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Morphology of the interfaces between transition metals and their native oxides:
Role of interdiffusion processes
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The magnetic coupling phenomena appearing between a ferromagnetic transition metal and its antiferro-
magnetic oxide crucially depend on the composition and morphology of the interface. We present combined
in-situ x-ray absorption spectroscopy and ex-sifu x-ray reflectometry studies of the growth of a native-oxide
layer and the interface formation with its metal parent. Two model systems, Fe and Ni, are investigated. It is
found in the case of Fe that oxidation and reduction processes appear upon deposition of metal on the
oxygen-rich oxide. This results in symmetric metal/oxide and oxide/metal interfaces. Comparison with the case
of Ni, where no reduction is observed, shows that this symmetry is intrinsically linked to the underlying
reduction process. These results have important consequences for the growth of transition-metal/oxide inter-

faces in general.
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I. INTRODUCTION

In recent years, multilayers incorporating transition metal
(TM) such as Fe, Ni, or Co and transition-metal oxide
(TMO) layers have seen an increasing interest due to their
potential use as building blocks in magnetic structures such
as spin valves and magnetic tunnel junctions.!= In particular,
some transition-metal monoxides (FeO, NiO, CoO) possess
an antiferromagnetic (AFM) state and are often used as pin-
ning layers in exchange biased systems.* Because exchange
bias is intrinsically an interface effect, the morphology and
structure of the ferromagnet/antiferromagnet interface plays
a determining role in the observed magnetic properties.>
The growth of TM/TMO layer systems also presents some
technical challenges. Often, the growth of TMO layers is
performed by deposition of the metal in the presence of
oxygen.>’ This usually results in a direct growth of an oxide
layer, but also in a partial oxidation of the underlying metal
substrate. Regan et al.® showed that oxidation and reduction
processes at TM;/TM,O interfaces (where subscripts 1 and
2 refer to different transition metals) lead to relatively com-
plicated interface structures.

Another approach is to take advantage of the oxidation
properties of transition metals to grow oxide layers. A TM/
TMO interface (in the following, the nomenclature TM/TMO
denotes a layer structure with the TM deposited first) can be
created simply by controlled oxidation of a thin metal layer
and subsequent deposition of the same metal.>!” The advan-
tage lies in the relatively good control of the oxide layer
thickness and the easiness of preparation. However, it is dif-
ficult to control a priori the oxide stoichiometry and the
degree of crystallinity. Several studies have been carried out
on transition-metal/native-oxide systems (where nanometer
thick oxide layers are produced by controlled oxidation at
room temperature), showing that coupling effects occur be-
tween the magnetic oxide and the magnetic metal.”!! In par-
ticular the discovery of noncollinear magnetic coupling of Fe
layers separated by native-oxide spacers demonstrated that
strong exchange coupling can arise at the interface between
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the metallic FM and the native-oxide AFM. A recent x-ray
absorption spectroscopy experiment!? showed that the native
oxide embedded between two Fe layers adopts a structure
similar to FeO. It was shown that the creation of the FeO
layer was due to strong interdiffusion processes occurring
upon deposition of Fe metal on top of the oxygen-rich native
oxide.

In this paper, we present combined in-sifu hard x-ray ab-
sorption spectroscopy and ex-sifu x-ray reflectometry studies
of the interface formation between a native oxide and its
metal parent. Two systems are investigated, namely, Fe and
Ni, to compare how the different growth processes influence
the interface morphology. The x-ray absorption part gives a
quantitative view of the interface chemistry during the oxi-
dation and deposition process. The resulting interface mor-
phology is then studied by x-ray reflectivity experiments on
multilayered samples. The different interface profiles ob-
tained are discussed and related to the underlying oxidation
and reduction processes arising during the growth. These
findings have consequences for the appearance of long-range
interlayer coupling in transition-metal/native-oxide systems
in general.

II. X-RAY ABSORPTION SPECTROSCOPY

The in-situ x-ray absorption experiments were carried out
in a dedicated ultrahigh-vacuum deposition system!'3
mounted on the Al beamline of the DORIS III storage ring
(Hamburg, Germany). The base pressure was |
% 107 mbar. Polycrystalline Fe and Ni layers were depos-
ited by dc magnetron sputtering (Ar gas pressure 5
X 1073 mbar) on superpolished Si(001) substrates. A 6 nm
thick Pd buffer layer was deposited in situ to avoid unwanted
oxidation at the SiO,/transition-metal interface. Thin Fe and
Ni layers (thickness ranging from 0.4 to 2 nm) were stepwise
oxidized at an oxygen partial pressure of 1 X 107 mbar and
subsequently covered with the same metal. At each step, ab-
sorption spectra were recorded at the Fe K edge (7.1 keV)
and the Ni K edge (8.3 keV) for the Fe and Ni layers, respec-
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FIG. 1. (Color online) XANES K-edge spectra of reference
samples for (a) Fe, FeO, Fe;0,, and y-Fe,03 and (b) Ni and NiO.

tively. The absorption signal was recorded using a total elec-
tron yield detection scheme, which provides excellent signal-
to-noise ratio and sufficient probing depth (estimated to be
around 50-100 nm for excitation by hard x rays'#) to ensure
that the whole layer system is probed. The absorption spectra
were recorded up to 800 eV (14.4 A~') above the absorption
edge to cover the extended x-ray absorption fine structure
(EXAFS) of the edge. Each x-ray absorption fine structure
(XAFS) spectrum was recorded in approximately 30 min. It
was checked by repeated XAFS scans on a freshly deposited
metal layer that the residual gas pressure does not influence
the oxidation state of the layer over a few hours.

To obtain a quantitative measure of the composition of the
layers, we analyzed the x-ray absorption near-edge structure
(XANES) region of the absorption spectra. In the case that
multiple phases are present in the sample under investiga-
tion, the XANES signal can be described as a linear combi-
nation of the XANES signals of the atoms in the different
coordination geometries (sites). A quantitative measure of
the composition of the layers was obtained by finding the
best linear combination of the XANES spectra of reference
oxide phases that fits the experimental spectra. From these
results, the concentration of the different oxidation states
(Fe?, Fe?*, Fe*, Ni% and Ni**) can be extracted. The oxide
phases of transition metals can usually be described as a
closed packed oxygen lattice into which metal atoms are
placed in interstitial positions.'> Three different Fe sites can
be distinguished in oxide phases: FeZ', (FeO,Fe;0,), Felt
(y-Fe,0;), and FeX!, (Fe;0,, y-Fe,0;, and a-Fe,0;). The
subscripts tet and oct refer to Fe in tetrahedral or octahedral
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FIG. 2. (Color online) XANES K-edge spectra recorded at se-
lected steps of the oxidation of (upper panel) a 1.2 nm thick Fe
layer and (lower panel) a 1.4 nm thick Ni layer. The progressive
shift of the absorption edge toward higher energies indicates an
increase in the oxidation state of the sample with increasing oxygen
exposure.
sites, respectively. For Ni, the most common state is Ni(z):ft
(NiO). Reference spectra of the different oxide phases have
to be measured in order to quantitatively determine the con-
centration of sites. For Fe, references for metallic Fe (a 50
nm thick layer deposited in sifu), FeO (single crystal), Fe;0,
(powder diluted in a polyethylene matrix), and 7y-Fe,O;
(powder diluted in a polyethylene matrix) were measured.
For Ni, reference spectra of metallic Ni (a 50 nm thick Ni
layer deposited in situ) and NiO (powder sample) were used.
The XANES spectra of the reference samples are shown in
Fig. 1. Each reference spectrum has prominent features (on-
set of the edge, edge maximum) at different energies. This
will ensure the consistency of the analysis in the fitting
procedure.

XANES spectra were recorded at selected steps during the
oxidation of a 1.2 nm thick Fe layer up to the saturation
regime and subsequent deposition of Fe. The same procedure
was applied to a 1.4 nm thick Ni layer. The evolution of the
spectra during the oxidation is shown in Fig. 2. The onset of
the absorption edge shifts toward higher energy with increas-
ing oxygen exposure (measured in Langmuir, 1 L=I
X 107 Torr s), indicating an overall increase in the oxida-
tion state of the metal. The saturation regime is reached
above 1300 L and only little changes are still observed at
6500 L, indicating that the oxide growth stopped.

The deposition of metal on top of the saturated oxide
affects the two systems in different ways. The corresponding
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FIG. 3. (Color online) XANES K-edge spectra recorded at se-
lected steps of the oxidation and subsequent deposition processes of
(a) a 1.2 nm thick Fe layer and (b) a 1.4 nm thick Ni layer. The lines
are fits using a linear combination of the reference spectra shown in
Fig. 1.

XANES spectra for Fe and Ni are displayed in Figs. 3(a) and
3(b), respectively. For the case of Fe, the spectra change
drastically and adopt a shape that was not encountered at any
stage of the oxidation, whereas for the case of Ni, only a
slight decrease in the peak maximum is observed, without
further changes in the spectra.

Quantitative values of the layer composition are obtained
from the fitting procedure described earlier. The results are
shown in Fig. 4. For the case of Fe, one sees that Fe?* sites
are created only at the early stage of the oxidation, whereas
for Fe** (we omit the distinction between Fe.t and Fe’?) the
growth continues up to the saturation regime. This different
growth mechanism is explained by a decreasing availability
of Fe metal at the oxide/oxygen interface, which favors the
growth of oxygen-rich Fe** type of sites.!>!¢ In saturation a
mixture of Fe>* and Fe* is present with apparently no direct
stoichiometric relation to any of the bulk iron oxide phases.
The case of nickel is somewhat different. It was possible to
obtain good fits assuming a mixture of Ni metal (Ni’) and
NiO (Ni**) only. This indicates that only Ni** sites are
formed and that no oxygen-rich oxides are present in satura-
tion. This behavior is not surprising as NiO is the most stable
nickel oxide phase at room temperature. In fact the reduction
potential of Ni** to Ni’* is relatively large,'” and Ni** is
therefore unlikely to form (or stay stable) under normal con-
ditions. Indeed, Ni** is only seldomly observed in oxidation
experiments.'$1%2! This behavior is in contrast to Fe, where
the different oxidation states have similar oxidation poten-
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FIG. 4. (Color online) Evolution of the layer composition with
increasing oxygen exposure (left) and deposited metal thickness
(right), as derived from fitting of the XANES spectra shown in Figs.
2 and 3. Upper panel: Oxidation/Fe deposition on a nominally 1.2
nm thick Fe layer. Lower panel: Oxidation/Ni deposition of a nomi-
nally 1.4 nm thick Ni layer.

tials, and are therefore able to coexist at room temperature.
One finally sees that the saturation regime is reached faster
for the case of Ni oxidation, and that the total amount of
oxygen atoms incorporated in the saturated oxide is 10%
smaller compared to Fe.

Upon deposition of only 0.2 nm Fe on the saturated Fe
oxide, one sees that the drastic changes in the XANES spec-
tra correspond to a complete reduction in the oxide layer to
FeO. This particular effect has already been discussed in de-
tail in Ref. 12 and involves strong interdiffusion processes at
the newly created native-oxide/Fe interface, where it is ex-
pected that the metal adsorbate diffuses into the oxygen-rich
oxide. For nickel, one observes only a change in the
Ni®/Ni?* ratio. This indicates that much less chemical inter-
action occurs between the Ni metal and its oxide compared
to the case of Fe.

These results are supported by analysis of the EXAFS
part of the absorption signal, which is sensitive to the local
order around the absorbing atom. Figure 5 shows the abso-
lute values of Fourier transform (FT) modules of the EXAFS
signal before and after deposition of metal on the saturated
oxide for both metals. For Fe, strong changes in the radial
distribution are seen. The small peak at 0.22 nm is originat-
ing from the underlying, not oxidized, metallic Fe. The in-
crease in the second FeO shell peak is similar to what was
reported in Ref. 12 and indicates that the deposition of metal
has completely changed the oxide’s structure. For Ni, the
peak shape does not change, supporting the interpretation
that deposition of Ni does not lead to a change in the oxide
chemistry.
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FIG. 5. (Color online) k> weighted Fourier transform (FT) mod-
ules of the EXAFS signal illustrating the change in local symmetry
before and after deposition of metal on the saturated oxide (upper
panel) for Fe and (lower panel) for Ni.

One can conclude that the interface between the saturated
metal oxide and its metal parent is formed under different
conditions for the two metals. A reduction process occurs at
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the oxide/Fe interface, which leads to a diffusion of the metal
into the oxide, whereas little interdiffusion is expected for
Ni, without further chemical changes.

III. X-RAY REFLECTOMETRY

The interface morphology, which is a result of the oxida-
tion for the metal/oxide interface and of interdiffusion for the
oxide/metal interface, was studied by x-ray reflectometry.
The technique is primarily sensitive to the electron-density
depth profile.?° In the case of multilayer systems, this allows
one to obtain the density and thickness of each layer, as well
as the roughness of the different interfaces.

The x-ray reflectometry experiment was carried out at the
W1 beamline of the DORIS III storage ring. The energy of
the incoming x-ray beam was monochromatized to 9.8 keV
using a Si(111) reflection. The reflectivity curves were re-
corded on superlattice samples with nominal structure
Si/[Fe(2.5 nm)/0O(6500 L)];5/Al(3 nm) and
Si/[Ni(3.1 nm)/O(6500 L)];3/Pd(3 nm). The 6500 L ex-
posure was chosen to reproduce the same oxidation condi-
tions as in the XAS experiment. Only the sequence of depo-
sition and oxidation was repeated several times to create
superlattice samples. After oxidation, the subsequent metal
deposition was started only after the background pressure
fell below 2 X 107® mbar.

The reflectivity curves for the Fe and Ni superlattices are
displayed in the upper panel of Fig. 6. The fits were per-
formed using a reduced set of parameters, assuming a repeti-
tion of the metal/oxide bilayers. The overall roughness was
allowed to increase with an increasing number of layers. Fi-
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FIG. 6. (Color online) Upper panel: Reflectivity curve for (left) the Fe-based superlattice and (right) the nickel-based superlattice. The
solid lines are fits. Lower panel: Depth density profile extracted from the simulation of the reflectivity curves.
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nally the density, thickness, and roughness of the lower bi-
layer (in contact with the SiO,) and the top bilayer (in con-
tact with the capping layer) were varied. The suppression of
the second-order Bragg peak for the Fe superlattice is a sen-
sitive sign that both the metal and the oxide layers have
almost equal thicknesses, which are found to be 1.69 and
1.61 nm for the metal and the oxide, respectively. The rough-
ness is similar for the Fe/oxide and oxide/Fe interfaces and is
found to increase progressively from 0.4 nm for the bottom
layers to 0.7 nm for the top layers. For Ni, up to four Bragg
peaks are seen in the reflectivity. The thicknesses extracted
from the fit are of 2.46 and 1.49 nm for the Ni and Ni-oxide
layers, respectively. The measured root-mean-square (RMS)
roughness is slightly increased compared to the Fe case and
shows a strong asymmetry between the Ni/oxide and
oxide/Ni interfaces with values of 1.1 and 0.6 nm, respec-
tively.

It should be noted that the interface profile extracted from
the fit is the only reasonable solution, which allows one to
simultaneously fit the envelope of the curve and the four
Bragg peaks at the same time. In fact, one observes that the
absolute values of the roughness influence the envelope,
while their relative values modify the profile of the four
Bragg peaks. The good agreement between measured and
calculated reflectivity rules out any other model of the inter-
face roughness. In particular, it rules out the possibility for
equivalent roughness at both interfaces or inversion of the
asymmetry.

The reason for the increased roughness at the Ni/oxide
interface compared to the Fe/oxide interface is not clear but
is most probably related to the diffusion of ions involved in
the oxidation procedure. In fact it is well known that the
oxidation rate of polycrystalline Ni is enhanced due to grain-
boundary diffusion of the oxygen?' and that the oxidation
usually proceeds via island formation.?? In principle, one can
expect this nonhomogeneous oxide growth to be responsible
for lateral heterogeneities in the oxide thickness, which pos-
sibly manifest as an increased roughness in the laterally in-
tegrated signal measured in a reflectivity experiment. For Fe
oxidation, it is known that once a complete layer is formed,
the oxidation can be described by a continuous layer
model.'®

IV. DISCUSSION

The symmetry (or asymmetry) of the metal/oxide and
oxide/metal interfaces is presumably a result of the oxidation
and reduction processes eventually occurring during the
deposition of metal on the native oxide. For Ni, no reduction
in the oxide occurs upon deposition of Ni on the NiO. One
can therefore assume that the subsequent metal growth sim-
ply follows the morphology of the underlying surface, with
the consequence that the NiO/Ni interface roughness is
mainly determined by the oxidation process. In this case, the
reduced interface roughness observed can eventually be at-
tributed to a smoothening effect of the metal layer upon oxi-
dation. For Fe, the oxidation can in principle also lead to a
decrease in the surface roughness. However, the subsequent
deposition of Fe metal leads to a reduction in the oxide
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which will modify the interface profile. In fact, one can view
the Fe deposition on the oxide as a kind of oxidation proce-
dure: Fe metal is deposited on an oxygen-rich surface and
diffuses into the oxide, which in this case acts as a source of
oxygen ions. From that perspective, a similar interface is
formed at the oxide/metal interface as the one created during
the oxidation process of the metal. The appearance of sym-
metric interfaces could therefore be a particular case which
applies for Fe only. It should be noted that this study was
performed by deposition of metal on its own oxide. This is in
contrast to the study of Regan et al.,® which described the
formation of TM/TMO interfaces where layers where consti-
tuted with different TM elements. Here, the use of the same
TM for the metal and the oxide layers intrinsically rules out
the influence of the different oxidation potentials attributed
to different transition metals. The result shown here therefore
highlights the influence of interdiffusion processes on the
interface morphology. This should therefore be considered
when growing metal on oxide substrates, even in the case
where two different transition-metal elements are involved.
In any case, one can expect that if reduction occurs, it will
lead to an increase in the interface roughness.

Finally, the noncollinear magnetic coupling appearing be-
tween Fe layers separated by native-oxide spacer layers that
was recently reported!! might be a consequence of the reduc-
tion process occurring upon deposition of metal on the oxide.
In fact the magnetic coupling in these systems is expected to
be due to interfacial exchange coupling between the ferro-
magnetic metal and the antiferromagnetic oxide. The noncol-
linear coupling is induced by the lateral variation in the ox-
ide spacer thickness and is therefore dependent on the
roughness of each interface. This, however, requires that
both metal/oxide and oxide/metal interfaces have a similar
morphology. As discussed in the previous paragraph, this
could be a special case valid only for Fe/native-oxide multi-
layers. Further studies on magnetic coupling in other
transition-metal/native-oxide systems would bring a deeper
understanding of the interplay between interface structure
and magnetism.

V. CONCLUSIONS

We have resolved the chemical changes occurring during
the oxidation of Fe and Ni surfaces and the subsequent depo-
sition of the same metal. It is observed that reduction in the
oxygen-rich nonstoichiometric Fe oxide occurs upon deposi-
tion of Fe. This process leads to the appearance of symmetric
Fe/oxide and oxide/Fe interfaces. The case of Ni, where no
reduction occurs, shows a strong asymmetry in the interface
morphology. These results highlight the reduction process
occurring at oxide/transition-metal interfaces as the main
cause of symmetric interfaces in Fe/native-oxide multilayers.
The differing oxidation and reduction processes for Fe and
Ni mainly arise because at room temperature several oxida-
tion states (and crystallographic sites) can coexist for Fe and
not for Ni. Thus, understanding the interaction of Fe metal
with its different oxide phases is of utmost importance for
layer systems incorporating these oxides.

This study combines x-ray spectroscopy and reflectometry
to investigate the role of chemical processes on the structure
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during the formation of an interface. The use of high-
resolution x-ray reflectometry proved to be a decisive tool to
study the interface density profile with high resolution. The
technique used here can be applied to a wide range of sys-
tems (in particular for the interface formation of reactive
compounds). In that view, performing such experiments on a
synchrotron beamline optimized for both absorption and re-
flectometry measurements would allow one to observe
chemical and structural changes at every step of the growth.
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