
www.elsevier.com/locate/susc

Surface Science 601 (2007) 4305–4310
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Abstract

The initial growth and influence of annealing on structural and magnetic properties of 5 monolayers epitaxial Fe films on cleaved and
polished MgO(001) substrates was studied using conversion electron Mössbauer spectroscopy (CEMS). Broadening of LEED spots indi-
cated a granular structure of the films grown at room temperature. The CEMS analysis showed that the film on the cleaved substrate is
flat and consists of a 2 ML interfacial layer with the electronic structure affected by the oxidic substrate, while the remaining 3 ML are
metallic with the Curie temperature below RT. Annealing changes the film structure, as seen by CEMS, but only for temperatures above
550 K. In the annealing process the continuous film breaks into 3-dimensional islands and oxidation takes place at the Fe/cleaved–MgO
interface. On the polished substrate, the as-prepared film consists of small superparamagnetic metallic iron particles. Contrary to the
cleaved substrate, no oxidation is observed at the interface upon annealing.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Iron films on MgO have attracted a lot of attention for
their importance in basic research as well as in technologi-
cal applications [1]. Fe monolayers on MgO are considered
prototypic 2-dimensional magnets [2], ultrathin epitaxial
films are used as seed and buffer layers in the epitaxial
growth of different metals [3,4], and they have been applied
in tunneling magnetoresistive devices with spectacular re-
sults [5]. While the growth and structure of Fe films with
the thickness warranting their electrical continuity (above
1 nm), suitable for STM measurement is well known (for
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review see [1]), only a few papers deal with structural [6–
10] and especially magnetic [11–13] properties of sub-nano-
meter films. Theoretical predictions of the strongly en-
hanced ground state magnetic moments in Fe mono- and
bi-layers, 3.07 lB and 2.9 lB, respectively, that are close
to the value for a freestanding Fe layer (3.1 lB) [2] have
been never confirmed experimentally for ultrathin Fe films,
probably due to a deviation from flat growth [13]. An
enhancement of the Fe magnetic moment was observed
for an Fe monolayer in contact with MgO (the Fe mono-
layer was deposited on a thicker Co film) [14] but ultrathin
iron films on MgO have been found to be ferromagnetic
with a magnetic moment very similar to that of bulk Fe
[11]. There is no data on the Curie temperature, probably
because the magnetic transition is masked by superpara-
magnetism that often dominates the magnetic behavior
for discontinuous films, being for this system a conse-
quence of Schwöbel barriers [15]. The film morphology de-
pends on the preparation temperature but also on substrate
defects that determine the nucleation process [16].
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The aim of the present paper is to study structural and
magnetic properties of ultrathin Fe films with the emphasis
on the Fe/MgO interface. For that purpose a film thickness
of 5 monolayers (MLs) was chosen. Such a thickness
ensured high contribution of the interface to measured
properties and, on the other hand, secured coalescence of
the growing film.

By use of conversion electron Mössbauer spectroscopy
(CEMS) the analysis is site selective, i.e. magnetic proper-
ties of Fe atoms at different chemical and structural posi-
tions can be distinguished. Moreover, the evolution of Fe
film properties upon annealing is discussed. In particular,
differences between Fe films deposited on cleaved and pol-
ished MgO substrates are emphasized.

2. Experimental procedures

The samples were prepared and characterized in a multi-
chamber UHV system with the base pressure below
1 · 10�10 mbar. The system was equipped with a load-lock
facility, a universal sample mounting and transfer system,
standard surface characterization methods (a 4-greed elec-
tron optics for LEED and AES), a MBE system for depo-
sition of several metals including 56Fe and 57Fe isotopes
and a CEMS spectrometer.

All samples were deposited on MgO(001) substrates,
cleaved ex situ prior to the introduction into the UHV sys-
tem or on polished ones. The substrates were UHV an-
nealed at 800 K for several hours. For the cleaved
substrates, such treatment resulted in a clean surface show-
ing only traces of carbon contamination and a perfect
background-free 1 · 1 LEED pattern. On the contrary,
commercial polished substrates always showed a pro-
nounced carbon signal in the Auger spectra, with the inten-
sity only an order of magnitude less than the oxygen line.

Fe was deposited from BeO crucibles heated by wrap-
around tungsten coils. The crucible assemblies were embed-
ded in a water-cooled shroud and the pressure during the
deposition was maintained in the low 10�10 mbar range.
The film thickness was controlled during the deposition
by quartz thickness monitors with an accuracy of about
0.2 ML. All 5 ML (7.2 Å) 57Fe films were deposited on sub-
strates kept at RT.

In situ Mössbauer measurements were performed using
an efficient 80–500 K CEMS spectrometer based on chan-
neltron detection, with a 100 mCi 57Co(Rh) source. The
spectrometer geometry settled a fixed angle of 45� between
the direction of the c-ray propagation and the sample nor-
mal. The spectra were analyzed numerically by fitting a
hyperfine field distribution (HFD) using the Voigt-lines
based method of Rancourt and Ping [17]. In the method,
the HFD is constructed by a sum of Gaussian components
for the magnetic hyperfine field Bhf, isomer shift (IS) and
quadrupole splitting (QS) distributions. Only linear corre-
lations between Bhf and IS or QS can be used in the numer-
ical procedure, which may lead to oversimplification and
systematical error when a broad range of Bhf is analyzed.
The number of Gaussian components was increased grad-
ually, such that a minimum number of fitting parameters
were introduced. Once a statistically ideal fit was obtained,
increasing the number of the component did not change the
distribution or any of the essential fit parameters.

The Fe films were characterized in situ by low energy
electron diffraction (LEED). LEED patterns showed an
epitaxial growth of (001) oriented films with in-plane crys-
tallographic relations: Fe[100]//MgO[110]. Broadened
LEED spots indicated imperfect growth: nucleation of
small islands resulted in granular film structures. There
was no apparent difference in the LEED patterns for the
films grown on cleaved and polished substrates.

3. CEMS results and discussion

CEMS spectra for the 5 ML Fe film on the cleaved sub-
strate are shown in Fig. 1. A room temperature (RT) spec-
trum for the as-prepared sample (Fig. 1a) reveals an
unresolved asymmetric doublet structure that becomes
magnetically split at 80 K (Fig. 1b). By virtue of the spec-
tral character (unresolved lines, relatively broad HFDs),
the numerical fits are to some extent ambiguous, and dif-
ferent sets of the hyperfine parameters could give fits of a
comparable quality. For that reason the spectra for the
same sample taken at different temperatures were fitted
simultaneously within a single model, in which spectral
components were identified by their isomer shift values,
which are good fingerprints of the chemical state of a
57Fe atom in a particular lattice site. It is interesting to
note that lowering the temperature of a CEMS measure-
ment from 300 K to 80 K results in a shift of the spectrum
centroid to a more positive value due to a second order
Doppler by about 0.12 mm/s [18]. Both spectra for the
as-prepared film could be fitted consistently with two com-
ponents, identified by their different IS values, as summa-
rized in Table 1, which contains the fit results for the
cleaved substrate. The component with IS close to the
one of metallic Fe (labelled M), which is a single line at
RT, reveals a complex structure at 80 K, splitting into
three sub-components with the magnetic hyperfine field
Bhf ranging from 33.8 T (the a-Fe value) down to 10 T,
with HFD becoming very broad for the small Bhf sub-
component. This ‘‘metallic’’ component constitutes 60%
of the total spectral intensity, which corresponds to contri-
butions from 3 monolayers and is distributed almost
equally over three subcomponents. The component identi-
fied at RT with the high positive isomer shift
(IS = 0.40 mm/s), labelled I, is a doublet, which splits
magnetically at 80 K to a HFD site with Bhf = 29.7 T
and contributes to 40% of the total spectral intensity.
The CEMS analysis leads us to the following model: three
of five film monolayers have metallic iron properties –
these atoms are located at the film surface, sub-surface
and centre. Two remaining monolayers come form the
Fe/MgO interface. The oxygen proximity and broken
translational symmetry account for the high isomer shift
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Fig. 1. In situ CEMS spectra of 5 ML 57Fe films on the cleaved MgO(001) substrate: (a) and (b) as prepared, measured at 300 K and 80 K, respectively;
(c) and (d) after 1 h annealing at 570 K, measured at 300 K and 80 K, respectively. Symbols that identify the fitted component refer to Table 1.

Table 1
Fitted hyperfine parameters for 5 nm 57Fe(001) films on the cleaved MgO(001) substrate

Sample/temperature (K) IS (mm/s) Bhf (T)/DBhf (T) QS (mm/s) Relative intensity (%)
Subcomponents Subcomponents

As prepared 300 M 0.02(2) – 0.00 (1) 59(3)
I 0.40(3) – ±0.47(8) 41(3)

80 M 0.14(2) 33.8(3)/2.4 27.9(4)/4.3 10.0(5)/11 0.00(2) 20(3) 16(3) 24(3)
I 0.51(5) 29.7(5)/8.0 �0.04(3) 40(5)

Annealed @ 570 K 300 M1 0.01(2) 27.1(2)/2.2 0.02(2) 28(5)
M2 0.24(2) 19.3(7)/9.4 0.02(4) 59(5)
I 0.67(5) 28.4(7)/3.2 0.00(5) 13(4)

80 M1 0.13(2) 33.6(1)/1.7 �0.04(2) 24(5)
M2 0.33(4) 26.1(8)/11.4 0.00(3) 63(5)
I 0.79(5) 36.0(6)/3.8 0.00(3) 13(5)

Bhf is the average hyperfine magnetic field and DBhf is the width of its distribution, IS is the average isomer shift with respect to a-Fe and QS is the average
quadrupole splitting. Numbers in parentheses indicate the errors of the least square fit analysis.
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value and the pronounced electric field gradient observed
for interfacial Fe atoms. In terms of the Mössbauer iso-
mer shift reference data [19], the formation of a wüstite-
type oxide at the interface can be excluded – this should
be observed as a component with an isomer shift around
1 mm/s. However, IS = 0.4 mm/s, typical for Fe3+, is far
beyond the metallic Fe value, and indicates a strong mod-
ification of the electronic state as compared to the film
centre. This observation is in partial agreement with the
conclusion by Luches et al. [10] on the absence of oxide
formation at the Fe/MgO(001) interface and its high
sharpness. However, this points out that the electronic
interaction between Fe and MgO is not negligible. The
complex hyperfine pattern seen at the interface at 80 K
indicates that the Fe atoms occupied a variety of sites with
different coordination and valence states.
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At the surface, we observe reduced Bhf as compared to
the film centre (sub-components with Bhf = 27.9 T and
Bhf = 10 T, Table 1). In the bulk, Bhf is a measure of local
magnetization but this proportionality fails at surfaces and
interfaces. Ohnishi et al. [20] showed theoretically that for
the Fe(00 1) surface, despite the enhancement of the mag-
netic moment to 2.98 lB, the hyperfine magnetic field is
strongly reduced to �25.2 T, and this also holds for the
surface layer of 2 Fe monolayers on MgO(001) [2]. Exper-
imentally, the reduction of the surface hyperfine magnetic
field was observed only for the closed Fe(1 10) surface,
where the effect is much weaker [21]. For the purpose of
the present experiment we have measured in situ a CEMS
spectrum of a 5 ML 57Fe(001) layer deposited on a
56Fe(001) buffer film, which clearly demonstrated surface
components with Bhf = 25.0 T and Bhf = 7.7 T and IS very
close to that of metallic iron. In our opinion the higher Bhf

represents the ideal surface value, while the smaller one
should be attributed to surface defect sites (edge or kink
atoms, atoms affected by residual gas adsorption). This
measurement strongly supports our interpretations of a
hyperfine pattern for the 5 ML Fe film on the cleaved
MgO(001) substrate.

We interpret the magnetic transition, which takes place
between RT and 80 K, as the onset of a ferromagnetic state
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Fig. 2. In situ CEMS spectra of 5 ML 57Fe films on the polished MgO(001) sub
570 K, measured at 300 K and 80 K, respectively. Symbols that identify the fi
with the film Curie temperature TC lying below RT. It
roughly agrees with the onset of ferromagnetism at RT
for comparable systems that does not fall below 6 Å
[11,12]. For Fe films of a similar thickness on metallic sub-
strates TC is usually much higher, e.g. a 2 ML Fe(001) film
on Au(0 01) has a TC value much greater than 300 K [22].
To our knowledge there is no systematic data for ferromag-
netic films on insulators, so it cannot be also excluded that
the complex interface structure is responsible for such a
low TC.

Annealing below 500 K essentially does not influence
the CEMS spectra for the cleaved substrate. However,
after 1 h annealing at 570 K, the RT spectrum (Fig. 1c)
becomes magnetically split. The spectrum could be fitted
with broad Bhf components typical for magnetic fluctua-
tions (spatial or temporal). The shift of the Curie temper-
ature above room temperature must be due to a change in
the film morphology from flat to 3-dimensional, which
means that annealing caused the continuous Fe layer to
break into islands as reported earlier by di Bona et al.
[23] for 10 ML Fe films at slightly higher temperatures
(above 570 K). The line broadening is probably (at least
partially) due to superparamagnetic fluctuations. Estima-
tion of the island size is difficult, because most of the is-
lands are superparamagnetically blocked already at RT,
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Table 2
Fitted hyperfine parameters for 5 nm 57Fe(001) films on the polished MgO(001) substrate

Sample/temperature IS (mm/s) Bhf (T)/DBhf (T) QS (mm/s) Relative intensity (%)

As prepared 300 K M 0.05(3) – – 69(5)
I 0.20(5) – 0.51(5) 31(4)

Annealed @ 570 K 300 K M1 0.03(3) – 0.00 (1) 23(3)
M2 0.11(2) 12.9(5)/6 0.00(1) 37(4)
I 0.35(3) – ±0.42(10) 40(3)

80 K M1 0.18(3) 31.9(3)/2.8 0.01(3) 17(3)
M2 0.25(5) 17.4(7)/9 0.02 (3) 44(3)
I 0.50(5) 26.4(8)/10 �0.01(3) 39(5)

Bhf is the average hyperfine magnetic field and DBhf is the width of its distribution, IS is the average isomer shift with respect to a-Fe and QS is the average
quadrupole splitting. Numbers in parentheses indicate the errors of the least square fit analysis.
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and only the smallest ones contribute to superparamag-
netic effects in the CEMS spectra. We can conclude only
that, in average, the islands are in a several nanometer size
range, in rough agreement with results of Fashold et al.
[9]. More reliable analysis was possible based on the
80 K spectrum (Fig. 1d), where the fluctuations are par-
tially suppressed. Beside the metallic (M1, IS value of a-
Fe) and interfacial/surface (M2, broad Bhf distribution)
component, which dominate the spectrum (their intensity
corresponds to 90% of the film material), a third compo-
nent (I), with high IS = 0.79 mm/s, can be unambiguously
identified. The high isomer shift value (�0.7 mm/s after
subtracting the temperature shifts) indicates a strong inter-
action with the MgO substrate. A half Fe monolayer (as
seen from the spectral intensity) forms a magnetically or-
dered 2-dimensional oxide with iron in the Fe2+ valence
state. Since no systematic studied versus annealing temper-
ature were done, it is not obvious whether the formation
of the oxidic state takes place at a certain well defined
temperature or develops gradually.

A different growth mode is concluded from the CEMS
spectra of the 5 ML Fe film on the polished MgO(00 1)
substrate (Fig. 2, Table 2). The room temperature spectrum
(Fig. 2a) shows that the metallic-like component (M) be-
comes broadened and its intensity is higher than for the
cleaved substrate. The featureless spectrum character
means that the film now has a less-ordered structure. In
combination with our grazing incidence small angle X-
ray scattering data [24], we conclude that the Fe deposit
is discontinues and forms small spherical islands (on aver-
age 2 nm diameter, 1 nm height). Apparently, polished sub-
strate defects (contamination, structural defects) influence
the nucleation process, leading to the Volmer–Weber
growth mode.

The island film structure remains essentially unchanged
after annealing. At RT a vast fraction of the Fe atoms do
not show long range magnetic order (spectrum in Fig. 2b).
The magnetic transition observed between RT and 80 K is
now interpreted as the blocking of superparamagnetism of
small 3-dimensional clusters. However, the 80 K spectrum
after annealing (Fig. 2c) indicates ‘‘less’’ magnetic order
than in a similar state of thermal treatment for the cleaved
MgO: the structure of the magnetic sextets is unresolved,
there is no the bulk-like component in the spectrum, and
the average hyperfine magnetic field Bhf is smaller than
for the film grown on the cleaved substrate (23.4 T and
29.2 T, respectively). As compared to the as-prepared state,
the amount of Fe with bulk-like metallic properties (com-
ponent M1) is considerably reduced at the expense of the
component M2 that has a larger isomer shift but smaller
Bhf with broad HFD. This characteristic is typical for inter-
facial or surface Fe atoms whose fraction increases upon
annealing, but without clear indication of oxidation taking
place at the Fe/MgO interface (component I).

4. Conclusions

The CEMS analysis showed that the 5 ML film on the
cleaved substrate is flat and consists of a 2 ML interfacial
layer with the electronic structure influenced by the oxide
proximity, while the remaining 3 ML are metallic, with
the Curie temperature below RT. The annealing changes
the film structure only for temperatures above 500 K. In
the annealing process the continuous film breaks into 3-
dimensional islands and oxidation takes place at the Fe/
MgO interface. On the polished substrate, the as-prepared
film consists of small superparamagnetic metallic iron par-
ticles and annealing up to 570 K does not substantially
change the film morphology.
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