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Abstract

Epitaxial Fe(00 1) films of a high crystalline and surface quality, as checked in situ with AES, low energy electron
diffraction and STM, were grown on MgO(00 1). Such films show an exceptional corrosion resistance remaining me-
tallic for years at the ambient atmosphere, except of 5-10 nm, as found using the conversion electron Mdssbauer
spectroscopy (CEMS). For more systematic corrosion studies, 50 nm iron films were prepared of the >’Fe isotope. As-
prepared Fe films, exposed to the atmosphere did not show clear morphological and compositional changes, which
could be associated with the oxide formation, as checked with contact AFM in air and with CEMS. After exposure of
the film to HNO; or HCI vapors corrosion was observed with AFM. It resulted in two different types of surface
modifications. The first one was seen as a homogenous granular layer with the height amplitude of about 15 nm.
Corrosion-induced changes of the second type have a localized character resulting in micrometer sized porous pro-
trusions. The corrosion products were identified as y-FeOOH. Controlled oxidation of surface iron layer to epitaxial
Fe;04 passivated the film. © 2002 Published by Elsevier Science B.V.

Keywords: Atomic force microscopy; Scanning tunneling microscopy; Mossbauer spectroscopy; Low energy electron diffraction
(LEED); Corrosion; Oxidation; Iron; Epitaxial thin film

1. Introduction pollutants. Real processes have a complex char-
acter and are difficult to be recognized as elemen-
tary reactions like passivation, oxidation or

corrosion. Whereas wet corrosion under electro-

Room temperature atmospheric corrosion of
iron and its alloys is probably one of the most

common processes touching all of us. Fe exposed
to the atmosphere is subjected to different reac-
tions that are governed by the structure and
composition of a surface layer and atmospheric

* Corresponding author. Tel.: +48-12-617-2911; fax: +48-12-
634-1247.
E-mail address: korecki@uci.agh.edu.pl (J. Korecki).

chemical conditions has been intensively studied
and fairly well understood, less is known about
atmospheric corrosion and especially its initial
stages. STM and AFM which is used extensively in
studies of the surface structure, give new insight in
understanding of dissolution and passivation of
metals and alloys proceeding during corrosion
processes [1-4], including oxidation and passiva-
tion of iron, especially in solutions [5-9].
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Numerous factors determine corrosion pro-
cesses. Beside of the individual features of the en-
vironment (temperature, humidity, pH), structure
of the sample plays a crucial role [3]. A prerequi-
site for understanding the course of the process is
the use of well defined surfaces, which are offered
by single crystals. It is due to strong sensitivity of
chemical reactions to the coordination, local
composition, impurities and defects. In the previ-
ous paper [10], corrosion of polycrystalline Fe
films in acid vapors was studied using AFM,
whereas presently, we extend these studies to cor-
rosion in epitaxial Fe(0 0 1) films. The sensitivity of
the applied experimental methods—conversion
electron Mossbauer spectroscopy (CEMS) and
AFM-—allowed to follow in nanoscale local
changes in composition and morphology of the
film surface exposed to air, HNO; and HCI at-
mosphere.

The reaction of HNO; with the as-prepared
films was compared with that occurring on a film,
which was oxidized epitaxially to Fe;Oy.

2. Experimental

Fe(001) films were grown by molecular epitaxy
in a multichamber UHV system described in de-
tails elsewhere [11]. To enable further studies with
Mossbauer spectroscopy, isotopically pure iron,
TFe and °Fe was used. Iron was evaporated from
thermal sources on polished MgO(0 0 1) substrates
(10 x 10 x 1 mm?) at elevated temperature that
was optimized for a flat growth [12]. The film
thickness (typically a few tens of nm) was con-
trolled by a quartz balance. The film composition
and structure was checked in situ by the Auger
electron spectroscopy and low energy electron
diffraction (LEED). For in situ Mossbauer mea-
surements samples were transferred into a CEMS
UHV chamber. Compared to standard surface
sensitive characterization methods, CEMS has the
advantage of probing deeper layers (down to 100
nm) with a monolayer resolution [13]. In the
course of an UHV experiment, samples could be
exposed to a controlled oxygen atmosphere (up to
10~* Pa). Freshly prepared samples were taken out
from the UHV system through a load-lock, which

allowed division of the sample into pieces, usually
four. Then the samples were placed in containers
under pure N, and stored for further studies. Ex
situ experiments comprise exposure of the samples
to a controlled acidic atmosphere, AFM mea-
surements in ambient atmosphere and Mossbauer
spectroscopy.

AFM topography was examined in a contact
mode with Si;N4 cantilevers using TopoMetrix
Discoverer TMX 2000 system. In another UHV
system [14] Fe(00 1) films obtained under similar
conditions as described above, were characterized
with STM (Aris 1100, Burleigh, with nanoscope
control) at different stages of the thermal and
chemical treatment.

3. Samples

On MgO(001) Fe grows with epitaxial rela-
tions:  Fe(001)//MgO001) and  Fe[l 10}/
MgO[100], i.e. by 45° rotation of the (001) sur-
face unit cell. A flat growth is reported for Fe on
MgO at elevated temperatures [12], but to prevent
an island growth, nucleation should proceed at
low temperature (e.g. 300 K) and then temperature
can be risen gradually up to 620 K at the final
thickness. Fig. 1 documents structure of a 50 nm
film obtained according to the above receipt. The
LEED pattern (not shown) reveals a low back-
ground and sharp spots corresponding to mono-
atomic terraces seen in the STM image (Fig. 1(a)).

Epitaxial Fe(00 1) films present an exceptional
resistance to atmospheric corrosion. Our long-
term observation indicates that only after months
long storage in laboratory environment, the sam-
ples show traces of oxidation. Fig. 1(b) and (c)
exemplify the influence of the atmosphere by
comparison of CEMS spectra of 50 nm Fe(001)
films taken after one week and one year storage in
laboratory air. The spectra are dominated by a six-
line pattern of metallic iron. Any oxide phases can
be easily detected by contribution in the central
part of the spectra for paramagnetic oxides or
hydroxides (FeO, y-FeOOH) or high splitting
components for magnetite, hematite, maghemite
or goethite. The magnetic phases in a highly dis-
persed state often give rise to ‘“‘nonmagnetic”
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Fig. 1. 50 nm epitaxial Fe(00 1) film on MgO(0 0 1) as characterized by STM and CEMS: (a) 100 x 100 nm? topographic STM image,
(b) and (c) CEMS spectra one week after preparation and one year after preparation, respectively.

spectra due to superparamagnetism. In the CEMS
detection limit (~1% of the total film thickness) an
oxide layer after one week storage is certainly
thinner than 0.5 nm, whereas after one year at
variable conditions of humidity and temperature,
the layer of unidentified oxides is 6 == 1 nm thick.

4. Results and discussion

To simulate a passive layer formed on Fe(00 1)
surfaces [15], a Fe(00 1) film was subjected to ox-
idation at 10™* Pa in UHV chamber by annealing
for 15 min at 550 K. To enhance the surface sen-
sitivity, the sample was engineered by placing a 5

nm %’Fe probe layer on top of a 20 nm *Fe film.
The oxidation resulted in the formation of a new
epitaxial phase observed in a LEED pattern (Fig.
2(a)). The pattern symmetry indicates that the
layer could be magnetite. STM image showed
distinct changes of the film topography (Fig. 2(b)
and (c). Small irregular grains transformed after
annealing to monoatomic terraces with atomically
resolved structures characteristic for magnetite
[16], as shown in the inset on Fig. 2(b). Unam-
biguous identification of the layer formed is given
by a CEMS measurement shown in Fig. 2(d). The
spectrum could be fitted with four components.
The components (A) and (B) come from magnetite
representing Fe ions in tetrahedral and octahedral
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Fig. 2. Oxidized 20 nm *Fe/5 nm *’Fe epitaxial film on MgO(00 1) as characterized by LEED, STM and CEMS: (a) LEED pattern at
94 eV, (b), (c) 100 x 100 nm? topographic STM image with a section along the marked line and (d) in situ CEMS spectrum. Inset on (b)
shows the 12.5 x 12.5 nm? atomically resolved scan of the film annealed at 750 K.
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Fig. 3. AFM image of an epitaxial Fe(00 1) film on MgO(00 1): (a) after 25 h exposure to 1 M HNOj; vapors and three weeks storing in

air and (b) shortly after preparation.

sites, respectively. Component (M) is due to me-
tallic iron. Apparently, the oxidation affected only
a part of the top *’Fe layer. Component (I) comes
probably from an interfacial layer present between
Fe;04 and metallic iron. Neglecting differences in
recoilless fractions, the thickness of the oxide layer
can be estimated by comparing the relative inten-
sity of the spectral components, which yields that
the magnetite layer formed on the epitaxial
Fe(001) film is 3 nm thick. In the following text
this sample will be referred as Fe/Fe;O,.

To intensify the corrosion process, the samples
were exposed for 1 min to 25 h to the atmosphere
in equilibrium with vapors of 1 M HNO; or | M
HCI at room temperature. After exposure to cor-
roding agents samples were stored in a desiccator.
In the saturated atmosphere, an electrolyte is ad-
sorbed on the film surface (presumably in form of
separated droplets) as a result of the vapor con-

densation. In such an experiment, contrary to the
processes conducted in a bulk solution where
corrosion products partly dissolve, initial stages of
localized corrosion could be observed.

Corrosion resulted in two different types of
surface modifications as observed with AFM. The
first one, presented in Fig. 3(a) for a selected 5 x 5
um? area, is seen after a long time exposure (25 h,
followed by storing for three weeks in air) as a
continuous layer of granules with the height am-
plitude of about 15 nm. For comparison, the AFM
topography of the Fe(00 1) surface before chemi-
cal treatment is shown in Fig. 3(b). The surface
observed at the initial stage corresponds to the in
situ STM image (Fig. 1(a)). Few structures (na-
nometer sized) appearing on the atomically flat
iron film are probably impurities adsorbed during
the sample handling.

179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196



197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225

SUSC 1520
1 March 2002 Disk used

ARTICLE IN PRESS

No. of Pages 7, DTD=4.3.1
SPS-N, Chennai

L Flis-Kabulska et al. | Surface Science xxx (2002) xxx—xxx 5

304 nien

76 nm

nm

300
200
100

0

£
=
=
=
=
(5]
= 4

0 2

4 6
Distance [um]

8 10 12

Fig. 4. AFM image of an epitaxial Fe(00 1) film on MgO(00 1) after 1 min exposure to 1 M HNO; vapors and a subsequent 24 h
storing in air: (a) large area 70 x 70 um? scan (b) 12 x 12 um? and a selected cross-sectional scans (c) 2 x 2 pm? scan indicating porous

structure of corrosion products.

Corrosion-induced changes of the second type
have a localized character. They are seen even after
exposure to HNO; vapors as short as 1 min and a
subsequent storing in air for 24 h (Fig. 4). Most of
the surface remained unchanged, however, a few
protrusions indicating corrosion appeared. The
protrusions grew in the form of regular structures
of the overall diameter 2—12 pm, with a high cen-
tral part surrounded by numerous lower circular
structures. Fig. 4(b) shows the typical shape of the
corrosion product. The central part is a uniform
structure of the height of about 250 nm, whereas
its surrounding is formed by granules with the si-
zes diminishing when going further from the cen-
ter. The porous surface of some protrusions (Fig.
4(c)) suggests the location of the corrosion gas
exits (NO,, water vapor). It is worth to note that
the height of the protrusions considerably exceeds
the Fe(001) film thickness (50 nm) which means
that the reaction products extend into the film bulk
and that they have a porous structure of a dis-
persed oxide/hydroxide.

The regular form of the corrosion products
suggests that the corrosion proceeded on the sites
of acid vapor condensation. The protrusions are
distinctively higher in the central part than at the
edge, obviously due to longer exposure to the ag-
gressive solution in the center of the condensate
droplet. The central part of the protrusion might

be also formed by the coalescence of smaller
granules. Many of the corrosion centers reveal a
hexagonal shape, which was reported previously
by Oeclkrug et al. [6].

Exposure of iron to HCI vapors resulted in
similar effects as in the case of HNO;. Addition-
ally, we noticed enhanced localized corrosion
along scratches of a mechanical origin (Fig. 5).
Scratches can be more reactive than the intact
surface for several reasons: (a) a bare metal, free of
oxides could be exposed at scratches; (b) geomet-
rical irregularities of the surface might be preferred
condensation centers of vapors, and (c) kinks and
steps on scratches are probably the most active
reaction sites.

Corrosion products were identified by CEMS.
Fig. 6(a) and (b) show CEMS spectra of 50 nm
Fe(001) film after 25 h exposure to HNO; (com-
pare Fig. 3(a)) and after 72 h exposure, respec-
tively. The only noticeable change of the spectra,
in comparison with the as-prepared sample (Fig.
1(b)) is a doublet in the central part. The hyperfine
parameters of the doublet, the isomer shift
IS =0.35 mm/s relative to metallic iron and
quadrupole splitting QS = 0.74 mm/s indicate for
a Fe** origin of the doublet, and are typical for
different corrosion products observed on Fe sur-
faces [13]. In a low temperature spectrum (85 K)
the doublet remained magnetically unsplit, which
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Fig. 5. AFM image (25 x 25 um?) of an epitaxial Fe(00 1) film
on MgO(001) after 1 min exposure to 1 M HCI vapors and
subsequent 27 h storing in air. Corrosion products were formed
on defects (scratches).
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Fig. 6. CEMS spectra of a 50 nm epitaxial Fe(001) film on
MgO(00 1) after exposure to 1 M HNO; vapors: (a) 25 h and
(b) 72 h.

means that the corrosion product is most probably
v-FeOOH. Prolongation of the exposure time

from 25 to 72 h increases the thickness of an
oxyhydroxide layer from 3.8 to 7.4 nm, as esti-
mated from the intensity of the spectral compo-
nents.

Exposure of the Fe/Fe;O,4 film to HNO; vapors
resulted in much less pronounced changes of the
surface morphology and composition than it was
observed for a clean Fe(001) film. A post-expo-
sure STM topography revealed only a homoge-
neous increase of the surface roughness as
compared to in situ observation of the freshly
prepared surface. Similarly, no signs of chemical
surface modifications in the CEMS spectrum were
found after 15 min exposure. Further studies of the
Fe(001) surfaces passivated with the epitaxial
Fe;0, layer are in progress.

The same corrosion product, y-FeOOH, was
found by CEMS on the iron sample treated with
HCI vapors. However, the average depth of the
oxyhydroxide layer formed after 6 min exposure to
HCl vapors was two times larger than that after 72
h exposure to HNO;.

5. Conclusions

Epitaxial Fe(00 1) films exposed to ambient at-
mosphere are highly resistant to corrosion. No
oxide layer thicker than 0.5 nm was found after a
one week exposure, which means that natural
passivation is very slow. Short exposure (minutes)
to HNO; and HCI vapors resulted in the appear-
ance of localized corrosion centers which cannot
be associated with any structural details and are
explained as coming from condensation of vapors.
Longer exposure (hours) results in the formation
of a homogeneous layer that was interpreted as y-
FeOOH basing on CEMS measurements. The
corrosion process was studied previously on
polycrystalline iron films [10]. The oxide mor-
phology was highly diversified and the nucleation
of the corrosion products occurred at active sites
like steps, grain boundaries etc. On the surfaces of
the epitaxial films the localized corrosion is con-
nected probably with point defects (also mechan-
ical). Controlled oxidation of a surface iron layer
to epitaxial Fe;O4 passivates the film.
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