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Ultra-thin  MgO  films  grown  reactively  on the  Fe(0  0 1)  surface  by  evaporation  of  magnesium  in an  atmo-
sphere  of molecular  oxygen  have  been  investigated  by low  energy  electron  diffraction  and  non-contact
atomic  force  microscopy.  Preparation  of  structurally  stable  crystalline  films  requires  a  protocol  that  pre-
vents an  excessive  interfacial  reaction  between  oxygen  and  the  Fe(0  0 1) surface,  but  at  the  same  time
provides  a sufficient  amount  of  oxygen  in order  to  grow  a stoichiometric  MgO  film.  The  proper  ratio
between  the  magnesium  deposition  rate  and the  oxygen  pressure  has been  determined,  as well  as  meas-
agnesium oxide
ron
eactive growth
agnetoelectronics
ltra-thin insulating film
EED
FM

ures to  prevent  initial  interfacial  oxidation  of the  substrate.  The  effect  of  both  post-annealing  and  an
increased  substrate  temperature  during  the  growth  has  been  studied.  We  demonstrate  that  the  reactive
deposition  method,  which  gives  full  control  over  the  gaseous  species  that  reach  the  surface,  can  produce
terraces  that  have  an  average  size  of  10 nm  (on  an  8 monolayer  thick  film),  which  is a  significant  improve-
ment compared  to other  preparation  methods,  such  as  thermal  or electron  beam  evaporation  of  MgO.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Magnesium oxide ultra-thin films grown on a variety of metal
ubstrates, such as Ag(0 0 1), Mo(0 0 1) and Fe(0 0 1), play impor-
ant roles in magnetoelectronics [1] and in systems for studying

odel catalysis [2].  Ultra-thin MgO  films that serve as a tunneling
arrier have been identified as a promising building block of mag-
etic tunnel junctions (MTJs). In the case of Fe(0 0 1)/MgO/Fe(0 0 1)
TJs, crystalline MgO  leads to a high tunneling magnetoresistance

atio (TMR) [3,4]. The quality of the MgO  interface is pivotal to TMR,
nd thus for more than a decade there has been growing interest in
mproving the quality of MgO  films on the Fe(0 0 1) surface, in order
o further increase the TMR  to much higher values predicted theo-
etically [5,6]. However, even the best films are still characterized
y a high number of defects, such as dense networks of misfit dislo-
ations and very small terraces (understood as flat areas separated
y atomic steps). The terraces of MgO  films deposited at room tem-
erature are only a few nanometers in width [7,8] and are smaller
han the separation between dislocations. High-resolution charac-
Please cite this article in press as: A. Tekiel, et al., Reactive growth of M
diffraction and atomic force microscopy, Appl. Surf. Sci. (2013), http://dx.d

erization by scanning probe microscopy of MgO  films on Fe(0 0 1)
repared at elevated temperatures is very limited [8] and conse-
uently, it is still an open question how such a preparation method

∗ Corresponding author. Tel.: +1 5143986749.
E-mail address: antoni.tekiel@mail.mcgill.ca (A. Tekiel).

169-4332/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2013.02.024
can improve their quality. Evaporation at higher sample temper-
atures and post-annealing have been beneficial for the quality of
MgO  films on Ag(0 0 1) [10] leading to larger terraces. Also in the
case of MgO  films on Mo(0 0 1) [11] annealing reduces the density
of step-like features formed due to dislocations.

The reduction in quality of MgO  films on Fe(0 0 1) surfaces can
be attributed to the conventionally used preparation method and
the fact that iron is very prone to oxidation. In an ultra-high vac-
uum (UHV) environment, MgO  films are usually deposited onto the
Fe(0 0 1) surface by electron beam evaporation of a stoichiometric
MgO  target [4,7] and the resulting beam is composed mainly of
magnesium and oxygen, both in an atomic form [9].  However, on
Ag(0 0 1) and Mo(0 0 1) surfaces MgO  thin films with the best mor-
phology have been obtained by the reactive deposition of Mg  in
an O2 atmosphere, the rate and pressure of which can be inde-
pendently controlled [10,11], in contrast to the electron beam
evaporation. Both methods are quite challenging experimentally,
as MgO  is essentially grown from two separate sources of mag-
nesium and oxygen, which must react on the substrate in order
to nucleate MgO  molecules (in case of molecular oxygen, an O2
molecule has first to dissociate). Next, MgO  molecules diffuse and
build MgO  islands. There are three stages of such growth, each
gO overlayers on Fe(0 0 1) surfaces studied by low-energy electron
oi.org/10.1016/j.apsusc.2013.02.024

potentially requiring different growth parameters, as it is taking
place on a dissimilar substrate: (i) growth of the 1st monolayer, (ii)
growth of several consecutive layers under conditions perturbed
by the metallic substrate and (iii) growth of bulk-like MgO. The

dx.doi.org/10.1016/j.apsusc.2013.02.024
dx.doi.org/10.1016/j.apsusc.2013.02.024
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:antoni.tekiel@mail.mcgill.ca
dx.doi.org/10.1016/j.apsusc.2013.02.024
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eactive deposition method provides direct control of the relative
xposure of the sample to magnesium and oxygen. For instance,
his is exploited on the Ag(0 0 1) surface, where an overexposure of
he surface to oxygen can be used to prevent an unwanted reaction
etween silver and magnesium [12]. Similarly, during the reac-
ive growth of MgO  on the Fe(0 0 1) surface, the amount of oxygen
o which the iron surface is exposed can be precisely controlled.
lthough the formation of an FeOx interface may  reduce the TMR

n MTJs [13,14],  the oxygen at the Fe/MgO interface can facilitate
pitaxy of MgO  thin films on Fe(0 0 1) [15]. The exposure to a very
mall amount of molecular oxygen (below 1 ML)  does not change
he substrate morphology drastically, as it leads to an immediate
issociation of oxygen molecules that preferentially absorb in four-
old hollow sites of the Fe(0 0 1) surface [16]. Based on scanning
unneling microscopy characterization, Bonell et al. [17] suggested
hat at this coverage range the oxygen remains mobile on the sur-
ace. When approaching a full monolayer, oxygen atoms reveal
igh degree of ordering leading eventually to a p(1 × 1)-O recon-
truction with each hollow site of the Fe(0 0 1) surface occupied by
ne oxygen atom. However, if this exposure amount is exceeded,
oorly defined iron oxide islands of 2–3 ML  thickness are formed
18], which will significantly disturb subsequent MgO  growth. This

eans that during reactive growth there should exist a particu-
ar composition of the flux reaching the sample that can form a

ell-ordered MgO  monolayer, even if the iron substrate has been
n contact with oxygen and might have been partially oxidized.
uring the growth of the consecutive MgO  layers, the amount of
xygen should be increased, as the iron substrate has been already
overed and a higher oxygen concentration is required to grow a
toichiometric MgO  film.

So far, the reactive growth of MgO  on Fe(0 0 1) has been stud-
ed only by high resolution electron energy loss spectroscopy [19],
hotoelectron spectroscopy [20,21], and at 1 ML  coverage by scan-
ing tunneling microscopy [22]. In this study we  focus on the
eactive growth method of 8–16 ML  thick MgO  films, which are
haracterized here both in real and reciprocal space. This thickness
ange is typically used in magnetic tunnel junctions [1] and in sys-
ems for studying model catalysis, where the MgO  film supports

etal nanoparticles [2].  In order for such a film to have high crys-
alline quality, the film must be successfully grown at all three steps

entioned above. The composition of the flux can be easily varied
t the timescale needed to grow one MgO  monolayer by control-
ing the gaseous species deposited, allowing for readjustment of
arameters at each step of the growth process. We  use low energy
lectron diffraction (LEED) to determine the quality of MgO  films
rown from fluxes of different compositions and at various sam-
le temperatures. Excessive oxidation of the Fe(0 0 1) substrate can
e avoided by decreasing the oxygen pressure at the beginning of
he growth or by the deposition of a submonolayer Mg  prior to the
eactive growth of MgO. Characterization by non-contact atomic
orce microscopy (NC-AFM) of an 8 ML  thick film demonstrates that
ompared to deposition by electron beam evaporation of MgO, the
eactive growth can produce a better ordered surface with larger
erraces.

. Methods

All experiments reported here are performed in two  inter-
onnected UHV chambers (preparation and microscope) based
n a commercial JEOL JSPM 4500a UHV AFM system. The base
ressure is in the low 10−11 mbar range in the preparation, and
Please cite this article in press as: A. Tekiel, et al., Reactive growth of M
diffraction and atomic force microscopy, Appl. Surf. Sci. (2013), http://dx.d

 × 10−10 mbar in the microscope chamber. Iron whiskers home-
rown by reduction of FeCl2 in an H2 atmosphere with {0 0 1}
ide-surface orientations are used as the starting substrate [23]. The
hiskers are cleaned by several cycles of 1 keV Ar+ sputtering and
 PRESS
cience xxx (2013) xxx– xxx

a  subsequent annealing to about 600 ◦C until a clean LEED pattern
is observed. This procedure leads to a surface with terraces several
hundred nanometers wide. A piece of magnesium (99.99% purity)
is outgassed in vacuum and then evaporated from a Knudsen cell
onto the Fe(0 0 1) sample kept at temperatures ranging from room
temperature (RT) to 300 ◦C in an atmosphere of molecular oxygen
(99.997% purity), whose pressure is controlled by a high precision
leak valve. The rate of magnesium deposition was  monitored by
quartz crystal microbalance and the MgO  coverage was deduced
from a rescaled value due to the density difference between the
films of Mg  and MgO. Long-range order of the evaporated layers is
characterized by LEED performed at room temperature. Although
electrons can cause desorption of oxygen from the MgO(0 0 1) sur-
face, this effect is very small at low electron energies and has a
threshold at 55 eV incident electron energy [24]. Also no time dete-
rioration of LEED images recorded at 90–150 eV electron energy has
been observed in this work. Non-contact atomic force microscopy
is also carried out at room temperature in the frequency modula-
tion (FM) mode using JEOL AFM and Nanosurf ‘easyPLL’ frequency
detector/oscillation controller in self-oscillation mode. Commercial
Nanosensors PPP-NCLR silicon cantilevers with a typical resonance
frequency of 150–160 kHz and spring constant of ≈42 N m−1 are
used with a peak-to-peak oscillation amplitude of 10–14 nm.  A
constant bias voltage during NC-AFM imaging was applied to the
sample to compensate long-range electrostatic forces.

3. Results and discussion

After the sputter-cleaning procedure the Fe(0 0 1) surface was
examined by LEED and NC-AFM (see Fig. 1(a)). The LEED pattern
reveals very clear (1 × 1) symmetry. The surface is composed of
atomically flat terraces of typical size exceeding 100 nm,  and locally
up to 500 nm.  If the clean Fe surface is exposed to 6 L (Langmuir,
1 L = 10−6 Torr s) of O2 at RT, there is almost no change in the qual-
ity of the LEED pattern, and similarly the presence of oxygen is
not directly evidenced by AFM, which is related to mobile oxy-
gen on the surface. With an 8 L dose, the LEED pattern vanishes
almost completely and the surface roughness increases due to for-
mation of iron oxide islands. Such a morphology, which has been
characterized by Parihar et al. using surface X-ray diffraction [18],
is undesirable for subsequent growth of MgO. The fact that this
unwanted morphology forms first at the dose of approximately 8 L
can be used to estimate a lower limit for the deposition rate of
Mg.  For instance, at a pressure of 1.33 × 10−7 mbar (1 × 10−7 Torr),
a dose of 8 L corresponds to an exposure duration of 60 s (at this
pressure 1 ML  of O2 should form after about 4 s assuming sticking
coefficient of 1 [25]). If during that time a sufficient amount of Mg
atoms arrive at the surface to form the first MgO  monolayer, the
unwanted morphology shown in Fig. 1(b) should not form. In other
words, the time needed to form the first MgO  monolayer should
be shorter than the exposure time that is equivalent to 6–8 L at
a given O2 pressure. Usually magnesium is deposited at a rate of
approximately 1 Å/min (0.38 ML/min) during the reactive growth
on Ag(0 0 1) and Mo(0 0 1) surfaces. Assuming that nMg/nMgO ≈ 1,
where nMg and nMgO denote the number of Mg  atoms per unit
area in hcp Mg(0 0 0 1) and rock-salt MgO(0 0 1) monolayers, respec-
tively, formation of an MgO  monolayer requires approximately
160 s, at shortest. This gives a rough estimation of 5 × 10−8 mbar
for the maximum oxygen background pressure during the reactive
growth at a Mg  deposition rate of 1 Å/min.

We next utilize LEED to investigate the effect of the Mg
gO overlayers on Fe(0 0 1) surfaces studied by low-energy electron
oi.org/10.1016/j.apsusc.2013.02.024

deposition rate and the background pressure of the oxygen atmo-
sphere on the crystalline quality of MgO  thin films on Fe(0 0 1).
Fig. 2 shows LEED patterns of 8 ML  thick MgO  samples grown
at RT and prepared at O2 pressures ranging from 1 × 10−8 to

dx.doi.org/10.1016/j.apsusc.2013.02.024
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ig. 1. (a) A clean Fe(0 0 1) whisker surface: NC-AFM topographical image recorded
he  Fe(0 0 1) surface after the exposure to 8 L of O2 showing formation of iron oxide

 × 10−7 mbar, and Mg  deposition rates 1.0–3.6 Å/min, as suggested
y the previous estimation. A series of samples grown at Mg
eposition rates 1.3–1.5 Å/min indicates that the LEED patterns
ecome sharper if the O2 pressure is within a range of 5 × 10−8 and

 × 10−7 mbar, confirming a well-ordered crystal structure and an
pitaxial growth of the MgO  film. Both for lower (1 × 10−8 mbar)
nd higher (5 × 10−7 mbar) O2 pressures the LEED patterns start to
ade away. For higher Mg  deposition rates, this interval of optimal
rowth parameters is shifted towards higher O2 pressures, and for
ower Mg  deposition rates, to lower O2 pressures. Based on those
bservations, two regions of unfavorable growth parameters can be
dentified. The first region is related to the oxidation of the Fe(0 0 1)
Please cite this article in press as: A. Tekiel, et al., Reactive growth of M
diffraction and atomic force microscopy, Appl. Surf. Sci. (2013), http://dx.d

urface and occurs for higher pressures of O2. The second region is
haracterized by a high rate of Mg  deposition and an amount of oxy-
en that is insufficient to grow a stoichiometric MgO  film. Thus, the
rystal structure is optimized for a particular ratio r/p = 0.15 ± 0.05

ig. 2. LEED patterns of 8 ML  thick MgO  samples grown at RT and prepared at various
2 pressures and Mg  deposition rates. MgO  films reveal higher crystalline order for a
articular ratio r/p = (0.15 ± 0.05) × 108 Å min−1 mbar−1 between the Mg deposition
ate and the O2 pressure. There are two regions of unfavorable growth parameters.
he  first region is related to the oxidation of the Fe(0 0 1) surface and occurs for
igher pressures of O2. The second region is characterized by a high rate of Mg
eposition and an amount of oxygen that is insufficient to grow a stoichiometric
gO  film.
 = −18 Hz and sample bias 0 V, LEED pattern recorded at 141 eV electron energy. (b)
ds (parameters of both frames: �f  = −3 Hz, sample bias 0.5 V).

between the Mg  deposition rate (r, expressed in Å/min) and the O2
pressure (p, expressed in 10−8 mbar).

Although well-ordered films can be prepared by using constant
Mg deposition rates and O2 pressures, not all of such MgO  films
retain high quality after annealing. Such structural instability is
most likely related to the balance between the oxidation of the
substrate at the MgO/Fe interface and MgO  film stoichiometry.
This suggests that constant r and p parameters cannot fulfill
simultaneously optimal conditions for avoiding the overoxidation
of the Fe substrate surface and maintaining the stoichiometry of
MgO  thereafter. Higher substrate temperatures applied during or
after the growth usually lead to larger terraces, which is highly
desirable in case of the MgO/Fe system. In order to circumvent
this limitation, two solutions were tested, both providing similar
positive results: (i) reducing the O2 pressure at the beginning of
the growth for a duration needed to grow the 1st MgO  ML;  and (ii)
deposition of a submonolayer of Mg  prior to the reactive growth
of MgO. Alternatively, the r/p could be controlled by varying the
angle at which Mg  is evaporated, and effectively changing its
deposition rate. Fig. 3(a) shows a 16 ML  thick MgO film that was
deposited at RT onto 0.3 ML  of Mg  with the oxygen pressure
gO overlayers on Fe(0 0 1) surfaces studied by low-energy electron
oi.org/10.1016/j.apsusc.2013.02.024

during the formation of the first MgO  ML 1.3 × 10−7 mbar, and
increased to 5 × 10−7 mbar thereafter (at the Mg deposition rate
of 2.2 Å/min). Directly after growth, the sample is characterized by

Fig. 3. 16 ML  thick MgO  film deposited at RT onto 0.3 ML  of Mg with the oxygen
pressure during the formation of the first MgO  ML 1.3 × 10−7 mbar, and increased
to 5 × 10−7 mbar thereafter (at the Mg deposition rate of 2.2 Å/min). (a) LEED pat-
tern of an as-deposited sample shows additional satellite spots around main MgO
diffraction spots revealing 4 equivalent angles, characterizing the warped MgO  sur-
face above misfit dislocation lines. (b) LEED pattern after annealing at 400 ◦C for
20 min  showing instead a subatomic modulation of the height of the MgO  film. The
change in surface topography is further analyzed during the discussion of Fig. 6,
which features a real space image of the MgO  film after annealing.

dx.doi.org/10.1016/j.apsusc.2013.02.024
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ig. 4. LEED patterns of 8 ML  thick MgO  films grown at temperatures from RT to
uring the formation of the 1st MgO  ML,  and increased to 5 × 10−7 mbar thereafte
amples  grown from RT up to 160 ◦C. At 230 ◦C the order is slightly reduced, with a

igh crystalline order with misfit dislocations [26–28] revealed by
dditional satellite spots around the main MgO  diffraction spots.
fter annealing at 400 ◦C for 20 min, the background in the LEED
attern is reduced, and there is a change in the appearance of the
iffraction spots splitting (see Fig. 3(b)). On as-deposited samples,
here are four equivalent angles characterizing the warped MgO
urface above misfit dislocation lines, giving rise to distinct satellite
pots connected with the main MgO  spots by weak lines. After the
nnealing there is instead a broad distribution of angles revealing

 subatomic modulation of the height of the MgO  film, which may
riginate from rearrangement at the MgO/Fe interface leading to
ocal deformation of the crystalline lattice. The change in surface
opography is further analyzed during the discussion of Fig. 6,
hich features a real space image of the MgO  film after annealing.
Please cite this article in press as: A. Tekiel, et al., Reactive growth of M
diffraction and atomic force microscopy, Appl. Surf. Sci. (2013), http://dx.d

The temperature of the sample during the reactive growth is
ne of the important parameters determining the resulting film
orphology. Usually an increased temperature helps in over-

oming energy barriers for diffusion of adsorbates and leads to

ig. 5. (a) A large-scale NC-AFM image of an 8 ML  thick MgO  film (�f = −2 Hz, sample bi
dges  that are predominantly formed due to misfit dislocations (�f = −5 Hz, sample bia
islocations on {0 1 1}MgO planes of the MgO  film produces a monoatomic step at the sur
 (recorded at 141–145 eV electron energy). The O2 pressure was 1.3 × 10−7 mbar
the Mg deposition rate of 2.0–2.5 Å/min). A higher crystalline order characterizes
cant decrease at 300 ◦C.

formation of larger islands. Fig. 4 shows 8 ML  thick MgO  films
grown at four different sample temperatures ranging from RT to
300 ◦C (at the Mg  deposition rate of 2.0–2.5 Å/min). A higher crys-
talline order characterizes samples from RT to 160 ◦C. At 230 ◦C the
order is slightly reduced, with a significant decrease at 300 ◦C. Such
a change can be caused by the interfacial oxidation of the iron sub-
strate, which is enhanced at higher temperatures, showing that the
prevention measures based on changing the r/p ratio require even
further modification during the initial stage of the growth. At ele-
vated temperatures, other effects may  also play an important role,
such as (inter) diffusion of substrate and film atoms at the MgO/Fe
interface and re-evaporation/desorption of Mg.

A large-scale NC-AFM image of an 8 ML  thick MgO  film deposited
at 90 ◦C is shown in Fig. 5(a). The surface is almost uniformly
gO overlayers on Fe(0 0 1) surfaces studied by low-energy electron
oi.org/10.1016/j.apsusc.2013.02.024

covered with the MgO  film. An enlarged frame of the same film
presented in Fig. 5(b) shows an interface characterized by multi-
ple dislocation lines and atomic step edges, running preferentially
parallel to the 〈11 0〉 directions of the iron substrate. In Fig. 5(c)

as 2 V). (b) An enlarged NC-AFM frame showing an interface with directional step
s 2 V). (c) A schematic diagram of the MgO/Fe registry. (d) The glide of 1

2 〈0 1 1〉
face.

dx.doi.org/10.1016/j.apsusc.2013.02.024
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Fig. 6. (a) NC-AFM image of an 8 ML  thick MgO  film after annealing at 400 ◦C. The arrow indicates unidentified features, which can be attributed to an excess magnesium
that  segregated on the surface after the annealing (�f = −2 Hz, sample bias −2 V). (b) Additional warping of the surface formed after the annealing (exemplified by areas
marked by the square and the circle in panel (a)). (c) Change in the appearance of LEED spots before and after the annealing (compare with Fig. 3). After the annealing the
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ell-defined satellite peaks in LEED spots in Fig. 3 almost disappear leading only to
haracterizing the distortion of the MgO  film.

 schematic diagram of the MgO  Fe registry shows that such an
rientation corresponds to a charge neutral Mg O Mg  termina-
ion, which confirms the orientation of the MgO  film independently
rom the LEED measurements. Although the film appears to be
ough, not all step edges lead to a real increase of the MgO
lm height and can instead be attributed to misfit dislocations.
s revealed by the additional satellite spots in the LEED images

Figs. 2 and 3), the MgO  film contains a dense network of misfit
islocations that induce a warped MgO  surface above them. This
echanism of strain relief has been discussed in detail by Dynna

t al. [26] and is schematically presented in Fig. 5(d). Using MgO  as
 reference system, the glide of 1

2 〈0 1 1〉 dislocations on {0 1 1}MgO
lanes of the MgO  film produces a monoatomic step at the sur-
ace. The average dislocation periodicity is about 10 nm,  which
s close to the expected value of ∼11 nm (aMgO · aFe/|aMgO − aFe|,

here aMgO = 4.212 Å, and aFe = 4.054 Å – see Fig. 5(c)). The surface
s also characterized by atomic terraces of a similar size. Locally, the
istance between dislocation lines can be as large as 20 nm allowing
or the formation of larger terraces.

The effect of post-annealing on the morphology of MgO  films
as been already demonstrated in Fig. 3 using LEED measurements,
hich indicated an induced subatomic modulation of the MgO
lm height after annealing. To complement this, Fig. 6(a) shows
n NC-AFM image of an 8 ML  thick MgO  film annealed at 400 ◦C.
Please cite this article in press as: A. Tekiel, et al., Reactive growth of M
diffraction and atomic force microscopy, Appl. Surf. Sci. (2013), http://dx.d

ompared to Fig. 5(b), annealing leads to an increase in the average
istance between dislocation lines. Also, the MgO surface seems to
e better ordered, as the number of atomic MgO  islands is slightly
educed, and frequently the size of flat MgO  areas is limited by the
are-like shape that has a smaller size, which indicates a reduced maximum angle

separation of dislocation lines. The subatomic modulation of the
film height can be directly observed in Fig. 6(a) in the area indicated
by a square. Such warping of the surface most likely happens due to
overgrowing of the dislocation planes, which were schematically
shown in Fig. 5(d), however the buried interface itself cannot be
probed directly by NC-AFM. Before the annealing, the surface of the
MgO  film is usually bent around four equivalent 〈01 1〉 directions as
shown in Fig. 5(b), which leads to a characteristic cross-like shape of
the LEED spots (see Figs. 3 and 6(c)). In contrast, after the anneal-
ing the MgO  surface is twisted also around other directions (see
Fig. 6(a)), which is caused by overgrowing of the dislocation planes
and formation of surface features shown in Fig. 6(b). This additional
distortion leads effectively to a less directional warping of the film
height and consequently, the well-defined satellite peaks in the
LEED image in Fig. 3 almost disappear leading only to a square-like
shape (see Fig. 6(c)). The distinct shape of LEED spots indicates that
there is a well-defined maximum angle characterizing the distor-
tion of the MgO  film. In particular, the square-like shape reveals that
there is an anisotropy in the warping of the surface, which is related
to the fourfold symmetry of the surface. After the annealing the
square-like LEED spots become smaller, which confirms flattening
of the film (see Fig. 6(c)). One should also note that on samples fab-
ricated under conditions leading to a slightly oxygen deficient film
(see Fig. 2, occasionally the quality of an initially sharp LEED pattern
gO overlayers on Fe(0 0 1) surfaces studied by low-energy electron
oi.org/10.1016/j.apsusc.2013.02.024

can deteriorate significantly after annealing. In this case annealing
can force the excess magnesium to diffuse and segregate on the
surface in the form of clusters. Such metallic clusters, which can
be electrically charged and repel the incoming beam of electrons,

dx.doi.org/10.1016/j.apsusc.2013.02.024
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isturb significantly LEED measurements. In such a situation, the
lm can be well-ordered, but the LEED pattern will be very fuzzy.
lthough the sample in Fig. 6(a) was grown under optimal condi-

ions, there are some unidentified features (marked by an arrow),
hich can be attributed to an excess magnesium that segregated

n the surface after the annealing. However, due to a small amount
f such clusters, they did not hinder the LEED measurements.

The presented protocol to grow epitaxial MgO films on the
e(0 0 1) surface by reactive deposition can produce an interface
ith well-ordered terraces and a much higher quality compared to

he growth by electron beam evaporation. In this way, by taking a
pecial precaution to avoid the interfacial reaction between the iron
urface and the oxygen background atmosphere, films resembling
he quality of MgO  overlayers on Mo(0 0 1) and Ag(0 0 1) surfaces
re formed [10,11].  The reactive deposition method allows for full
ontrol over the gaseous species that reach the surface, making
his protocol easily reproducible in various experimental settings.
onversely, the electron beam evaporation can be realized in two
onfigurations, where the evaporated target is either grounded or
iased at a high positive voltage [7,29].  Because such a beam is com-
osed of two species [9],  not necessarily in the same charge state,
he exact design of the evaporator (which can be equipped e.g. with
etarding grids) can decide the resulting beam composition. An
nteresting example is the growth of MgO  by electron beam evapo-
ation on Ge(0 0 1) studied independently by Han et al. [30] and Jeon
t al. [31]. Although both groups used almost the same MgO  depo-
ition rate, the temperatures found to optimize the growth were
ignificantly different, i.e. 250 ◦C vs. 125 ◦C. Such discrepancy in the
emperature is significant and cannot be explained by the inaccu-
acy of in vacuo temperature measurement. It suggests not only that
ach beam composition is unique and depends on the experimental
etup, but also that the temperature of the substrate can effectively
nfluence parameters, controlling such processes as: condensation
f magnesium, condensation of oxygen, and nucleation of MgO. In
ffect, the rates of those processes can be controlled to some extent
y the temperature of the sample, and optimal growth conditions
an be potentially still reached.

The formation of the FeOx layer has not been discussed here, as
t is beyond the range of experimental methods used in this study. It

as mentioned that an FeOx layer can facilitate the epitaxial growth
f MgO  thin films on the Fe(0 0 1) surface [15]. Because of the direct
xposure of the substrate to molecular oxygen, the interface must
e partially oxidized. On the other hand, the high quality of MgO
lms indicates that the interfacial oxygen occupies only some frac-
ion of a monolayer and does not lead to the formation of disordered
ron oxide islands. From the thermodynamical point of view, the
tructure of the MgO/Fe interface is related to the interface contri-
ution of an FeOx layer to the surface energy, which decides the
uality of layer-by-layer growth. The preferential quantity of FeOx

hould be given by conditions that minimize the total energy of
he system. Because the formation of FeOx is governed by thermo-
ynamics, it is expected to form to some extent regardless of the
reparation method. Even a deposition of MgO  by electron beam
vaporation that is performed with special care to avoid the oxida-
ion of the interface [32] leads to values of x≈ 60 %. In the reactive
eposition method, this parameter must be significantly higher, but
till does not exceed 100% as the Fe/MgO interface remains highly
rdered.

. Conclusions
Please cite this article in press as: A. Tekiel, et al., Reactive growth of M
diffraction and atomic force microscopy, Appl. Surf. Sci. (2013), http://dx.d

The objective of this work was to use a reactive deposition
ethod to improve the quality of MgO  ultra-thin films grown

n Fe(0 0 1) surfaces. We  established a protocol that prevents an
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excessive interfacial reaction between oxygen and the Fe(0 0 1)
surface, but at the same time provides sufficient amount of oxygen
in order to grow a stoichiometric MgO  film. We  use the control
over the gaseous species that reach the sample to either reduce the
O2 pressure at the beginning of the growth for a duration needed
to grow the 1st MgO  ML  or to deposit a submonolayer coverage of
Mg prior to the reactive growth of MgO. As revealed by LEED mea-
surements, post-annealing of MgO  films induces changes in the
structure of misfit dislocations and flattening of the interface. Using
NC-AFM we demonstrate that the reactive deposition method can
produce terraces that have an average size of 10 nm, which is a
significant improvement compared to other preparation methods.
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