leading to a randomization of the parallel
component of the electron momentum �k���, only a limited
theoretical description of the tunneling process is possible.

In order to overcome these limitations, MTJs based on
monocrystalline tunneling barriers sandwiched between fer-

romagnetic electrodes might open the field to achieve ex-
tremely high TMR amplitudes. Tunneling is ballistic in this
case, i.e., the parallel component of the electron momentum
k�� is conserved.4 Large TMR values are achieved if Bloch
states of different symmetry decay at different rates in the
barrier.

Due to the low lattice mismatch of only 3.7% the
Fe/MgO/Fe junction is widely investigated, both experi-
mentally, and theoretically.5–12 Tunneling in the P alignment
is dominated by electronic states near k�� =0� through the
slowly decaying �1 state in the MgO spacer, leading to a
small RP.4 This state is not present in the AP alignment,
leading to a large RAP. Consequently, TMR values up to sev-
eral times 1000% were theoretically predicted based on
model structures assuming abrupt Fe/MgO interfaces.4,7

Since k�� conservation is a prerequisite for achieving giant
TMR amplitudes, structural perfection and lattice registry
across the interfaces is mandatory, but hardly achievable and
controllable. In the case of the Fe/MgO/Fe�001� junction,
experimental TMR values up to 250% were reported,12 much
less than theoretically predicted. The discrepancy could in
part be related to differences between the theoretically as-
sumed and the true interface structures.

For the bottom MgO/Fe�001� interface, an interfacial
FeOx layer characterized by a substoichiometric oxygen con-
centration �x=0.6±0.1� was determined by surface x-ray dif-
fraction �SXRD�.13,14 In agreement with this experimental
finding, a very recent theoretical study by Yu et al.15 suggests
that the formation of the FeOx-interface structure is related to
the presence of excess oxygen. Experimentally, this has been
observed in a previous study where MgO was deposited by
evaporation from a polycrystalline MgO rod.16 Calculations
by Zhang et al.8 have shown that the presence of only one
FeOx-interface layer corresponding to an asymmetric MTJ
�Fe/FeOx /MgO/Fe� leads to a reduction of the TMR ratio
by reducing the coupling of the �1 state in the MgO spacer to
the Fe electronic Bloch states.8 The decisive role of the in-
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terface structure in the transport properties was also proven
in recent experimental studies on resonant tunneling through
interface states involving the minority-channel conductance9

and by the observation of an asymmetric current-voltage
characteristic.10–12 The latter was tentatively attributed to
asymmetric interface structures in the Fe/MgO/Fe MTJ.

A major problem in the preparation of single-crystalline
Fe/MgO/Fe�001� junctions is that two-dimensional growth
of metallic Fe on top of the oxide is inhibited by the larger
surface free energy of Fe �2.9 J /m2� as compared to MgO
�1.1 J /m2�.17,18 Therefore, layer-by-layer growth is favored
for MgO on Fe but not vice versa. Fe starts to nucleate in
three-dimensional �3D� islands which coalesce at a coverage
of a few monolayers �ML�, but the surface roughness cannot
be removed completely.5,6,19–21 It is tempting to speculate
that 3D growth might introduce considerable structural dis-
order at the Fe/MgO interface, at variance with requirements
for coherent tunneling.

In summary, thus far there is only limited knowledge
about the structural details of the top �Fe/MgO� interface in
the Fe/MgO/Fe�001� MTJ. For this reason we have carried
out a thorough structure analysis of the Fe/MgO/Fe�001�
trilayer using surface x-ray diffraction,22 a well-established
tool for the analysis of surface structures and buried inter-
faces. The growth mode of the top Fe electrode on the MgO
spacer and the geometric structure at the Fe/MgO interface
depend on whether Fe is initially deposited in ambient oxy-
gen atmosphere or under ultrahigh-vacuum �UHV� condi-
tions. Absence of oxygen leaves most of the deposited Fe in
a disordered structure relative to the underlying crystal lat-
tice, while registry is observed for oxygen-assisted Fe
growth. In the latter case a symmetric MTJ structure charac-
terized by FeOx layers at both interfaces is observed.

II. EXPERIMENT

The experiments were carried out in situ at the beamline
BM32 of the European Synchrotron Radiation Facility
�ESRF� in Grenoble �France� using a six-circle ultrahigh-
vacuum diffractometer23 �base pressure 10−10 mbar�. The
�001� surface of the Fe single crystal ��=7 mm� was pre-
pared by cycles of Ar+ ion sputtering followed by annealing
until only traces of carbon were detected by Auger electron
spectroscopy. The quality of the crystal surface was further
checked by scanning tunneling microscopy �STM� experi-
ments carried out in our home laboratory and in situ by trans-
verse scans23 over the �1 0 0.1� reflection, close to the �1 0 0�
antiphase scattering position. STM images revealed terrace
sizes of up to 500 nm, while a full width at half maximum of
0.07° was determined by the SXRD scans, both experiments
indicating an excellent surface quality.

The MgO barrier was deposited on the Fe�001� substrate
crystal from a polycrystalline rod heated by electron bom-
bardment at a deposition rate of 0.125 ML/min. In all ex-
periments 2.3 ML were deposited as calibrated by the inten-
sity variation of the �1 0 0.1� reflection versus deposition
time �not shown�. Here and in the following we define 1 ML
as one MgO unit �i.e., one Mg and one O atom� per surface
unit cell, i.e., 1.21�1015 metal and oxygen atoms/cm2. All

depositions were carried out at room temperature. The top Fe
film was deposited �deposition rate 0.22 ML/min� on the
MgO layer by evaporation from a polycrystalline Fe rod
heated by electron beam bombardment.24 Two kinds of
preparations were used. In the first, the upper Fe film was
deposited under UHV conditions. In the second, Fe deposi-
tion was carried out under 10−7 mbar ambient oxygen pres-
sure up to the first minimum of the antiphase �1 0 0.1� reflec-
tion intensity corresponding to an Fe coverage of 0.4 ML as
derived by the SXRD analysis �see below�. At this point the
oxygen exposure was stopped and further Fe deposition was
continued in UHV. In the following we refer to the growth
procedures as “UHV” and “O2” for UHV-only and oxygen-
assisted deposition, respectively. Figure 1 shows the �1 0 0.1�
reflection intensity versus time during deposition of the top
Fe film for UHV �a� and O2 �b� preparation. The intensity is
normalized to the uncovered sample. In the experiments
shown in Fig. 1 the total deposition time was about 2100 s
�a� and 2230 s �b�, corresponding to an Fe coverage of 7.8
and 8.3 ML, respectively.

There is clear evidence that the two preparation methods
result in a different growth mode: while for Fe deposition
carried out solely in UHV a continuously decreasing inten-
sity is observed indicating increasing roughness, there is an
oscillating intensity variation for oxygen-assisted growth.
Note that the oxygen supply was stopped after 235 s depo-
sition time as indicated by the vertical dashed line in Fig.
1�b�, corresponding to a total Fe coverage of about 0.87 ML.
This is at variance with the SXRD-derived coverage ��0.4
ML� and is related to the presence of Fe not in registry with
the substrate lattice at this stage of the interface formation.
During continued deposition the �1 0 0.1� intensity oscillates
with a 2 ML period resulting from the in- and out-of-phase
scattering contribution of subsequently growing �complete�
Fe layers.

FIG. 1. �Color online� X-ray intensity at the �1 0 0.1� antiphase
reflection versus deposition time for Fe on MgO/Fe�001� under
UHV conditions �a� and with oxygen supplied during the growth of
the first 0.4 ML �b�.
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After sample preparation integrated x-ray reflection inten-
sities were collected at grazing incidence of the incoming
beam �wavelength �=0.68 Å� by rotating the sample around
its surface normal. In total, six data sets were collected, four
after O2 growth �0.4, 1.3, 2.5, 8.3 ML� and two after UHV
deposition of Fe �0.3, 7.8 ML�. For each data set in total
between 150 and 315 symmetry-independent reflections
along four crystal truncation rods25 �CTRs� ��1 0�, �1 1�,
�2 0�, and �2 1�� were measured up to the maximum perpen-
dicular momentum transfer �qz=��c*� of 2.3 reciprocal lat-
tice units �r.l.u.�, equivalent to qz=5.04 Å−1.

While bulk reflections are characterized by integer-order
reflection indices �hkl�, crystal truncation leads to rods of
intensity perpendicular to the surface. Therefore, the momen-
tum transfer qz perpendicular to the surface plane becomes a
continuous parameter, while the in-plane components retain
their �1�1� surface periodicity with integer h and k.25 Bulk
Bragg reflections are given by the condition: h+k+�=2n �n
integer� according to the body-centered bulk Fe lattice.

Symbols in Fig. 2 represent the structure factor ampli-
tudes ��F�� along the rods for the O2-prepared samples. They
were derived after correcting the integrated intensities for
geometric factors.26

Standard deviations ��� derived from the counting statis-
tics and the reproducibility of symmetry equivalent

reflections22 are represented by the error bars in Fig. 2. In
general, these were found to be in the 7% range.

III. STRUCTURE MODEL FOR OXYGEN-ASSISTED
GROWTH

The quantitative analysis was carried out by least-squares
fit of the structure factor amplitudes calculated for a model
structure to the measured ones. Solid lines in Fig. 2 represent
the best fits according to the models discussed below. Almost
perfect agreement between experimental and calculated
structure factor amplitudes can be achieved. The fit quality is
quantified by the unweighted residual �Ru�.27 We achieve
Ru=8.0%, 7.8%, 7.5%, and 16% for samples covered by 0.4,
1.3, 2.5, and 8.3 ML Fe, respectively. The statistically more
relevant goodness of fit �GOF� parameter27,28 lies between
1.3 and 1.6. These are excellent values, especially with re-
spect to the complexity of the structures.

Qualitative inspection of the intensity distribution along
the rods allows some general conclusions. �i� The structure
factor amplitudes exhibit a pronounced modulation along qz.
This is due to the difference between the scattering contribu-
tions of the Fe and the oxide layers. The modulation fre-
quency increases with increasing Fe overlayer thickness,
qualitatively indicating coherent growth of the top Fe film.
�ii� Due to the occupation of high-symmetry �4mm� sites
within the unit cell �Fe, Mg, and O at either �0,0� and
�1/2 ,1 /2� or vice versa, alternating layer by layer�, the two
pairs of rods, namely, �1 0�, �2 1� and �1 1�, �2 0�, exhibit the
same overall shape, since their in-plane scattering phase
given by exp�i2��hx+ky�� is identical.

Since the lateral atomic positions are fixed by symmetry,
only the z positions, site occupancies, and isotropic Debye
parameters �B=8�2�u2	, where �u2	 is the mean square dis-
placement� need to be varied for each atomic species in a
given layer. Complete Fe and MgO layers are represented by
one Fe atom and by one Mg and one O atom within the
surface unit cell, respectively. Occupancy factors less than
1.0 represent incomplete layers. It should be noted that no
superstructures were observed in any case; therefore the lat-
tice periodicity is always �1�1�. In addition to the MgO and
the top Fe electrode layers, also the two uppermost substrate
Fe layers were included into the refinement. Taking account
of deeper layers did not improve the fit quality.

Figure 3 shows the structure models in side view. Fe, Mg,
and O atoms are represented as �blue, dark�, �yellow, bright�,
and �large red, gray� balls, respectively. In order to clarify the
layer compositions, the number of balls approximately rep-
resents the concentrations of the different species within each
layer. The stoichiometry of the different phases is given
within the brackets; their subscripts indicate the occupancy
in percent of a monolayer. Layers are numbered from 1 �bot-
tom� to 9 �top� as labeled on the right.

Interlayer spacings �see Table I� are listed with reference
to the metal positions. Shifts of the oxygen positions out of
the plane of the metal atoms in layer n are represented by the
parameters �n �see Table II�. In the following several results
are summarized:

FIG. 2. �Color online� Measured �symbols� and fitted �lines�
distribution of the structure factor amplitude ��F�� along the �1 0�,
�1 1�, �2 0�, and �2 1� crystal truncation rods for O2 sample. Curves
are shifted vertically for clarity. The total Fe coverage for the dif-
ferent samples is indicated at the �1 0� rods. The MgO spacer thick-
ness is 2.3 ML in all cases.
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In agreement with previous studies, a substoichiometric
oxide layer �FeOx, x�0.5–0.6� at the bottom MgO/Fe�001�
interface is present in all cases �the error bar for the concen-
tration determination is about 10% of a monolayer�. The Fe
atoms within the FeO0.6 layer �2� are located 1.74 Å above
the Fe-substrate layer �1; see Table I�, corresponding to a
19% expansion compared to bulk Fe �dbulk=1.43 Å�.

Above the FeO0.6 layer, 2.3 ML of MgO were grown in all
experiments. The SXRD analysis yields a 30–40 % third-
layer MgO occupation �5� above two complete MgO layers
�3 and 4�. Due to the lateral 3.7% compression of the MgO
layer to adapt to the Fe lattice �bulk MgO lattice constant

4.21 Å versus 4.05 Å for Fe�, the MgO layers are tetrago-
nally distorted. We find large interlayer spacings up to the
2.40 Å regime corresponding to a 14% expansion relative to
the bulk value of 2.105 Å. This is considerably larger than
calculated by continuum elasticity theory �2.5 %�, which
might be related to the interaction with the FeOx interface.

Within the experimental uncertainty the structures of all
samples �O2 and UHV� are identical as far as the MgO layer
and the lower interface are concerned. In the following the
evolution of the MTJ structure upon Fe deposition is dis-
cussed.

FIG. 3. �Color online� Layer-resolved model of the near-interface structure obtained by SXRD for samples grown according to O2

method �oxygen assisted� with a total top Fe layer thickness of 0.4 �a�, 1.3 �b�, 2.5 �c�, and 8.3 ML �d�. Small dark �blue� and bright �yellow�
balls represent Fe and Mg, respectively. Large �red� balls represent oxygen. The number of balls within each layer schematically represents
the layer filling. Layer numbers 1–9 are shown on the right. The layer stoichiometry is given in brackets; subscripts indicate the layer filling
in percent of a monolayer.

TABLE I. Layer distances dnm between the metal positions of
layers n and m �see also Fig. 3�. Distances are given in angstroms
with an error bar of about ±0.05 Å. Deeper substrate layers are
fixed to the bulk layer distance of dFe=1.43 Å.

Coverage d12 d23 d34 d45 d56 d67 d78 d89

Oxygen-assisted growth

0.4 ML 1.74 2.30 2.35 2.24 2.16

1.3 ML 1.67 2.27 2.32 2.30 2.28 2.23

2.5 ML 1.72 2.27 2.31 2.39 1.89 1.53 1.35 1.50

8.3 ML 1.68 2.20 2.39 2.46 1.77 1.58 1.38 1.44

UHV-only growth

0.3 ML 1.66 2.26 2.39 2.14 1.41

7.8 ML 1.60 2.38 2.28 2.43 1.74 1.50 1.36

TABLE II. Displacement ��n� of the oxygen atoms relative to
the plane of the metal sites in layer n. Distances are given in ang-
stroms. The error bar is estimated as ±0.10 Å. Positive values cor-
respond to a shift toward the surface, negative ones toward the
substrate.

Coverage �2 �3 �4 �5 �6

Oxygen assisted growth

0.4 ML 0.04 0.01 −0.22 −0.19 0.07

1.3 ML 0.13 0.15 −0.03 −0.11 0.04

2.5 ML 0.12 0.06 −0.12 −0.32 −0.15

8.3 ML 0.12 0.14 −0.13 −0.26 0.28

UHV-only growth

0.3 ML 0.04 0.08 −0.18 −0.06

7.8 ML 0.09 0.12 −0.01 −0.35 −0.41
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The model in Fig. 3�a� shows the structure after deposi-
tion of 0.4 ML Fe in oxygen atmosphere. Fe atoms located in
layers 5 and 6 are in an FeO-like arrangement. In both layers
there seems to be some excess of oxygen as compared to the
1:1 FeO stoichiometry. However, with regard to the low total
amount of Fe and oxygen we do not think that this is signifi-
cant. Nevertheless it can be concluded that at this stage of the
interface formation no substoichiometric FeO0.6 phase has
been formed yet.

Layer 5 also contains 0.3 ML of MgO resulting from the
overdosing during MgO deposition. On the basis of the
SXRD data it is not possible to distinguish whether or not
MgO and FeO form a solid solution or are present as sepa-
rate phases �islands�. In the model presented in Fig. 3�a�,
FeO and MgO are represented as separate phases, since STM
images have shown compact third-layer MgO islands above
the complete second MgO layer,4 and excessive site ex-
change processes upon Fe deposition at room temperature
are not expected.

The SXRD data provide more details on the structure of
the MTJ. Layer spacings for the different samples are listed
in Table I. For the 0.4 ML sample, distances d45 and d56
between the oxide layers are 2.24 and 2.16 Å, respectively.
These values are close to the bulk layer spacings of MgO
�dMgO=2.13 Å� or FeO �dFeO=2.16 Å�.

The z coordinates of the different metal species Fe and
Mg in layer 5 were refined simultaneously using the condi-
tion z�Fe�=z�Mg�. Separate refinement of the z coordinates
did not improve the fit. Some possible rumpling might be
reflected in an increased Debye parameter �B� determined for
these atoms. We find root-mean-square displacements of

�u2	=0.20 Å corresponding to B=3.2 Å2. These large val-
ues are interpreted as due to static displacements since ther-
mal vibrations are expected to lie in the B=0.8 Å2 range. In
the Fe surface layer and within the MgO layers there is no
strong enhancement relative to the bulk displacement ampli-
tudes �
�u2	�0.10 Å�. This applies to all data sets in gen-
eral.

The models sketched in Figs. 3�b�–3�d� outline the evolu-
tion of the MTJ structure after subsequent Fe deposition un-
der UHV conditions �O2 supply stopped�. In layer 5 the for-
mation of a substoichiometric FeOx-interface layer �x
=0.7±0.1� sets in. This layer is already filled after deposition
of a total amount of 1.3 ML of Fe �see Figs. 3�b� and 3�c��.
Due to the presence of 0.3 ML of MgO in layer 5, only a
maximum coverage of 60–70 % of a ML can be occupied by
FeOx. The two species Fe and Mg can be separated due to
their significantly different scattering amplitude, which is
proportional to the atomic numbers �Z=26 versus 12 for Fe
and Mg, respectively�.

The comparison between the layer occupancies within the
two upper oxide layers �5 and 6� in the 0.4 and 1.3 ML
samples indicates an increase of the total amount of oxygen.
In detail, in layers �5 and 6� the total oxygen occupancy
increases from 0.6 ML �0.3+0.3� to 0.905 ML �0.520
+0.385�. Similarly, the Fe coverage increases from 0.4 to 1.3
ML, i.e., by 0.9 ML while only 0.5 ML additional Fe was
deposited between the experiments related to Figs. 3�a� and
3�b�. We do not think that this should simply be attributed to

the uncertainty of the SXRD coverage determination. Rather,
we suggest that at the initial stages of the oxygen-assisted Fe
deposition, some fraction of Fe and O might be present in a
disordered arrangement relative to the substrate lattice, i.e.,
“invisible” to the CTR analysis. This conclusion is supported
by the calibration of the Fe deposition rate discussed in Sec.
II using Fig. 1�b�. The experiment related to Fig. 3�a� was
carried out after depositing Fe for 235 s corresponding to a
coverage of about 0.87 ML, but only 0.4 ML are found in the
CTR analysis. Moreover, adding 0.5 ML Fe results in a total
coverage of 1.37 ML, now in good agreement with 1.3 ML
determined from the CTR analysis �see Fig. 3�b��. At cover-
ages larger than 1.3 ML there is no change of the total
amount of oxygen and—within the experimental
uncertainty—no difference between the Fe coverage derived
from the CTR analysis and the coverage determined from the
deposition rate.

At Fe coverages larger than 1.3 ML, the Fe concentration
in layer 6 increases. Since the oxygen occupancy in layer 6
remains constant ��0.35� this leads to a continuously in-
creasing Fe:O ratio in this layer �FeO0.7, FeO0.5, and FeO0.3

for the 1.3, 2.5, and 8.3 ML samples, respectively�. We in-
terpret this as a continuous filling with Fe, while the frac-
tional coverage of layer 6 by FeO0.6 remains constant at 30–
50 % of a monolayer. Simultaneously, those interlayer
spacings that are involved in the changing layer composition,
namely d56 and d67, show a continuous contraction. Starting
from typical values for oxides �2.2–2.3 Å� observed up to
1.3 ML they decrease to values in the 1.5–1.9 Å range for
higher coverages. The latter are characteristic for �expanded�
Fe spacings, very similar to the layer distance at the lower
interface �d12�. Continued Fe deposition leads to the growth
of a well-ordered top Fe film �Fig. 3�d�� characterized by
interlayer distances within 5% of the bulk �bcc� Fe layer
spacing.

The vertical oxygen positions were also refined. The re-
sults are summarized in Table II by the parameter �n repre-
senting the displacements of the oxygen atoms relative to the
metal atoms in layer n. Error bars for �n are estimated to
±0.1 Å. The following conclusions can be made.

�i� There is some rumpling within the interfacial FeOx
layers, where oxygen in the bottom FeOx interface �layer 2�
is located above the Fe positions corresponding to a relax-
ation toward the MgO layer. This is in good agreement with
previous SXRD results on the MgO/Fe�001� interface.9 We
also allowed for relaxations of the oxygen atoms in the first
and second MgO layers. There is an upward relaxation in the
first ��3�0� and a downward relaxation in the second ��4

	0� MgO layer.
�ii� Oxygen atoms in the upper FeOx interface �layers 5

and 6� are located below the Fe position, which again corre-
sponds to a relaxation towards the MgO layer, making the
overall structure symmetric in both composition and relax-
ation.

In conclusion, oxygen-assisted growth leads to a symmet-
ric MTJ structure characterized by two FeOx layers at the
MgO/Fe interfaces and to coherent growth of the top Fe
electrode.
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IV. STRUCTURE MODEL FOR UHV-ONLY GROWTH

Figure 4 compares the �1 0� and the �1 1� rods measured
for samples prepared by methods UHV and O2. The total Fe
coverage is about the same �7.8 and 8.3 ML� for both
samples. In the case of the UHV sample the rods are consid-
erably less structured as compared to the O2 sample, quali-
tatively suggesting a reduced number of layers contributing
to the scattered intensity. This is in agreement with the ob-
servations shown in Fig. 1.

The results of the structure analysis for the two UHV-
prepared samples are summarized in Fig. 5 and in the lower
part of Tables I and II. Direct inspection of Fig. 5 shows only

a few differences between the low-coverage �0.3 ML Fe� and
high-coverage �7.8 ML� samples which are detailed below.

Up to 0.3 ML, all deposited Fe is in registry with the
substrate lattice. We determine 0.2 ML Fe in the partially
filled MgO layer �5� and 0.1 ML above the third-layer MgO
islands �6�. A small fraction of oxygen ��10% of a mono-
layer� included in layer 5 improves the fit, leading to a
FeO0.3 stoichiometry in addition to 0.45 ML MgO. For the
7.8 ML sample a total amount of only 1.1 ML of Fe needs to
be taken into account to optimize the fit quality, indicating
that the majority of the deposited Fe �6.7 ML� is not in
registry with the substrate lattice. There is some increased Fe
concentration in the mixed �Mg, Fe� oxide layer �5� at the
expense of Mg. Possibly some MgO is consumed by the
formation of FeO. In the following three layers �6–8�, only a
small fractional occupancy of Fe is present, always well be-
low 50%.

In correspondence with the chemical composition of the
layers, inter layer distances are oxidelike �2.14 and 2.41 Å�
for d45 and metal-like �1.4–1.7 Å� above.

On the basis of the structure models quite good agreement
between experimental and calculated structure factor ampli-
tudes could be achieved. We obtain Ru=7.9% and a GOF of
1.8 for the 0.3 ML sample and Ru=9.4% and a GOF of 1.7
for the 7.8 ML sample.

V. DISCUSSION

The analysis of the SXRD data indicates significant dif-
ferences between the structures of the samples depending on
whether Fe is initially deposited under ambient oxygen at-
mosphere or whether Fe is deposited solely under UHV con-
ditions. In the latter case the majority of the deposited Fe
�6.7 out of 7.8 ML� does not contribute to the scattered in-
tensity. It is concluded that this fraction of the Fe film is not
in registry with the underlying crystal lattice. By contrast, for

FIG. 4. �Color online� Measured �symbols� and fitted �lines�
structure factor amplitudes along the �1 0� and �1 1� crystal trunca-
tion rods for 7.8 ML Fe grown in UHV �upper curves� and 8.3 ML
deposited by oxygen-assisted growth �lower curves�. Curves are
shifted vertically for clarity.

FIG. 5. �Color online� Model of the near-interface structure for
samples grown by UHV method after deposition of 0.3 �a� and 7.8
�b�. All symbols have the same meaning as in Fig. 3.
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the oxygen-assisted deposition, a high degree of structural
order is determined throughout the MTJ.

The different growth behavior and MTJ structure can be
attributed to the formation of the FeOx interface layer be-
tween the MgO spacer and the upper Fe electrode. Without
presence of the FeOx interface layer, subsequent growth of
ordered Fe layers is not observed.

In order to emphasize the preparation dependence of the
MTJ structure, the SXRD-derived concentration profiles are
outlined in Fig. 6 on the basis of the high-coverage samples
�8.3 and 7.8 ML�. The upper �a� and lower �b� panel show
the oxygen and metal occupancy versus layer number, re-
spectively. At the top of the figure, the layers are labeled
according to their gross chemical composition. Up to layer 4,
i.e., the second complete MgO layer, the concentrations of
the species in the two samples are very similar, indicating the
remarkable reproducibility of the independent experimental
results. There is only a 10% difference between the oxygen
occupancies of the lower FeOx layer �layer 2 with 50% ver-
sus 60%�. This is about the upper limit of the uncertainty of
the site occupancy determination.

Clear differences between the concentration profiles exist
beginning with layer 5. There is an enhanced oxygen con-
centration within the Fe/MgO interface region �layers 5 and
6� for sample O2 as compared to the UHV sample. Secondly,
there is a remarkable difference between the fillings of the
subsequent layers by Fe. One can quantitatively relate the
coherent growth of the Fe layers to the presence of the inter-
facial FeOx layer. In the case of UHV deposition, we find in
layer 5 only a maximum of 30% of a ML of FeOx above the
complete MgO layer �4�. The following layer �6� is occupied

by a maximum only 40% of Fe in registry with the underly-
ing lattice. In the case of oxygen-assisted growth, FeOx fills
the rest ��70% � of layer 5 as soon as more than 1.3 ML Fe
are deposited �note that 30% of this layer is filled by MgO�.
Correspondingly, layer 6 is almost completely filled after
deposition of 2.5 ML Fe �Fig. 3�c��.

From the thermodynamical point of view the dependence
of the MTJ structure on the formation of the FeOx layer can
be attributed to the different interface contribution to the sur-
face energy.29 The interface contribution contains the specific
chemical interaction between film and substrate, which is
modified by the FeOx interface layer. Using a qualitative
crystallochemical approach we suggest that the interface
layer leads to a reduction of the interface energy by allowing
some fraction �50–70 %� of the Mg atoms at the interface to
adopt the bulklike octahedral oxygen coordination. In con-
trast, without the FeOx layer the Mg atoms would be left in a
fivefold coordination located above Fe hollow sites. In sum-
mary, the FeOx layer provides a “smoother” transition from
the oxide barrier to the Fe film.

Finally, it should be noted that even in the case of UHV
growth some FeOx is present �the total amount of oxygen
equals 0.31% of a monolayer in layers 5 and 6�. With regard
to the origin of the interface oxygen, no definite answer can
be given. First, one could assume that oxygen comes from
the residual gas atmosphere, but this appears to be an un-
likely scenario, since even after several hours of measure-
ments no oxidation of the surface Fe layers was observed. A
more likely possibility is the reduction of adjacent MgO lay-
ers upon Fe deposition. Similar oxidation-reduction mecha-
nisms were also observed for other transition metal/oxide
interfaces such as in T /NiO�001�, where T represents Fe, Co,
or Ni.30–32

The lack of registry of the top Fe electrode in UHV
samples might have considerable impact on the propagation
of the Bloch states from the MgO spacer into the Fe elec-
trode. This is because coherent tunneling conserving the
electron’s parallel momentum �k��� is less probable in this
case. Since the SXRD analysis involving the integer-order
CTRs is highly sensitive to the lateral order of the adsorbate
with respect to the �1�1� substrate cell, it exactly probes the
fraction of the deposited film which contributes to coherent
tunneling. Because in theoretical studies always coherent
tunneling from the MgO spacer into the top electrode is as-
sumed, the presence of a disordered top Fe layer might in
part explain differences between theoretical and experimen-
tal TMR values. Furthermore, the coherent and symmetric
MTJ structure can theoretically be related to higher TMR
ratios as compared to those with a coherent but asymmetric
interface structure with only one FeOx layer.33,34

VI. SUMMARY

In summary, we have presented a detailed SXRD study of
the structure and growth of the Fe/MgO/Fe�001� MTJ. Co-
herent growth of the top Fe electrode on the MgO barrier is
achieved if an interface FeOx layer �x=0.6±0.1� is prepared
by depositing the first 0.5 ML of Fe in ambient oxygen
�pO2

=10−7 mbar� atmosphere. This leads to a symmetric

FIG. 6. �Color online� Layer-resolved concentration profile of
oxygen �a�, and iron and magnesium �b� for high-Fe-coverage
samples grown under UHV-only �triangles� and oxygen-assisted
�circles, squares� conditions. Solid and dashed lines in �b� represent
Fe and Mg, respectively.
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MTJ structure characterized by two FeOx layers:
Fe/FeOx /MgO/FeOx /Fe�001�. By contrast, for deposition
under UHV conditions, only a minor fraction ��30% of a
monolayer� of the FeOx layer is observed at the upper inter-
face. This is related to the absence of coherent growth of the
subsequently deposited Fe film, leaving the top Fe electrode
in a disordered structure relative to the underlying crystal
lattice. Our results might have considerable implications for
achieving giant TMR values which are a prerequisite for
technological applications. The oxygen-assisted procedure

described in this study could be the method of choice for
future advances in the Fe/MgO/Fe�001� system.
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