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Abstract: The growth of two-dimensional oxide films
and electronic properties is considered challengin
applications. We address here the particular case

system for which neither crystallization nor exgen i i
previously in the monolayer range. Using Scann&&fign_ ing Microscopy (STM) and Auger
expe
fo

Electron Spectroscopy (AES), we report ents showing MgO monolayer (ML)

epitaxy on a ferromagnetic nickel surfac% e limit of atomic thickness. Alternate

steps of Mg ML deposition, Oz gas ex s%l rahigh vacuum (UHV) thermal treatment
f

enable the production of a textured fil ordered MgO nano-domains. This study could
open interesting prospects for cont epl of ultrathin oxide films with high magneto-
resistance (MR) ratio on ferromagne bstrates, enabling improvement in high-efficiency
spintronics and magnetic tunnel jon\gevices.

Nowadays, :)%materials are widely used as building blocks materials in the
process of enginéerin nt technological applications, e.g. in catalysis, micro and
nanoelectronics iisti , spintronics, drug delivery, etc'. Great research efforts have
therefore bee/ nd a s‘gﬁ

currently being — devoted to reach complete characterization of
such oxide \%bﬁj.
Ultrathin ©xide}films, When confined in the range of monolayer thicknesses, might exhibit an
utmost /inte among others. These oxides are known to show electronic and chemical

charaéferistics erent from those observed in the corresponding bulk materials, depending
trucpfre and defectivity'%1%12, Low-dimensionality magnesium oxide has become
tensive research in this field, mainly for its role as an interface material of great

ap icativg potential'®. Indeed, MgO has been explored as an high-k dielectric layer in
“Clectromié devices'* and more recently as an insulating tunnel barrier in magnetic tunnel
junc?ns”. The epitaxy of the tunnel barrier is of crucial importance and may give arise to
higher tunneling spin polarization (TSP) and tunneling magnetoresistance (TMR) than

S@se obtained with an amorphous tunnel barrier because of a highly spin-dependent

evanescent decay of certain wave-functions, with particular transverse momentum values,
across the tunnel barrier'®. Crystalline MgO(100) spacer layers in magnetic tunnel junctions
have attracted a lot of attention because of their high TMR values'” up to high theoretically
MR ratio (1000%) predicted?®, raising the great interest to elaborate controlled ultra-thin and
crystalline oxide layer on ferromagnetic substrate.
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Magnesium oxide deposition in thin films has been studied regarding a wide panel of
metallic substrates in the literature 1. On the other hand, few examples have successfully
shown the epitaxy of thin oxide layers on Ni crystals, e.g. EuO / Ni(100)** and NiWO4 /
Ni(110)?!. Jeong et al. have reported the growth of MgO on Ni particles by ALD 22 in search
of catalysis applications. Nevertheless, no study has been proposed for investigating the
epitaxy of such oxide on nickel, neither in thin nor ultrathin films.

To tackle this challenge, previously our group has focused on devek&{ g an accurate MBE-
based method?** for oxide films deposition in low-dimensions, that wa&ﬁed for studying
52031 Following the same
owth in the MgO ML /

MgO growth on diamagnetic metallic and semiconductor crysta
approach, we explore through this paper the first insights of epitaxi
Ni (100) system, on the road towards two-dimensional crystallizatign.

I

All experiments presented in this study were p forme}l in-situ in an UHV chamber
housing Molecular Beam Epitaxy facilities and fsurface-semsitive analysis tools, i.e. Riber
CMA Auger Electron Spectroscopy, Omicron Speetia Low Energy Electron Diffraction and
Omicron Variable Temperature-Scanning Tunneling Micrdscopy.

The bare Ni(100) single-crystal was cleaned‘by repeated cycles of Ar* sputtering (700¢V) and
annealing at 670K. This procedure resulte%@ d atomic Ni terraces of high chemical

cleanness probed with STM.
Magnesium oxide monolayer films were m‘by using the three-step procedure described
hereafter. One Mg monolayer (ML) irstlyndeposited on the Ni(100) surface held at Room

Temperature (RT), from a calibrated ion.cell in a background pressure of 2 x 1071° Torr.
Oxidation was then performed b osing the Mg film to a constant pressure of molecular
oxygen gas (10 Langmuirs) gt RT. 100)-textured MgO ML films were finally achieved

through thermal activation pro Mnder UHYV at 720K for few minutes.
The calibration of the Mg depositign rate was defined using coupled AES and STM results
discussed in the foll i@$}1€ AES plots presented in this work were obtained in the

derivate mode by, nitoring the Auger intensities of the metal Mg(LVV) 45eV,
Ni(MVV) 61eV %% O(?L leV and oxidized Mg(LVV) 35eV ?° low-energy transitions.

/\ %
igu 3l(a) displays an AES experimental plot (black squares) showing evolution of
the n¢rmalize ak to peak intensity of Ni_61eV as a function of magnesium deposition
i rding the exponential decay of the nickel signal, it is stated that magnesium grows
rank van der Merwe fashion at RT 3°. Also, the close fitting between this AES

plot and the theoretical curve of a layer-by-layer growth (red dots) highlights completion of
monolayer after 4 seconds of Mg deposition, where the nickel peak is 63 %

‘the
&:itneigated. Using AES attenuation equations tailored for this 2D growth 332 we assess

mdtion of a magnesium monolayer being 2.88 A thick, i.e. in the same order of magnitude
ag reports made on atomically thick Mg terraces*”.
Figure 1(b) shows a 400 x 400 nm? STM image recorded at the surface of the bare Ni(100),
where four extended atomic steps can be observed. The nickel terraces appear here locally
pinned with surface defects attributed to a residual contamination in carbon species. In Figure
1(c¢) the surface topography is depicted of a 250 x 250 nm? image probed after RT deposition
of 1 Mg ML on the Ni growth template. This suggests, from a general perspective, a
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mechanism of a monolayer completion taking place through the nucleation of disordered (i.e.
amorphous) nanoscale features of Mg. In accordance with this apparently random distribution
of the features in surface, no diffraction pattern could be probed afterwards for the deposited
film under LEED observation. Taking a look at the corresponding line scan of Figure 1(d),
average width and height of 10 nm and 2 A may be estimated for the Mg protrusions
respectively. This reveals the growth of a discontinuous layer whose atomic thickness
substantiates the AES attenuation of the Ni peak. Consequently, the {ei?position of 1 Mg ML

leads to the formation of a two-dimensional amorphous film that is ded§g enough for covering
quite homogeneously the Ni terraces, and with a weak surface corruga i?)\

In Figure 2, the evolution of the Mg, Ni and O Auger peak gignals is monitored in-situ at
each step of the oxide growth process, as detailed in the“experimental section. The
corresponding AES spectra were recorded by keeping t e ission_current at a constant
value, to ensure qualitative analysis of the peaks intensity war a&0n§ On the first spectrum
(a), one can note a Ni_61eV Auger signal of high intensity nickel and a weak peak of
carbon contamination close to 273eV. This plot Was sed a§ a reference for studying the
formation of the ultrathin MgO film. As the sec nd speetrum (b) was monitored after RT

deposition of 1 Mg ML, a pure signal of metallic agne m appears at 45¢V and contributes
to a 68 % attenuation of the nickel peak intensi Sl)i

On the third spectrum (c) recorded after \Kiloe Mg ML to 10 Langmuirs of molecular
oxygen at RT, a strong attenuation is o th the Mg and Ni signals, together with
the O _511eV peak of oxygen adsorptio obvious energy shift of 10 eV is evidenced
for the magnesium peak towards lower Auger energy values, which has been reported as a
signature of Mg-O bonds formation? .%e@ asize that the RT oxidation does not affect the
underlying nickel surface, keepifig.a characteristic signature of metal binding environment at
Ni_61 eV. This addresses the potential role of oxygen diffusion barrier that might be played
by the Mg ML deposited, in ¢ th t the Ni(100) surface remains un-oxidized during the
RT process.

The atomic concentrations (given in at.%) of the chemical species present at the sample

surface were quanti 1ed wgbtle AES semi-quantitative equation that follows ¥
-1
_ L Z Iy

S; ij

the peak intensities displayed on the oxidation spectrum, we estimate the surface

at01 2 concentrations of Mg (29.9 at.%), O (31.2 at.%) and Ni (38.9 at.%) respectively. The
rathin film formed therefore shows a chemical composition strongly consistent with the
MgO stoichiometry, within the limits of AES sensitivity. Note that additional LEED
investigations were conducted on the film obtained after RT oxidation (i.e. green AES
spectrum). We concluded in an amorphous oxide growth at RT. Nevertheless, we underline
such an AES signature of MgO compound reveals a stable oxide stoichiometry reached at
room temperature. As the last spectrum (d) of Figure 2 was recorded after annealing of the
sample at 720 K for few minutes, neither peak shift nor noticeable intensity variation could be
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observed for the surface species. The MgO film therefore exhibits thermal stability within a
wide range of processing temperatures, at least up to 720 K.

The influence of annealing with regard to the oxide structure was investigated afterwards
under STM observation. Here again, Figure 3(a) displays a 400 x 400 nm? image of the bare
nickel used as a template for the oxide growth, showing locally carbon-induced surface
defects. In a nearby probed sample region, Figure 3(b) presents a 400 x 400 nm? area of the
resulting oxide surface after processing few minutes of annealing at 7/(K. As MgO-covered
Ni(100), terraces and step edges can be solved at large scale in the imag&@iuggests a two-
dimensional wetting of the Ni surface after annealing. With regard to the “high density of
oxide surface defects and vacancies being involved, this wetting a w remains incomplete
and leaves the underlying surface partially uncovered. The smallerareatmaged in Figure 3(c)
espect with two relevant
;?rm,ﬂtinuity mainly disrupted
by defects, dot-shaped MgO protrusions can be solved here asqregular surface modulations
induced within the film. This phenomenon was attributed to the appearance of a Moiré

structure. Then, a large part of these oxide dots adopt.a conformation in rows running towards
well defined directions of the surface, even thou&:anﬁreglons remain widely disordered.
ct1 a

While too local for inducing a significant difi pattern with LEED, nevertheless, we
interpret the observed surface ordering asga str indicator of MgO crystalline domain
formation. \\

Figure 4(a) presents a 65 x 40nm? area caled oxide that was probed at higher STM
resolution, showing more clearly the local*erder established in the MgO ML film. Despite
numerous disordered regions (e.g. oxide s randomly oriented, holes or surface vacancies),
two perpendicular directions cdn.be ticvé as preferential ones for the growth of MgO
protrusions. Both oxide rows dir M ¢ measured at 45° disoriented with respect to the
Ni(100) non-dense directio ‘Nf‘\cel)e line that the arrow labeled as Ni[001] in the image
was oriented by analysis of the*reciprocal space, keeping fixed the sample position between
the LEED and the STM«chamber.

A magnified view is verllnPH‘re 4(b), showing MgO protrusions locally well-ordered within
a 16 x 16nm? surfaée area, With regard to the regular growth of few oxide dotted rows in this
region, it is obviéus that thewformation of a 2D pattern with the four-fold symmetry would
greatly mirror&uch“erdergd distribution in the oxide domains. On the corresponding line
profile of Figure.4(c) indeed, an average distance of 1.75 nm can be estimated between
adjacent MgO-protrusions along oxide row direction. Finally, this measure matches well the

. corresponding to 4 x a(MgO) lattice parameter.
Consideri above, we assume the (100)-oriented epitaxy of 1 MgO ML on Ni(100) as

1(100) surface was then proposed as a crystallization path for the oxide film.

respect tofthe
e
ball model shown on Figure 5 was therefore sketched for investigating, through the
modeling of the Moiré pattern observed Figure 4(b), the epitaxial relationship between the
Ni(100) substrate and the MgO ML film. Two crystalline lattices of Ni(100) and MgO(100)
planes were stacked, looking for the most suitable configuration. Note that Ni crystallizes as a

fcc structure with a lattice parameter of 3.52 A, while MgO has a typical NaCl structure with
a lattice parameter of 4.21 A. When considering the (100) orientation in the Ni crystal, the
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densest direction is the Ni[011]. When looking at the crystalline structure of MgO material,
the densest directions are equivalent to the MgO[100]. As Ni is defined here as bulk substrate,
we assume the oxide ML will adapt its lattice to the underlying Ni plane, so that the MgO
lattice parameter should slightly expand during the oxide crystallization. Interestingly,
characteristic Moiré modulations arise in surface as soon as the Ni[011] and MgO[010]
densest directions are set parallel, assuming that a tensile strain of 3% is applied through the
MgO(100) plane. Also, the corresponding Moir¢ structure depicts a regular square motif with
a typical length of 1.74 nm. In such epitaxial model, we observgga coincidence lattice
matching relying on a ratio of 4 (mg0) : 7 (i) between the surface uni cah{it belong to the
expanded-MgO(100) and the Ni(100) respectively. On this bagis, a square-shaped oxide
super-lattice matching the substrate atoms every 4 MgO units woul stantiate well both the
ordering and characteristic spacing that were measured b the adjacent MgO
protrusions. While allowing 3 % expansion of its lattice ar, ete 1nally, the MgO(100)

plane would drastically reduce down to 0.46 % the in- plane a-tcllremammg in the 4 (Mg0)

: 7 v super-lattice. According to these facts, we a roposed model accurately
reﬂects the local Moiré structure that was probed exp 1ment ly on Figure 4(b) as a strong
insight of MgO epitaxy. A route towards the M llization should therefore be

built on Ni, even locally and following the epit ax1a1 atlonshlp we identified as [010]

MgO(100) // [011] Ni(100). \
This experimental work focusem ing the first insights of epitaxial growth in
mic

the MgO ML / Ni(100) system. A thick MgO film of stable stoichiometry and

amorphous characteristics was firstly n-on Ni(100) at RT, using alternate phases of Mg
atomic ML adsorption and Oz so osure. The thermal treatment of this amorphous layer at
720 K under UHV enabledgto p fterwards a textured MgO film of (100)-oriented
domains, ordered at a nano cale while disrupted by oxide structural defects. We

evidenced the formation of a related Moiré super-structure, whose square shape and typical
lengths where further 'nvesti%e;ted under combined STM observation and atomic modeling.

While studying the iré¢ strycture in terms of lattice symmetry and preferential epitaxial
directions, the cryStallizatign/path involved at the origin of MgO domain ordering could
finally be solv {”010 g0(100) // [011] Ni(100). This MgO super-lattice could be
envisioned as . patte emplate for further deposition of organic and inorganic materials.
In search of HO\%NQM nic applications of high performances, this study can also provide
interesting’ prospects ‘regarding the controlled epitaxy of tunnel oxide ultrathin films on
ferromagnetig Substrates.
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. 4
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Figure captions

Fig. 1 (a): Peak-to-peak Auger signal of the Ni(100) substrate, monitored as a function of Mg deposition time
at RT (black squared line). The theoretical plot (red dotted line) fits a layer-by-layer growth mode. (b): 150 x
150nm? filled-states STM image (U=0.3V, I=3nA) of the bare Ni(100) surface. (c): 250 x 250 nm? empty-states
STM image (U=-0.3V, I=1.5nA) of 1 Mg monolayer deposited on Ni (100). The line scan drawn in (d) depicts
corrugation of the corresponding line in (c).

Fig. 2: AES spectra recorded while keeping constant the emission current at eé of the oxide growth
process. (a) Bare Ni (100) substrate; (b) one Mg ML deposited at RT; (c) one . oxtdiged at RT and (d) 1
MgO ML annealed at 720 K for few minutes under UHV.

(U=2.2V, I=0.5nA) of a nearby sample region probed after depositio monolayer and annealing at
720 K. (c): 150 x 150nm? STM image recorded under the same conditions as (b), showing locally
ordered MgO protusions characteristic of a Moiré structure. 5

Fig.3 (a): 400 x 400nm? STM image of the bare Ni substrate. (b): %4440%} 2 filled-states STM image
eli

Fig.4 (a): 65 x 40nm? filled-states STM image (U=1.
dotted lines running towards two perpendicular directio

respect to the substrate non-dense Ni[001] (or equivalent) direction. (b): 16 x 16nm? magnified image of the
inset area drawn in (a), recorded under the sam% conditions as (a). (c): Line scan corresponding to
the square-shaped Moiré structure shown in (8), plwe\long oxide row direction (see labels).

Fig. 5: Ball model of one MgO (100) planfstacked onsthe Ni(100) surface plan, showing a coincidence lattice
ture

matching when the MgO[010] and Ni[011]'densestdirections are set parallel. In strong agreement with our
experimental observations, a Moiré
this epitaxial configuration. \
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square symmetry and 1.74 nm typical length emerges from
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