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Thin films of iron nitride have been grown on Cus100d single-crystals by molecular beam epitaxy of Fe in
the presence of a beam of atomic N provided by a radio-frequency plasma source. Under the appropriate
growth conditions, the films are high-quality, epitaxial, single-phaseg8-Fe4N s100d. The mechanisms of
growth have been studied from the early stages by scanning tunneling microscopy, low energy electron
diffraction and Auger electron spectroscopy, that show that the interface with the Cu substrate is very sharp, the
intermixing between the growing film and the Cu substrate being limited to few monolayers. The film grows
layer by layer. Mössbauer spectroscopy and Kerr effect measurements confirm that the films are magnetic at
room temperature, with the easy axis in the plane of the film and parallel to thek100l direction.
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I. INTRODUCTION

The nitrides of iron have since long played an important
role in steel technology. In particular, nitriding is used to
harden iron surfaces and to passivate them against
oxidation.1 In addition, the magnetic properties of the iron
nitrides with small N content, in combination with their fa-
vorable corrosion and wear properties, have raised consider-
able interest concerning applications for magnetic data
storage.2,3 As an example, soft magnetic layers of nano-
crystalline iron nitrides with low losses in GHz frequency
applications can be produced.4

The Fe-N system has a rather complex phase diagram
which nitrogen-poor side is shown in Fig. 1.5,6 Since all Fe
nitrides are metastable with respect to decay into N2 and Fe,
in the phase diagram it is assumed implicitly that an equilib-
rium nitriding potential is present as required for preventing
decay.7 Atomic nitrogen can be dissolved ina-Fe (bcc) to a
concentration of about 0.4 at. % at 865 K. At concentrations
higher than,2.4 at. %, the bcc Fe lattice undergoes a tetrag-
onal distortion, in which the N atoms randomly occupy oc-
tahedral hollow sites in the iron sublattice, forming the so-
called N-martensite ora8 phase. At the Fe8N stoichiometry,
the a8 phase can transform, by heat treatments at low tem-
peratures, intoa9-Fe16N2, in which the N atoms are ordered.

When iron is in the austenite(g, fcc) state(above 923 K)
nitrogen can be dissolved to a maximum concentration of
10.3 at. %. The transformation of the iron sublattice from bcc
to fcc takes also place when theg8-Fe4N phase, roaldite, is
formed. Here the N atoms are placed in the body-centered
position of the fcc iron sublattice. At even higher concentra-
tions of N, the iron sublattice transforms into a hexagonal

phase called«, that can accept N in the concentration range
from 25 at. % up to 33 at. %. The N atoms are randomly
distributed in the octahedra formed by the Fe sublattice. At
the Fe2N stoichiometry, the« phase can be transformed into
z-Fe2N, which has an orthorhombic structure, by ordering
the N atoms over the octahedral sites. Although the phases at
the nitrogen-rich side are less well known, recently the exis-
tence of two other cubic Fe-nitride phases has been reported
with concentrations near 50 at. %.8–11 The Fe sublattice in
these phases is also fcc. According to theoretical calculations

FIG. 1. Phase diagram of the Fe-N system.
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two phases with the FeN stoichiometry can exist:g9-FeN
with a ZnS type of structure, andg--FeN, with a NaCl type
of structure.12–16

Most of the nitrides at the nitrogen-poor side of the phase
diagram are ferromagnetic. Since the first report of its giant
magnetic moment(with a saturation magnetization Bs of
2.8 T, as compared to 2.16 T fora-Fe),17 a9-Fe16N2 has
been the subject of many theoretical and experimental stud-
ies. The reported magnetic moments, however, show a wide
scatter from 2.4 to 3.2mB/Fe atom,2 and no agreement has
been reached regarding the giant moment. The main diffi-
culty in determining the magnetic moment seems to be the
inability to grow this phase in its pure form.

Following in importance(from the magnetic point of
view) is g8-Fe4N. This is a magnetic conductor with a satu-
ration magnetization of 1.8–1.9 T,18 and a Curie temperature
of 767 K. The magnetic properties of(100)-oriented films of
pureg8-Fe4N epitaxially grown on MgOs100d have been re-
cently reported.19 It was found that the films have in-plane
anisotropy with an anisotropy constant of 2.9±0.4
3104 J/m3. These and the other mentioned properties make
g8-Fe4N a good candidate for applications as a magnetic
layer in magnetic devices, as an alternative to Fe layers. Due
to the Fe-N binding the intermixing problems with other
components of the device, often encountered with Fe layers,
may be reduced.

The magnetic moment of the« phase decreases rapidly
with increasing iron content and the Curie temperature
changes from 535 K for Fe3N (with a magnetic moment
of 1.9mB) to 9 K for Fe2N. The z-Fe2N phase is possibly
a very weak itinerant ferromagnet.20 Regarding the cubic
FeN phases, theg9 ZnS-type nitride has been reported to
be a nonmagnetic metal, and theg- NaCl-type an
antiferromagnet,20,21 but other possibilities have also been
considered.22

As stated before, all these iron nitride phases are meta-
stable with respect to decomposition into N2 gas anda-Fe,
although the kinetics of this process is quite slow at tempera-
tures below 670 K(the actual decomposition temperature de-
pends on the phase). At higher temperatures the decomposi-
tion can lead to the formation of voids filled with N2. This
metastability implies that the production of iron nitrides can-
not be performed in N2 gas. Nitridation in NH3/H2 gas mix-
tures is a well-established technique, by means of which one
can control the production of one of the three main phases
(a8, g8, or «) and transfer one phase to another, all according
to the Lehrer diagram.6,23 Other growth methods include re-
active sputtering,24 ion implantation,25 or laser nitriding.26

These methods give textured or multi-phase films.
Recently, molecular beam epitaxy(MBE) of Fe assisted

with a source of atomic nitrogen was applied for the growth
of different iron nitrides.27,28 Epitaxial growth ofa9-Fe16N2
(although no single-phase) on InGaAs-s001d (with or without
an Fe buffer layer),29 GaAss001d,30 and MgOs001d (with an
Fe buffer layer)31 has been claimed. It has also been reported
that thea8-Fe8N andg8-Fe4N phases can be grown epitaxi-
ally on Sis001d using a Ag buffer layer by conventional re-
activesN2d dc magnetron sputtering.32 a8 can also grow epi-
taxially on GaAss001d using Ag or Fe buffer layers by the

sputter beam method.33,34 Another method reported recently
to produce epitaxialg8-Fe4N films on MgOs001d is by high-
pressure chemical vapor deposition of NH3 and FeCl3.

35 In
any of these studies, however, neither a detailed structure
characterization(purity, crystalline quality, surface rough-
ness) was performed nor the question of the atomistic
mechanisms of growth was addressed.

In the present paper the growth of epitaxial layers of
g8-Fe4N is studied. This study is motivated not only by the
potential for applications of such layers, but also by the pros-
pect of revealing the main features of the growth mechanism
of this compound, involving the reaction of a gas and a
metal. This type of growth is often applied, for instance to
obtain oxide layers. Although the recipes for the growth of
such layers are well established, little is known about the
mechanisms of the growth at the atomic scale.

In recent work of our group, high-quality epitaxial films
of g8-Fe4N have been grown on MgOs100d by molecular
beam epitaxy of iron in the presence of nitrogen obtained
from a radio-frequency(rf) atomic source.28,36,37 It was
found that layers of high crystalline quality could be ob-
tained at a low evaporation rate of Fes,0.02 Å/sd in the
presence of a gas flow containing atomic nitrogen and hy-
drogen. The best substrate temperature during growth for
obtaining perfect layers was in the 600–670 K range. With
the substrate at room temperature, no epitaxial layer growth
was possible; a nanocrystalline or amorphous layer contain-
ing a mixture of nitrides was grown instead. No nitride was
formed in case the substrate temperature was 730 K or more.
A pure Fe layer was grown instead. The use of an insulating
substrate, however, prevents the use of most of the standard
in-situ surface science analysis techniques, and only rather
thick films s100–300 Åd were analyzed, mostlyex-situ.

To avoid this problem, and trying to get a deeper insight
into the mechanisms of growth, specially during the early
stages, we have used a Cu single crystal,(100) oriented, as
substrate. Bulk Cu has a fcc structure, with a lattice param-
etera=3.615 Å. Ing8-Fe4N the iron atoms form a fcc sub-
lattice, while the nitrogen atom sits at the bcc position of the
cubic cell, occupying one of the four octahedral hollow sites
[Fig. 2(a)]. The lattice parameter isa=3.795 Å, so the misfit
with the Cu lattice is 4.7%, and epitaxial grow should, in
principle, be possible. We have previously reported a scan-
ning tunneling microscopy(STM) study on the growth of
quantum magnetic dots ofg8-Fe4N on Cus100d.38 In this
paper, we extend that report to the growth and characteriza-

FIG. 2. (a) Unit cell of g8-Fe4N. The large, darker balls repre-
sent the Fe atoms, while the small, lighter ball represents the N
atoms.(b) The two different types of planes along the[100] direc-
tion. The lines indicate the unit cell within the planes.
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tion of high-quality, continuous iron nitride films. The results
show that, under the appropriate growth conditions, high
quality thin g8-Fe4N films, (100) oriented, can be grown
layer by layer and epitaxially on Cus100d, with a sharp in-
terface and a reduced surface roughness.

II. EXPERIMENT

The experiments were performed in an ion-pumped ultra-
high vacuum chamber(base pressure of 10−10 mbar)
equipped with a home made STM unit and a rear-view four-
grids low energy electron diffraction(LEED) optics, which
was also used for Auger electron spectroscopy(AES). The
substrate was a Cus100d single crystal mechanically polished
and cleaned by cycles of Ar+ sputterings500 eVd and an-
nealing at 850 K until no contamination was present in the
AES spectrum. The LEED pattern of this surface presented
the expecteds131d four-fold symmetry characteristic of the
(100) face of an fcc substrate.

The iron nitride films were grown by depositing iron from
a home-made electron gun in the presence of a flux of atomic
nitrogen obtained from a radio-frequency(rf) plasma
source.37 The rf source was used with a mixture of nitrogen
and hydrogen(in a ratio of 1:1) for a total pressure of
10−2 mbar. The applied power was 60 W. A retractable tube,
coated on the inside with Teflon to reduce the recombination
of N atoms, was used to direct the gas from the plasma
container to the sample. During growth, the substrate tem-
perature was 670 K. From earlier work we know that these
conditions result in the growth of epitaxialg8-Fe4N films on
MgOs100d substrates.28,36,37

The Fe deposition rate was measured by independently
calibrating the Fe evaporator(with no nitrogen over the
sample) by means of STM images(for submonolayer cover-
ages) and AES spectra(for larger coverages). The coverages
given in this paper for the nitride films where obtained from
the AES spectra or just by measuring the deposition time
(when no AES signal of the deposited Fe could be detected)
and are then referred to as the equivalent amount of Fe on the
substrate, with an estimated error around 20%.

III. RESULTS

A. Separated deposition of Fe and N

The growth of iron nitrides on Cus100d is a complex pro-
cess, where different species(Fe, N, N2, H, and H2) are
arriving at a surface held at high temperatures670 Kd. This
gives rise to a large set of competing atomistic processes
(surface diffusion, exchange processes, binding, dissociation,
reaction, etc.), whose interplay makes it very difficult to
identify the relevant growth mechanisms. Trying to separate
the different contributions, we have carried out experiments
where, in one case, Fe was deposited at 670 K on Cus100d
(with no flux of N present), and in the second case, the Cu
surface, held at 670 K, was exposed exclusively to a flux of
N atoms coming from the rf source.

1. The high temperature growth of Fe on Cu(100)

Although the Fe/Cus100d system has been thoroughly
studied, mainly due to the possibility of stabilize epitaxial

films of fcc Fe and study their magnetic properties, almost all
the studies have been carried out after depositing Fe on a Cu
substrate held at room- or lower temperatures. Since the sur-
face free energy of Fes2.9 Jm−2d is significantly larger than
the surface energy of Cus1.9 Jm−2d, the Fe-on-Cu system is
metastable, and Cu has a strong tendency to segregate to the
surface.39–41 For deposited films, the onset temperature for
this process depends on the film thickness, and varies from
room temperature for submonolayer films to,650 K for
thicker films.39 Thus, deposition at high temperatures un-
avoidably would result in strong intermixing.

Figure 3 shows some STM images taken after depositing
0.3 ML of Fe with the Cu substrate held at 670 K. Circular
islands with a density 731010/cm2 appear at the surface.
The average lateral size of the islands is 100 Å, while they
seem to be ones,1.9 Åd, two s,3.6 Åd or threes,5.1 Åd
levels high, as shown in the profile plot in Fig. 3(d). There
are also some features, with the same structure as the islands,
but embedded within the substrate surface[see Fig. 3(e), and
the line profile in Fig. 3(c)]. The top of the islands is atomi-
cally flat, and a square array of atoms, with a 3.6 Å
33.6 Å s±0.1 Åd unit cell can be seen on some of them
[Fig. 3(f)], which is consistent with the(weak) cs232d
LEED pattern visible at this stage of growth. Since no Fe
signal can be detected with AES, the surface of the islands
must be composed of Cu[the attenuation length of the low

FIG. 3. STM images taken at 300 K after depositing 0.3 ML of
Fe on Cus100d at 670 K. The graphs in(c) and(d) represent height
profiles taken along the lines drawn in(e) and (b), respectively.(f)
shows an atomic resolution image of one of the islands.
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energy Auger transition of Fes47 eVd is around,2 atomic
layers].42 It is noteworthy, however, that such islands would
not be stable on a clean Cu surface after heating at 670 K,
implying that they must be stabilized by buried Fe. Since the
mixing energy for the Fe-Cu system is positive,43 Fe and Cu
will not form binary alloys and the two metals will not mix.
Thus we conclude that the deposited Fe forms two-
dimensional(2D) islands[or maybe three-dimensional(3D)
clusters] buried below the top Cu surface, but not too far
away, since it does affect the Cu surface on top, inducing a
cs232d reconstruction.

When the amount of Fe deposited is around 1 ML(Fig.
4), the lateral size of the islands increases slightly, but more
dramatically, their height now ranges between 10 and 50 Å.
Since only the Cu signal can be detected with AES, and the
LEED has reverted to the originals131d, we conclude that
the deposition of a small amount of Fe at 670 K has caused
a considerable amount of Cu to appear on the surface. After
depositing,8 MLs of Fe, a small Fe AES signal could be
detected, but at this stage the surface was rather rough and
facetted.

2. Adsorption of N on Cu(100) at high temperature

The adsorption of N on Cu has also been studied. Al-
though molecular nitrogen does not adsorb on Cu surfaces,
up to half a monolayer of N atoms can be adsorbed at 300 K
on Cus100d if the gas is atomized by using an ion or an
electron gun.44,45After annealing at 670 K, the disordered N
overlayer thus created orders in a cs232d pattern. For low
coverages this cs232d overlayer is self-organized in a lateral
array of square-shaped islands, with sides,52 Å long, sepa-
rated by several rows of bare Cu.46 This self-organized sur-
face has been used as a template for the fabrication of arrays
of metallic magnetic nanostructures.47

In our case, the surface was held at 670 K during expo-
sure, and the atomic N was produced by the rf plasma
source. Figure 5 shows a representative STM image taken at
300 K after exposing the Cu surface for 8 minutes to the flux
of nitrogen(plus hydrogen, although at this high deposition
temperature hydrogen is not expected to stick to the Cu
surface).48 Although the LEED pattern was similar to the one
of the clean Cu surface, Auger electron spectroscopy did
detect the presence of N and no other signal besides Cu, so it
is reasonable to assume that the dark features visible on the

surface, with an apparent depth around 0.7 Å, are N atoms.
A similar pattern of dark patches has been reported for N on
Fes100d.49 Actually, the N atoms are expected to be imaged
as depressions on flat metallic surfaces.50,51 Figure 5 shows
that the steps of the original surface appear decorated by N
atoms. The N atoms can be found both isolated, or forming
clusters with a minimum separation of,3.6 Å. This corre-
sponds to the next-nearest-neighbor distance, and thus to a
local cs232d reconstruction. Clusters with a crosslike shape
are often seen, indicating that this structure is relatively
stable.

Figure 6 shows two images of the same surface region
recorded with an interval of 90 s. The configuration of some
of the N atoms changes from one frame to another, demon-
strating that N diffuses on Cus100d even at room tempera-
ture. Making an analysis similar to that in Ref. 49, the diffu-
sion barrier for isolated atoms can be estimated to be
0.88±0.05 eV. This number is to be compared with the mea-
sured diffusion barrier for isolated N adatoms on Rus0001d
3s0.94 eVd (Ref. 52) or Fes100d s0.92 eVd.49 This implies
that at the growth temperature of the iron nitride films
s670 Kd, the N atoms must be very mobile.

FIG. 4. STM images taken after depositing 0.8(left) and 1.2
(right) MLs of Fe on Cus100d at 670 K.

FIG. 5. STM images140 Å3140 Åd taken after exposing for 8
minutes the Cu surface, held at 670 K, to the flux of atomic N
coming from the rf plasma source. The sample bias voltage was
0.44 V.

FIG. 6. Two STM imagess85 Å385 Åd of the same region of
the Cus100d surface after exposure to the flux of atomic nitrogen.
They are taken with a time interval of 90 s.
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B. Nitride films

1. Reduction of the Fe-Cu intermixing

As we have seen above, deposition of Fe on Cu at high
temperature unavoidably leads to substantial Cu segregation
and intermixing. This isnot the case when atomic N is si-
multaneously arriving to the surface. The presence of N re-
duces considerably the amount of Fe-Cu intermixing, even at
high temperature. The top panel in Fig. 7 shows the low-
energy part of the Auger spectra taken from the clean Cu
surface, and after depositing,1.3 ML of Fe under three dif-
ferent conditions. For this coverage, when Fe is deposited at
room temperature[curve(b)], the Auger signals correspond-
ing to the Fe MVV Auger transitions47 eVd and the Cu
MVV transition s60 eVd have approximately the same inten-
sity. At 670 K [curve (c)], as a consequence of the strong
intermixing between the deposited Fe and the Cu substrate,
the signal corresponding to Fe is barely discernible. This
indicates that all the material close to the surface is Cu(see
Fig. 4), the deposited Fe being buried deep into the substrate.
However, when N is present[curve(d)], the intensities of the
Auger signals are almost identical to those at 300 K, thus
proving that the codeposition with N has reduced(almost)
completely the segregation of Cu to cover the deposited Fe.

This is further confirmed by measuring the evolution of
the intensities of the Fe47, Cu60, and N379Auger transitions as

a function of the amount of Fe deposited, as shown in the
bottom panel of Fig. 7. The Cu signal coming from the sub-
strate decreases quickly with the film thickness, and after
depositing 5–6 ML of Fe+N it has almost completely dis-
appeared. This is consistent with a layer by layer type of
growth, with little, if any, interdiffusion between the depos-
ited Fe and the Cu substrate. Thus, the presence of N effi-
ciently prevents the segregation of Cu to the surface, prob-
ably by reducing the surface free energy of the growing film.
At the same time, the intensities of the Fe and N signals
increase initially very quickly and, approximately for the
same coverages,5 MLd, they reach stable values, which
indicates the formation of an stoichiometric Fe-N compound
for thicker films. We shall see below that this compound is
g8-Fe4N.

2. The early stages

Figure 8(a) shows a large-scale STM image of the clean
Cus100d surface, where monoatomic steps separating large
terraces(several hundreds of Ångstroms wide) can be seen.
After depositing submonolayer quantities of Fe in the pres-
ence of the flux of N at 670 K, a certain number of dark,
almost circular patches(with an average diameter close to
100 Å) appears on the STM images[Fig. 8(b)]. At this point,
the morphology is similar to the one resulting from deposit-
ing pure Fe, and even the size of the patches is similar to the
size of the islands formed when no N is present(compare to
Fig. 3), but now the AES spectra demonstrate clearly the
presence ofbothFe and N in the surface, while the Cu signal
coming from the substrate is still clearly visible. When in-
creasing the deposition time the density of patches increases,
while their size remains approximately constant[Figs.
8(b)–8(d)]. Otherwise the surface of the terraces seems un-
affected(no sign of foreign inclusions can be detected), so

FIG. 7. Top panel, low energy part of the Auger spectra taken
(a) on the clean Cus100d surface, and after depositing 1.3 ML of Fe
with the Cu substrate,(b) at room temperature;(c) at 670 K; and(d)
at 670 K in the presence of the flux of atomic nitrogen. Bottom
panel, evolution of the intensities of the Fe47, Cu60, and N379Auger
transitions as a function of the thickness of the nitride layer.

FIG. 8. STM images of(a) clean Cus100d; and after depositing
(b) ,0.1 MLs; (c) and (d) 0.6 MLs of Fe+N at 670 K.
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we conclude that these patches must be composed of both Fe
and N. Thus the area between the patches consists of pure
Cu.

The aspect of these patches, and their apparent height
with respect to the surrounding Cu terraces, depend drasti-
cally on the tunneling parameters. Figure 9 reproduces two
images of the same area of the surface taken with different
bias voltages. While in one case the patches can hardly be
distinguished, in the second case their apparent height is
,0.6 Å below the surface layer. This confirms that the
patches have a different electronic structure, and therefore a
different chemical composition than the surrounding ter-
races.

It can be concluded that the patches are islands with an
iron nitride composition that are embedded within the top-
most surface layer of the Cu substrate. A further point sup-
porting this conclusion is the change in the shape of the steps
of the Cu substrate after deposition. While in Fig. 8(a) the
steps look regular, homogenous, and straight on a short scale,
in Fig. 8(c) the steps are more irregular and rounded, indi-
cating a noticeable amount of transport of substrate atoms
over the surface. This points to an exchange process between
the incoming Fe atoms and the Cu atoms at the surface.53

The Cu adatoms thus created will accumulate at step edges.
Step rounding after metal deposition has been frequently
observed,54–59and it was always associated with intermixing
between the deposited atoms and the substrate atoms by an
exchange mechanism.

Similarly to other metal on metal systems[e.g.,
Co/Cus100d or Fe/Aus100d around 300 K],53,60,61 the ex-
change process between the deposited Fe and the Cu sub-
strate is strongly reduced before the original surface is com-
pletely covered by the embedded islands. The ejected Cu
atoms(plus those originated from the steps of the initial Cu
surface) nucleate islands on the terraces, where the process
of exchange with Fe, formation of embedded Fe islands and
decoration of the islands by N is repeated, though at a re-
duced scale.

Figure 10 shows a large STM image recorded on a
1.6 ML thick nitride film. At this stage the film is very flat,
showing essentially two levels: the original substrate surface
(with the embedded nitride islands), and a more than half
completed first layer(there is a small percentage of second

level islands). The connected nature of the first layer islands
indicates a large diffusion coefficient of all its constituents.
The first layer, however(see the lower right part of Fig. 10),
is not chemically homogeneous. Changing the bias voltage
allows to visualize again islands embedded on it. The con-
trast seen in the original surface layer(mainly chemical, but
partly structural) is due to the inclusion of the nitride islands,
as mentioned above. In some cases it has been observed that
this contrast is transferred to the second layer. Films thicker
than 3 ML do not show the chemical contrast reported here
for the original surface and the first deposited layer. Thus, the
presence of N limits the intermixing reaction between Fe and
Cu at 670 K to the first two layers, further quantifying the
AES observations described above.

C. Thick films. Phase identification and magnetic properties

After the initial transient, the films grow layer by layer.
Figure 11 shows three large scale STM images taken on
films 9.2, 13.3, and 270 ML thick. All these films were
chemically homogeneous as seen by STM. Besides some dis-
locations, a few holes, and a number of square or rectangular
islands, the films present a rather flat growth front, with only
3–4 levels exposed, as can be seen in the height profile in

FIG. 9. Two STM images of the same area of the Cu surface
after depositing a small amount of Fe+N at 670 K, taken with
different sample bias voltages.

FIG. 10. STM images taken after depositing 1.6 MLs of Fe
+N on Cus100d at 670 K. The lower right part of the image was
taken with a different bias voltage.
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Fig. 11(b). Even after depositing 270 MLs of iron nitride
[Fig. 11(d)], a smooth surface is still clearly visible. Such a
small roughness is rarely encountered when growing metallic
films by thermal deposition. Note that at every stage there
are holes, which size increases with their depth from a few
Ångstroms to hundreds of Ångstroms. Their apparent depth
(limited by the tip shape) can be up to 20 Å, and for the
thinner films they probably reach down to the initial Cu sur-
face. Thus it seems that holes, the main visible type of defect
in the growing film, are continuously created at every layer,
perhaps because the chosen deposition temperature was too
close to the decomposition temperature of the iron nitride.

As mentioned before, when increasing the deposition time
the Auger signals from N and Fe reach stationary values,
which seems to indicate the formation of an stoichiometric
Fe-N compound, independent of the film thickness. X-ray
diffraction (XRD) and conversion electron Mössbauer
(CEMS) spectroscopy taken on thicker films grown under
identical conditions(although in a different system) show
that the compound formed is pure, single phase,g8-Fe4N.

Figure 12 shows the x-ray diffractogram in theu−2u ge-
ometry, takenex-situ on a film ,200 Å thick. The only
peaks visible can be assigned to the(002) reflection from the
Cu substrate and the(002) reflection fromg8-Fe4N. From
this and other out-of-plane scans(not shown) the in-plane
and out-of-plane lattice parameters can be calculated. It turns
out that, for this thickness, the Fe4N is still slightly tetrago-
nally distorted, witha=3.781 Ås−0.37%d and c=3.806 Å
s+0.29%d. The epitaxial relationship between the nitride film
and the Cu substrate is

FIG. 13. LEED patterns taken on(a) the clean Cus100d surface;
(b) and (c) the iron nitride thin films, at an energy of 110 eV.

FIG. 11. STM imagess2000 Å32000 Åd taken after depositing
(a) 9.2, (c) 13.3, and(d) 270 MLs of Fe+N on Cus100d at 670 K.
The graph in(b) represents the height profile along the line drawn
in (a).

FIG. 12. X-ray diffraction scan taken on a iron nitride film
,200 Å thick grown on Cus100d.
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f100gg8if100gCu,

s1d
s001dg8is001dCu.

In the [100] direction, g8-Fe4N can be viewed as com-
posed of alternating planes with two different compositions.
The first one[Fig. 2(b)], is composed exclusively of Fe at-
oms forming a square arrangement whit a unit cell size of
dFe4N=2.683 Å. Since the size of the Cus100d surface unit
cell is dCu=2.556 Å, this structure would produce as131d
LEED pattern. The second type of plane[Fig. 2(c)] contains
both Fe and N atoms, and the surface unit cell can be de-
scribed as asÎ23Î2dR45°, also known as cs232d, with
respect to the Cu surface unit cell.

From the very early stages of growth, all the grown films
(up to a thicknesses of 300 Å), displayed either a cs232d
LEED pattern [Fig. 13(b)], or the closely related p4gs2
32d pattern[Fig. 13(c)].48,62–65The two LEED patterns cor-
respond to different surface terminations of the nitride films.
Figure 14 shows the ratio of the Fe598 and the N379 Auger
signals, as a function of the thickness of the nitride layers.
The value of this ratio is somewhat larger for those films
displaying a cs232d LEED pattern. This suggests that the
different LEED patterns are correlated with a different rela-
tive amount of N at the surface. In fact, the LEED pattern
could be modified at will by depositing small amounts of Fe
or N on the grown films. If a 40 Å nitride film displaying a
cs232d LEED pattern film(and with Auger intensity ratio
Fe598/N379=3.4), was exposed at 670 K for five minutes to a
flux of atomic N, the LEED pattern changed to a p4gs2

32d symmetry (while the AES ratio decreased to
Fe598/N379=1.8). If 2 ML of Fe are deposited at 300 K on
top of this film, the LEED pattern reverts to the original
cs232d (and the ratio Fe598/N379 increases to 2.47). Thus it
seems clear than the p4gs232d and the cs232d LEED pat-
terns correspond to different surface terminations of a
g8-Fe4N-s100d oriented nitride film, with the p4gs232d hav-
ing a larger N concentration in the region probed by AES.

A p4gs232d LEED pattern has been observed in some
adsorbate systems, like N on Nis100d.63 In this reconstruc-
tion the adsorbate atoms, that form a cs232d overlayer
structure, are sitting in hollow sites almost at the same level
than the surface atoms, while the four substrate atoms sur-
rounding each adsorbate rotate clockwise or counterclock-
wise. In a similar way, a possible structure for the p4gs2
32d reconstruction would be the adsorption of anextra N
overlayer on an Fe-only terminated plane of the nitride film,
while a simple Fe-N termination of the bulk would give the
cs232d LEED pattern. This would explain the larger value
of the Fe/N ratio for the cs232d termination.

The conversion electron Mössbauer spectroscopy
(CEMS) spectrum of a 250 Å film is shown in Fig. 15. There
are two non-equivalent crystallographic sites of the iron at-
oms in the unit cell ofg8-Fe4N, which are the cubic corner
sFeId and the face-centeredsFeIId sites. Because the easy
magnetization is parallel to thek100l direction, the Möss-
bauer subspectrum for the Fe II site is split into two addi-
tional subspectra with an intensity ratio of 2:1. Therefore,
the whole spectrum can be fitted to three sextets with an
intensity ratio FeI :FeA

II :FeB
II =1:2:1,66 plus a small(4%) non-

magnetic component. The results of the fit are given in Table
I, together with the generally accepted values(taken from

TABLE I. Mössbauer parameters(RA is Relative area; IS is Isomer shift; HF is hyperfine field; QS is
quadrupole splitting) obtained from the analysis of the CEMS data for a 250 Å iron nitride film grown on
Cus100d. The values in parentheses are taken from Ref. 66.

RA IS HF QS

% mm/s I mm/s

g8 FeI 24 0.094(0.24) 33.27(34.06) +0.01 s0.0d
g8 FeA

II 48 0.185(0.30) 21.32(21.55) +0.17s+0.22d
g8 FeB

II 24 0.184(0.32) 20.76(21.92) −0.40s−0.43d
4 0.266 +1.39

FIG. 14. Intensity ratio between the Fe and N Auger signals for
iron nitride films. Full circles correspond to films displaying a
p4gs232d LEED pattern, and empty circles to films showing a
cs232d LEED pattern.

FIG. 15. CEMS spectrum taken ex-situ on ag8-Fe4N film
,200 Å thick.

GALLEGO et al. PHYSICAL REVIEW B 70, 115417(2004)

115417-8



Ref. 66). Although the fit is quite good, the values of the
hyperfine fields are slightly smaller. The width of the peaks
s,0.40 mm/sd is larger than for similar samples grown on
MgO substratess,0.25 mm/sd.67 These two facts may indi-
cate a higher degree of disorder in the films grown on
Cus100d.

The magnetic properties of the nitride films at 300 K have
been determinedex-situby using surface magneto-optic Kerr
effect. The easy axis of magnetization lies in the film plane,
and is parallel to the,100. direction, as in bulkg8-Fe4N.66

Two in-plane hysteresis loops for a 300 Å thick nitride film
measured along the main crystallographic directions are
shown in Fig. 16. The coercivities are rather low, around
10 Oe, in both cases.

IV. DISCUSSION

We have shown that high-quality iron nitride films can be
grown epitaxially on Cus100d by MBE of Fe assisted by an
atomic nitrogen plasma source. The growth starts with the
formation of iron nitride islands embedded within the top
surface Cu layer. It is conceivable that these islands are ini-
tially created by exchange of the Fe atoms with the substrate
Cu atoms. Adsorption of an Fe atom in or below the surface
is energetically favorable over adsorption on the surface68

and the exchange process(in the absence of N) has been
observed already at 300 K.69 At the growth temperature of
670 K the mobility of the Fe atoms is very high, and they
tend to cluster.43,68 This mechanism seems to be valid both
with and without N. In the second case, however, the Fe
islands prefer to be covered by Cu atoms, since the surface
free energy of Cus100d is lower than the surface free energy
of Fes100d. This is not the case when N is present. The N
atoms, which have a higher affinity to bond with Fe than

with Cu, stick to the Fe islands, forming an iron nitride com-
pound. Although, to our knowledge, there are no data of the
surface free energies of the different iron nitrides, the surface
energy of this compound is probably lower than the Cu one.
This would explain why the nitride islands remain uncovered
by Cu. As a consequence, the intermixing between the grow-
ing film and the Cu substrate is limited to the first monolay-
ers.

After the initial stages, the nitride formed can be identi-
fied asg8-Fe4N, which grows layer by layer and epitaxially
up to high thicknesses(hundreds of Ångstroms), with
f100gg8if100gCu. It has been previously reported that, in gen-
eral, the substrate temperature is very important to determine
which phase is stable. Deposition at high temperatures
28,35,70–72(or post-annealing of room temperature deposited
phases)73–75 favors the formation ofg8-Fe4N over the other
iron nitrides.g8-Fe4N has been reported to form at 370 K on
Ag/Sis100d by reactive sputtering,32 at 420 K on Si and
GaAs by ion-beam enhanced deposition,72 at 470 K on glass
plates by ion-beam-assisted deposition,71 between 470 and
670 K on MgOs100d by using gas-flow assisted MBE,28,36

and at 870 K on MgOs100d by atmospheric pressure halide
chemical vapor deposition.35

Thus, within the growth conditions, a substrate tempera-
ture of 670 K assures the formation of crystalline, single-
phaseg8-Fe4N. However, since nitrogen desorption becomes
considerable at temperatures.700 K, some nitride decom-
position cannot be neglected, which could originate the holes
visible in the films. Homoepitaxial growth of Fe on bcc
Fes100d at 520 K occurs layer-by-layer.76 The surface diffu-
sion coefficient was given byD=D0e

s−E/kTd, with D0=7.2
310−8 m2 s−1 andE=0.45 eV. For the diffusion coefficient
of N in bulk g8-Fe4N, different values have been reported,
with activation barriers ranging between 0.66 and
0.97 eV.77–81 For N in a-Fe, activation barriers around
0.79 eV have been measured.26,82,83 In any case, it can be
safely assumed that the mobility of N atoms within the Fe
matrix is rather large at the growth temperature. Under these
conditions, it is tempting to consider the growth of Fe4N as
similar to the layer by layer, epitaxial growth of(fcc) Fe on
Fe at high temperatures, with N atoms simultaneously seek-
ing their way into the Fe lattice to form the most stable
compoundsg8-Fe4Nd under these growth conditions.
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