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We studied the preparation of well-ordered thin Fe3O4(001) films on a metallic substrate, Pt(100), using LEED
and STM. The results show thatfilmgrowth either by Fe reactive deposition in oxygen or bydeposition–oxidation
cycles onto pure Pt(100) results primarily in (111)-oriented surfaces. To grow Fe3O4(001) films, the preparation
must include deposition of an Fe buffer layer as previously suggested for the growth of Fe3O4(001) onMgO(001)
(Spiridis et al. Phys. Rev. B 74 (2006) 155423). Two stable (so called “dimer”- and B-layer) surface terminations
were observed, both exhibiting a (√2 ×√2)R450 reconstruction. Several intermediate, Fe-rich terminationswere
observed during the annealing process of an initially dimer-like structure. The process critically depends on the
thickness of the buffer layer, which can be used as a tuning parameter for surface structures.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Iron oxides are one of the most widespread materials on our planet,
for example, as iron ores, rust, etc. A number of iron oxide phases exist
as naturally grown crystals, FeO (wüstite), Fe3O4 (magnetite) and Fe2O3

(hematite, maghemite) being themost common. To understand surface
structures and chemistry of iron oxides, single crystal surfaces aswell as
thin filmswere used as planarmodel systems, which arewell-suited for
surface science studies [1–3]. Although oxides on ironmetal surfaces are
naturally formed as passivating films, these are usually poorly-ordered
and exhibit a complex stoichiometry depending on thepreparation con-
ditions. Growth of well-ordered iron oxide films has been reported on
Pt(111) [3], and to a much lesser extent on other metal substrates [1].

Investigations on the structures of iron oxides have primarily fo-
cused on close-packed surfaces such as Fe3O4(111) and Fe2O3(0001).
Recently, more work has been directed toward the Fe3O4(001) surface
following expectations of a large difference in reactivity when com-
pared to the (111) surface (see, for example, refs. [4,5]). In the {001} di-
rection, the layers of tetrahedral iron atoms are denoted as A-layers and
the mixed octahedrally coordinated iron and oxygen layers are termed
B layers (see Fig. 1a). It is well established that the Fe3O4(001) surface
exhibits a (√2 × √2)R450 reconstruction [6–8]. This reconstruction
was initially discussed in terms of surface charge neutrality as a driving
force. Further studies suggested an autocompensated B-layer termina-
tion, which consists of a layer of octahedrally coordinated iron and tet-
rahedrally coordinated oxygen, alongwith one oxygen vacancy per unit
cell [7,9]. The surface phase diagram constructed in the framework of ab
initio thermodynamics revealed that a modified B-layer is stabilized
haikhutdinov).
over a broad range of oxygen pressures. Instead of an ordering of surface
defects in previously proposed models, the stabilization involves Jahn–
Teller distortion with a wavelike displacement of Fe and O atoms in
the top B layer, whereby the (√2 × √2)R450 superstructure is formed,
as shown in Fig. 1b [10,11]. Further density functional theory (DFT)
studies suggested very close surface energies for A- and B-terminated
surfaces, making the observation of these surfaces sensitive to the prep-
aration conditions [12], as indeed observed by Parkinson et al., who
showed that both the B-termination and a metastable A-termination
can be reproducibly prepared on a single crystal sample within one
sputter/anneal cycle through variation of the annealing temperature
[13]. The authors also concluded that charge compensation arguments
based on nominal bulk charges are unreliable for predicting the surface
structure of magnetite. Very recently, using a combination of quantita-
tive low-energy electron diffraction (LEED), STM, and DFT calculations,
Bliem et al. rationalized the (√2 × √2)R450 reconstruction in terms of
an ordered array of subsurface iron vacancies and interstitials [14].

To better control the surface stoichiometry of the Fe3O4(001) films
onMgO(001) (commonly used as a substrate due to the low latticemis-
match, ca. 3%), Korecki and coworkers made use of an ~20 nm-thick
Fe(001) film prior to the iron oxide growth [15]. They found that the
Fe buffer layer, initially inserted to prevent migration of Mg atoms and
to allow higher annealing temperatures, resulted in an Fe-rich termina-
tion, termed hereafter as a “dimer” termination (first predicted by mo-
lecular dynamics simulations [16]). The atomic structure proposed by
Korecki's group, shown in Fig. 1c [17], has been revisited by Diebold,
Parkinson and co-workers [13,18]. They also reported that this termina-
tion can be prepared by iron deposition on an initially B-terminated
surface. Notably, these two surfaces both exhibit a (√2 × √2)R450 re-
construction, making them difficult to distinguish without scanning
tunneling microscopy (STM) imaging.
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Fig. 1. (a) Bulk structure unit cell of Fe3O4. (b, c) Top views of Fe3O4(100) surface structures as suggested by Pentcheva et al. [10] for the B-terminated surface (b), and by Spiridis et al. [15]
for the “dimer”-terminated surface. (c). Darker shading indicates atoms in the surface layer.
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In continuation of our long-standing studies on surface chemistry
of iron oxide films, in this paper we address the growth of thin
Fe3O4(100) films on a metallic substrate. The metal support facili-
tates using surface science tools, particularly vibrational and elec-
tron spectroscopies. To the best of our knowledge, growth of
Fe3O4(100) on a metal support has been mentioned only by Fonin
et al. [19] for W(100) in the course of the work function measure-
ments, however, detailed surface structure characterization has not
been provided. Since Pt(111) has successfully been used for growth
of crystalline Fe3O4(111) films, it is near at hand to use Pt(100) as a
substrate to grow (100)-oriented films. Note, however, that Ritter
et al. [20] have briefly mentioned that the growth of multilayer
iron oxide films on both Pt(100) and Pt(111) leads to (111)-expos-
ing surfaces. In this work, we show that well-ordered Fe3O4(001)
films can successfully be grown on Pt(100) and also show that the
two most stable terminations can both be achieved through varia-
tion of growth parameters.
2. Materials and methods

The experiments were carried out in an ultra-high vacuum (UHV)
chamber (base pressure 2 × 10−10 mbar) equipped with low energy
electron diffraction (LEED) and Auger electron spectroscopy (from
Specs) and STM (from Omicron). The clean surface of Pt(100) (from
MaTeck) was prepared through cycles of Ar+-sputtering and UHV an-
nealing until the characteristic “hex”-reconstruction was observed in
LEED. Iron was deposited using an e-beam assisted evaporator (EFM 3,
Omicron). The deposition rate (~7 Å/min) was calibrated by STM in
the same way as in ref. [21], where it was shown that Fe atoms on
Pt(100) at low coverages undergo atomic site exchange, with Fe
atoms preferentially sitting in the sub-surface region and Pt islands
forming at the surface.
Fig. 2. STM images of the films prepared by 25 nm Fe reactive deposition on clean Pt(100)
and subsequent annealing inUHV at 645 K for 60min (a) and then at 775 K (b) for 60min.
Tunneling conditions: (a) bias = −3 V, current = 0.05 nA; (b) −1 V, 0.1 nA. The inset
shows the LEED pattern at 95 eV.
3. Results and discussion

Since previous studies have shown that preparation of Fe3O4 films
by cycles of Fe deposition in UHV and oxidation resulted in (111)-ori-
ented films on both Pt(111) and Pt(100) [20,22], we first examined,
for comparison, film growth by Fe deposition in an oxygen ambient
(“reactive deposition”), followed by annealing at elevated temperatures
to achieve well-ordered films.

Increasing amounts of iron, between 8 and 50 nm, on a Pt(100)-hex
surface in 10−5 mbar of O2 at 300 K causes LEED patterns to vanish,
thus indicating a highly disordered surface. Upon subsequent annealing
in UHV at 550 K some diffraction spots start to appear although very dif-
fuse. Basically, the same surface was obtained by reactive deposition di-
rectly at 550 K. Further step-wise annealing to 645 K and then to 775 K,
for 60 min each, considerably improves film ordering, as judged by
LEED, but resultant surfaces exhibited hexagonal symmetry (Fig. 2). In-
deed, STM inspection of the annealed films revealed a relatively rough
surface (Fig. 2a), where a hexagonal lattice of protrusions with an ~6 Å
periodicity are observed, along with vacancy-type defects and extended
areas resembling so-called “biphase” ordered structures, all being well-
documented for highly defective Fe3O4(111) films and crystal surfaces
[23,24]. Although precise structures were not determined here, we may
conclude that iron oxide growth on the pure Pt(100) surface leads to
Fig. 3. LEED patterns, observed at energies as indicated, for the clean Pt(100)-hex recon-
structed surface (a); after deposition of 4 nm-thick Fe layer (b); further reactive deposition
of 4 nm Fe in 5 × 10−6 mbar of O2 at 300 K (c); final annealing at 775 K for 100 min (d).



Fig. 4. STM images of the Fe3O4(001)filmon Pt(100) prepared as described in the caption to Fig. 3 after additional UHV-annealing at 1020K for 10min. In image (c) (size 30 nm×24nm), a
vacancy-type defect and an ad-species are highlighted by circles. Tunneling bias = 1.5 V, and current = 4 nA. Inset in panel (a) shows LEED pattern at 95 eV.
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the formation of {111}-oriented films. It seems plausible that under these
conditions the interface constitutes FeO(111)-like layer, previously found
for the monolayer films [22,25]. Also, our recent study addressing the Pt/
Fe3O4 interaction [26] showed that charge transfer from an iron oxide to
Pt apparently maximizes the number of Pt–Fe contacts at the interface,
which will certainly be higher in the case of a close-packed (111) struc-
ture. If so, such an FeO(111)-like interfacial layer probably drives the
film growth in the (111) direction even on Pt(100). In order to diminish
this effect, in the next approach, we employed an Fe buffer layer, first
used by Korecki's group for a MgO(001) substrate [15].

Deposition of a 4 nm thick Fe layer onto the clean Pt(100) surface in
UHV leads to lifting of the “hex”-reconstruction. Since Auger spectra
showed no Pt signal, the remaining (1 × 1) diffraction spots (see Fig.
3a, b) could be assigned to an epitaxially grown Fe(001) layer, as it
has only a small mismatch with Pt(100). Subsequent deposition of
4 nmFe at 300 K in ~5× 10−6mbar of O2 resulted in a diffuse diffraction
pattern (Fig. 3c). However, upon prolonged annealing at 775 K, LEED
patterns gradually transform into the one well-documented for a
Fe3O4(001)-(√2 ×√2)R450 reconstructed surface (Fig. 3d). The diffrac-
tion spots become even sharper upon further annealing at 1020 K for
10 min. STM images of the latter sample revealed wide terraces with
few screw dislocations (Fig. 4a). The terraces show atomic rows in the
[110] direction and anti-phase domain boundaries, all typical of the B-
termination. High-resolution images also revealed some vacancy-type
defects and ad-species (Fig. 4b, c).

The above preparation was fully reproducible. Note, however, that
the sample temperature during iron reactive deposition should be rela-
tively low (300 K in this case), otherwise the metallic Fe layer can, at
Fig. 5. Large scale (a) and high-resolution (b) STM images of the film prepared on 50 nm-thick
0.10 nA. Inset in panel (a) shows LEED pattern at 95 eV.
least partly, be oxidized, and as such the situation becomes very similar
to film growthwithout the Fe buffer layer. Indeed, reactive deposition at
550 K on top of the 4 nm-thick buffer layer led to the mixture of (100)
and (111) surfaces (Fig. S1 in Supporting information). Some increase
in oxygen pressure (in the range N10−5 mbar) sometimes caused
formation of small areas characteristic of FeO(111)/Pt(100)as judged
by LEED (not shown). Nonetheless, the results nicely demonstrate that
well-ordered, thin Fe3O4(001) films can be grown on a Pt(100) sub-
strate. It is also clear that the presence of a buffer layer several nm
thick is necessary for the growth of (001)-oriented films.

To elucidate the role of the Fe buffer layer in the preparation of the
(001) films, in the next set of experiments, a much thicker Fe buffer
layer (~50 nm) was deposited on the Pt(100) surface at 300 K. An
oxide film was then formed by reactive Fe deposition at 550 K in
10−5 mbar of O2. The sample was further annealed in UHV at 775 K
for ca. 60 min. Although LEED immediately showed an Fe3O4(001)-
(√2 × √2)R450 reconstructed surface, high resolution STM images
turned out to be different from those obtained for the sample that had
a 4 nm-thick Fe buffer layer. In fact, the images in Fig. 5 are virtually
identical to those previously reported for a “dimer”-terminated surface
[15]. Since this preparation, in essence, repeats the recipe used by
Korecki and coworkers for a MgO(001) substrate, such a similarity in
the final structures suggests that the substrate (e.g., MgO(001) and
Pt(100)) itself favors solely the growth of an Fe(001)-like buffer layer
which, in turn, governs the growth of a (001)-oriented Fe3O4 film. It
also appears that the thickness of the buffer layer plays a role in the
eventual termination of the film, with the thick layer providing a reser-
voir of Fe to stabilize an Fe-rich, “dimer” termination. This would imply
Fe buffer layer. Tunneling conditions: bias =−3.0 V, current = 0.10 nA; (inset)−1.5 V,



Fig. 6. (a–c) STM images and (d–f) corresponding LEED patterns at 95 eV of the Fe3O4(001) film grown on 4 nm-thick Fe buffer layer UHV-annealed at 775 K for 10 (a), 60 (b), and 100
(c) min. Image sizes: 50 nm × 50 nm (a, b), 100 nm × 100 nm (c); bias (a, b) = −2 V, (c) = −3 V; current: (a) = 0.1 nA, (b) = 2.0 nA, (c) = 0.64 nA.

Fig. 7. STM images of intermediate surface structures observed on the Fe3O4(001) film
grown on 4 nm-thick Fe buffer layer UHV-annealed at 775 K for 40 min (a, c) and
70 min (b, d). Image sizes: 100 nm × 100 nm (a, b), and 50 nm × 50 nm (c, d); sample
bias = −2 V; current: 2.0 nA (a, c), and sample bias = −1.45 V; current: 0.08 nA (b, d).
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that Fe atoms have a high mobility within the Fe3O4 bulk. In the case of
the thin buffer layer, it may be that the buffer layer becomes entirely
oxidized, thereby depleting the source of Fe thatwould otherwisemain-
tain an Fe-rich termination.

To monitor surface transformations of the Fe3O4(001) films in more
detail, we examined the films prepared with a 4 nm-thick buffer layer
using STM and LEED as a function of annealing time at 775 K. The film
annealed for 10 min appears to have the “dimer” termination (Fig. 6a)
as observed for the preparation of the film with a thick Fe buffer layer
(Fig. 5). The structure changed as the sample was annealed for longer
periods of time (Fig. 6b), until it became the B-terminated surface
after 100 min (Fig. 6c). The corresponding LEED patterns are shown
below the images. Annealing of the “as grown” films at higher temper-
atures, up to 1020 K, accelerates this process, but results in the same, B-
terminated surface. Further oxidation in 10−6 mbar of O2 results in a
pristine surface with low defect densities, and this step can be incorpo-
rated into the growth procedure.

We note the similarity of STM images presented in Fig. 6 to those
achieved by Novotny et al. [18] by depositing Fe onto a B-terminated
surface of a single crystal sample. In particular, we observe that the sam-
ple, after 100 min of annealing at 775 K, resembles that of the B-
terminated surface with 0.025 ML of Fe deposited at 300 K, implying
that this surface still has a slight excess of Fe. The termination observed
after 60 min of annealing bears similarities to the surface seen after
0.8 ML of Fe was deposited on the B-terminated surface and then
flashed to 423 K. In the latter case, the termination was assigned by
Novotny et al. to pairs of octahedrally coordinated Fe-atoms. This struc-
ture differs from the “dimer” model proposed by Korecki et al. [15,17]
regarding the positions of the Fe atoms. Note, however, that Korecki's
model is based on STM studies of films grown on a 20 nm thick Fe buffer
layer on MgO(100) at considerably higher temperatures, i.e., 773 K.
Therefore, it may well be that these two models are for two different
structures.

Fig. 6 shows that the Fe-rich, “dimer”-terminated surface transforms
into a mixed Fe and O terminated surface upon prolonged annealing.
Since the sample annealing was performed in UHV, the transformation
indicates diffusion of the surface Fe atoms into the bulk in order to
achieve the most stable B-termination, as observed for single crystal
samples. The fact that such a transformation was not observed here
for the samples with a much thicker buffer layer suggests that it is the
buffer layer that supplies Fe to stabilize the otherwise unstable
“dimer” termination. (Note that Korecki's group also observed the
“dimer” termination only on films grown on an Fe buffer layer [15].)
In the case of the thin buffer layer, this layermay be depleted during an-
nealing, most likely via Fe migration into the Pt crystal bulk. The Fe dif-
fusion across the film may explain the formation of intermediate
structures (Fig. 7) which appear to be metastable, as their formation
critically depends on the film preparation conditions.



46 E.M. Davis et al. / Surface Science 636 (2015) 42–46
It is still unclear whether the buffer layer is completely oxidized or if
metallic Fe remains underneath and/or migrates into the Pt. However,
we conclude that the thickness of the Fe buffer layer may be used to
control the surface termination.

4. Conclusions

We have provided a reproducible growth recipe for a Fe3O4(001)
film on Pt(100) with two stable terminations dependent on growth
conditions. These terminations have the same (√2 × √2)R450 recon-
struction, and can be distinguished only using STM. Growth of both of
these terminations requires the presence of a buffer layer to balance
the stoichiometry of the film and ensure that it grows epitaxially as
the (001) surface. Intermediate terminations were observed during
the annealing process for the B-terminated surface, with the surface
changing from a dimer-like structure through several Fe-rich surfaces,
therefore care must be taken to ensure that the surface has fully trans-
formed into the B-termination. This process can also be accelerated
through the use of higher temperatures, and a surface with very low
defect densities can be achieved by annealing in oxygen. With the
growth of these thin films, it is now possible to do reactivity studies
on these surfaces under well-controlled conditions.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.susc.2015.02.004.
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