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NO2-assisted molecular-beam epitaxy of wustitelike and magnetitelike Fe oxynitride films
on MgO„100…

F. C. Voogt*
Department of Physical Chemistry, Materials Science Centre, University of Groningen, Nijenborgh 4, 9747 AG Groningen

The Netherlands

P. J. M. Smulders, G. H. Wijnja, and L. Niesen
Department of Nuclear Solid State Physics, Materials Science Centre, University of Groningen, Nijenborgh 4, 9747 AG Gronin

The Netherlands

T. Fujii†

Department of Solid State Physics, Materials Science Centre, University of Groningen, Nijenborgh 4, 9747 AG Groningen
The Netherlands

M. A. James and T. Hibma
Department of Physical Chemistry, Materials Science Centre, University of Groningen, Nijenborgh 4, 9747 AG Groningen

The Netherlands
~Received 4 January 2000; revised manuscript received 17 July 2000; published 13 March 2001!

In an attempt to obtain wustite Fe12xO as epitaxial films on MgO~100!, NO2-assisted molecular-beam
epitaxy was applied. At low NO2 fluxes, the low-energy electron diffraction and reflection high-energy electron
diffraction images indeed indicate the formation of a rocksaltlike structure. In addition, Mo¨ssbauer spectros-
copy provides evidence for the formation of a phase that is paramagnetic at room temperature. However, the
layers are not pure oxides but are well-ordered oxynitrides with composition Fe12xO12yNy . The nitrogen
atoms occupy substitutional sites on the oxygen-anion sublattice. Similarly, at slightly higher NO2 fluxes,
magnetitelike oxynitride films with composition Fe31dO42yNy are obtained. By correlating x-ray photoelec-
tron spectroscopy spectra with the intensity oscillation periods observed during reflection high-energy electron
diffraction, it is possible to derive the complete stoichiometry of the films. We propose that the abrupt
incorporation of nitrogen atoms only occurs if the atomic oxygen provided by the NO2 flux is insufficient to
form a stoichiometric Fe3O4.

DOI: 10.1103/PhysRevB.63.125409 PACS number~s!: 81.15.Hi, 68.55.Nq, 82.80.Pv, 82.80.Yc
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I. INTRODUCTION

One of the attractive features of molecular-beam epit
~MBE! is that, by proper choice of substrate and grow
conditions, thermodynamically metastable and unsta
phases can sometimes be prepared in the form of thin fi
In two previous publications, we have already demonstra
that the technique of NO2-assisted MBE is not only capabl
of inducing the stable magnetite Fe3O4,1 and hematite
a-Fe2O3,2 phases but also the metastable maghem
g-Fe2O3 phase. Furthermore, it was even possible to ob
all nonstoichiometric Fe32dO4 phases in between Fe3O4 and
g-Fe2O3.1 In this complementary paper, we report on t
formation and properties of iron oxides with low-oxidatio
states, i.e., reduced magnetite and especially, wustite.

Wustite is thermodynamically only stable above 833
Below this temperature, it tends to disproportionate in
a-Fe and Fe3O4. It is an antiferromagnet with a Ne´el tem-
perature of;200 K that, however, strongly depends on t
deviation from the ideal 1:1 stoichiometry.3 Although very
rare as a mineral, it is believed to be a major constituen
the earth’s core. Therefore, it is an important subject of st
in geology. Wustite adopts the very common rocksalt crys
structure of NaCl with a lattice constant of approximate
0.43 nm.4
0163-1829/2001/63~12!/125409~11!/$15.00 63 1254
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Its formula unit, Fe12xO, indicates that wustite is a non
stoichiometric compound; there are vacancies located on
Fe21 sublattice. Each of them is accompanied by the conv
sion of two Fe21 ions to Fe31 in order to maintain charge
neutrality. The fraction of Fe ranges from 0.97 to 0.845

From neutron and x-ray diffraction studies and also fro
calculations, it has been deduced that nonstoichiometric w
tite contains defect clusters.6 The simplest of defect cluster
is formed by an interstitial Fe31 ion on a tetrahedral site
surrounded by four vacancies on neighboring octahe
sites. Together, they are arranged in a tetrahedron. This
so-called 4:1 cluster~four vacancies, 1 interstitial!. The nega-
tively charged core of this cluster is surrounded by a posit
shell, which contains substitutional Fe31 ions on octahedra
sites. This basic 4:1 unit can form larger aggregates via e
or corner sharing of the tetrahedrons, leading to higher-or
clusters such as 8:3, 10:4, 16:5, etc. The best known de
cluster is the 13:4 Koch-Cohen cluster.7 Interestingly, these
defect clusters locally resemble the structure of Fe3O4.
Therefore, they are believed to act as nucleation sites du
the disproportionation or oxidation of Fe12xO to Fe3O4.
However, there is no continuous range of phases betw
these two oxides in contrast to Fe3O4 andg-Fe2O3.1

Thus far, there have been very few reports of MBE-gro
©2001 The American Physical Society09-1
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Fe12xO films in contrast to Fe3O4 anda-Fe2O3. In conven-
tional O2-assisted MBE, one encounters a discontinuo
jump from Fe3O4 to unoxidized, metallica-Fe at low O2
partial pressures.8–10 This reflects the thermodynamic inst
bility of Fe12xO. On some occasions, Fujiiet al. did observe
traces of Fe12xO but these results were not reproducibl8

Only recently, Ruby et al. managed to prepar
Fe12xO/MgO~100! films using extremely low Fe depositio
rates and O2 partial pressures.11 However, these films were
highly unstable; they rapidly oxidized even at room tempe
ture under residual vacuum pressures. Vurenset al. suc-
ceeded in preparing stable epitaxial FeO overlayers
Pt~111! but only with a thickness of one atomic monolay
~ML !.12,13 Thicker films had the stoichiometry of Fe3O4 or
a-Fe2O3.14,15 However, it appears that it is possible to gro
thick, bulklike wustite layers if conditions are chosen that a
further away from equilibrium. Thus far, a few resear
groups obtained polycrystalline material on amorphous s
strates by applying pulsed laser deposition16 or reactive rf
magnetron sputtering.17–19 There has been one report
single-crystalline, epitaxial Fe12xO/MgO~100! films by Gao
et al. who used O2-plasma-assisted MBE.20 However, there
were indications that the surfaces of the as-grown films r
idly transformed to Fe3O4 due to postoxidation. Again, thi
reflects wustite’s instability.

In this light, our technique of NO2-assisted MBE has two
promising features. First, studies by Voogtet al.1 have
shown that NO2 is a very efficient oxidizing agent. To induc
the formation of stoichiometric Fe3O4 films, it is enough that
the fluxes of Fe and NO2 are of the same magnitude. Th
indicates that the oxidation process is to a large extent kin
cally controlled, i.e., the conditions are far away from eq
librium. We thus can expect the formation of Fe12xO if the
ratio of NO2 and Fe fluxes is set at;1:1. Second, since the
NO2 is provided in the form of a molecular beam and on
small doses are needed to fully oxidize the metal depo
the background pressure during deposition can be mainta
in the near-ultra-high vacuum~UHV! region, i.e.,
1028– 1027 Torr. Therefore, not only the deposition but al
the oxidation process can abruptly be stopped, i.e., we
avoid postoxidation.

In this paper, we demonstrate that wustite films inde
can be prepared. However, these films are not pure oxi
they are oxynitrides. The substitution of part of the oxyge
anion sublattice with nitrogen atoms probably facilitates s
bilization of this phase. At slightly larger NO2 fluxes, similar
magnetitelike oxynitride phases are obtained. The incorp
tion of nitrogen might open up the possibility to mimic oth
~mono!oxides not existing in bulk form. Preliminary resul
have already indicated the successful formation of a C
‘‘look-alike.’’ 21 Furthermore, these oxynitride films may als
be important for studies on corrosion as similar phases h
been observed after oxidation of nitrided Fe films.22

II. EXPERIMENT

The experimental setup and method have already b
described in detail in a previous publication.1 Here, we
briefly recall the essential features. All samples have b
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grown in a standard UHV-MBE system equipped with faci
ties for reflection high-energy electron diffraction~RHEED!,
low-energy electron diffraction~LEED!, and x-ray photo-
electron spectroscopy~XPS! using nonmonochromatic A
Ka radiation and Auger electron spectroscopy~AES!. The
base pressure of the system is in the low 10210 Torr region.
After characterizationin situ, the samples were also exam
ined ex situusing conversion electron Mo¨ssbauer spectros
copy ~CEMS!, Rutherford backscattering spectrosco
~RBS!, and x-ray diffraction~XRD!.

Sample films were grown by depositing metals from
fusion cells onto oxygen-annealedex situcleaved MgO~100!
substrates. By simultaneously exposing the metal deposi
a beam of NO2 molecules, oxide films were formed. Th
NO2 molecules came from a small buffer volume via a sta
less steel pipe directed at the substrate surface. By var
the buffer volume pressure,Pbu f , the flux of NO2 molecules
and therewith, the degree of oxidation can be controlled.

As substrate, MgO~100! was chosen because it has t
same cubic rocksalt crystal structure as wustite. The sim
lattice constants of MgO and Fe12xO, i.e., 0.421 12 and
;0.43 nm,4 respectively, result in a modest mismatch
only 2%, thus favoring coherent, single-crystalline epitax
growth. The deposition rate of Fe~natural or enriched in
57Fe), measured by moving a quartz crystal micro balanc
the position of the substrate, was set at 0.13 nm/min with
substrate temperature set at 525 K. Under these conditi
we know from our previous studies1 that the minimumPbu f
value needed to induce the formation of stoichiomet
Fe3O4 equals 0.75 mTorr. Therefore, we variedPbu f from
0.75 down to 0.20 mTorr. Our samples consisted of a 2
nm iron-oxide layer grown with57Fe, sandwiched betwee
two 5.0 nm buffer and caplayers grown with natural F
Thus, we obtained films with a total thickness of 30.0 n
with one oxidation state all over but with Mo¨ssbauer inactive
surface and interface regions, i.e., our CEMS spectra re
sent the bulklike interior. The XPS spectra have been m
sured on the57Fe probe layer, before deposition of the c
layer, in order to allow a direct comparison with the CEM
spectra.

III. RESULTS AND DISCUSSION

A. RHEED and LEED observations

With RHEED ~and LEED!, it is straightforward to dis-
criminate between wustite and the other iron-oxide phas
Both MgO and Fe12xO have the rocksalt crystal structur
and, therefore, give rise to similar diffraction patterns.
contrast, Fe3O4~100! and g-Fe2O3~100! are known to dis-
play more complex patterns.1,23 The hexagonala-Fe2O3
does not have an epitaxial relationship with MgO~100!.
Thus, simply by observing the RHEED screen during de
sition, the conditions necessary to induce the formation
wustite can be determined.

Initially, an iron-oxide film was deposited on MgO~100!
at 525 K using a buffer pressure of 0.75 mTorr and an
flux of 0.13 nm/min. As shown in Fig. 1~b!, the RHEED
diffraction pattern of the magnetite~inverse! spinel structure,
9-2
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FIG. 1. RHEED patterns recorded at an electron energy of 15 keV with the beam incident along a@100# direction. ~a! A MgO~100!
substrate, cleavedex situand annealedin situ under 1026 Torr of O2 at 975 K for 2–3 h.~b! An epitaxial Fe3O4~100! film with a (A2
3A2)R45° reconstruction (Pbu f575 mTorr!. ~c! An unreconstructed (131)Fe3O4~100! surface (Pbu f540 mTorr!. ~d! An unreconstructed
(131)Fe12xO~100! surface (Pbu f535 mTorr!. By comparing with~a!, it can be seen that this pattern has the same rocksalt-symmet
MgO~100!.
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including the extra diffraction lines due to the (A2
3A2)R45° reconstruction, was observed. Then, the N2
flux was reduced while keeping the Fe flux constant.

When the NO2 had dropped below 0.60 mTorr, th
RHEED pattern changed markedly. First, the (A2
3A2)R45° lines started to fade away until at a buffer pre
sure of 0.40 mTorr only an unreconstructed (131) magne-
tite pattern remained; see Fig. 1~c!. At even lower fluxes, a
diffraction pattern appeared that was consistent with a cu
rocksalt structure@Fig. 1~d!#. For comparison, a RHEED pa
tern of a clean and well-ordered MgO~100! substrate is
shown in Fig. 1~a!. The similarity of the patterns indicate
that the latter films consist of a wustitelike material.

This is confirmed by LEED. In Fig. 2~a!, the LEED pat-
tern is shown of an iron-oxide film prepared at 35 mTo
This pattern displays the same square symmetry and pe
icity as those of a clean and well-ordered MgO~100! sub-
strate@see Fig. 2~b!# suggesting that an unreconstructed
31) Fe12xO surface has been formed. In contrast, Gaoet
al.20 observed a (232) reconstruction. This was attributed
an ordered arrangement of 4:1 defect clusters at the sur
However, we point out that a (131) rocksalt pattern is a
much stronger evidence for the formation of wustite tha
(232) rocksalt pattern, because the latter cannot easily
distinguished from a (131) spinel pattern. Since the as
grown samples of Gaoet al. were suspended for a few min
utes in an O2 background pressure while cooling down, it
therefore, more likely that their Fe12xO~100! surfaces were
simply postoxidized to unreconstructed Fe3O4~100!. On the
other hand, a (131) rocksalt pattern would correspond

a (1
2 3 1

2 )-reconstructed Fe3O4~100! pattern. Such a recon
struction has only once been reported, by Gaineset al.24

It is telling that scanning-tunneling microscopy reveal
that this surface actually consisted of unreconstruc
FeO~100!.24

B. XPS analysis

In order to make a systematic study of the above findin
a series of samples were prepared as described in Sec. II
RHEED and LEED patterns of these samples were in ag
ment with the above observations. Considering the stoi
12540
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ometry, the samples were first characterized with XPS.
Fig. 3, the spectra of the Fe 2p core levels are shown, as
function of the NO2 flux during growth. All samples were
charging to varying extents during the XPS measureme

FIG. 2. ~a! LEED pattern, corresponding to the RHEED patte
displayed in Fig. 1~d!: an unreconstructed (131) Fe12xO~100! sur-
face (Pbu f535 mTorr!. The pattern was recorded at an electr
beam energy of 84 eV.~b! For comparison, a LEED pattern of
clean MgO~100! substrate is included~recorded at an electron en
ergy of 85 eV!. This pattern corresponds to the RHEED patte
displayed in Fig. 1~a!. The periodicity and symmetry of the two
LEED patterns are similar.
9-3
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F. C. VOOGTet al. PHYSICAL REVIEW B 63 125409
This has been taken into account by putting the binding
ergy ~BE! of the O 1s core levels at 530.1 eV.25

The spectrum of the 0.75 mTorr sample corresponds
stoichiometric Fe3O4. This is confirmed by the CEMS
spectrum.1 We refer to Ref. 25 for a detailed discussion
the Fe 2p line shape. In short, a spectrum of Fe3O4 consists
of superposition of Fe21 and Fe31 spectra because magneti
is a mixed-valency compound. Ferric ions in Fe2O3 have a
BE of 711.0 eV for the main Fe 2p3/2 line, and;719 eV for
the satellite peak. For the Fe21 ions in Fe12xO, these values
are 709.5 and;716 eV, respectively. As can be seen in F
4, for the 0.75-mTorr sample, a superposition of these sp
tra leads to a broadened main line and a smeared-out sat
structure. For the main line, we find a BE of 710.4 eV, whi
agrees well with literature values~710.5 eV!.

When the NO2 flux is lowered, the weight of the Fe31

component in the XPS spectra reduces. In Fig. 3, it can
seen that the BE of the Fe 2p3/2 main line stays at 710.3 eV

FIG. 3. XPS spectra~Al Ka) of the Fe 2p core levels as a
function of the NO2 buffer volume pressure applied during depo
tion. The number on the left-hand side in each spectrum is
pressure in mTorr. All spectra have been corrected for charging
assuming an O 1s BE of 530.1 eV. The arrow in the top spectru
indicates the position of the Fe21 satellite peak at;716 eV.

FIG. 4. Al Ka XPS broad scan of the Fe12xO film prepared at
Pbu f50.35 mTorr. The inset shows an enlargement of the Ns
core level region around 397.0 eV.
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down to 0.40 mTorr. At 0.35 mTorr, the line shifts to lowe
energies, i.e., 709.5 eV. Now, also the Fe21 satellite at;716
eV becomes visible. Upon further reduction of the NO2 flux,
the satellite becomes more pronounced, and the main
shifts gradually to 709.2 eV. We point out that the change
the XPS spectra coincides with the change in the RHE
and LEED patterns from spinellike structures to rocksaltl
structures. Therefore, these results give supplementary
dence that between 0.40 and 0.35 mTorr, there is a chang
phase from Fe3O4 to Fe12xO. Between 0.75 and 0.40 mTor
Fe has a valency as in Fe3O4, but at 0.35 mTorr the valency
changes to predominantly Fe21, as in Fe12xO, although
there is still an Fe31 fraction present. Going down to 0.2
mTorr, this Fe31 fraction further decreases and the Fe21

features become clearer. As a matter of fact, between 0
and 0.20 mTorr, the spectra are very similar to that of
menite FeTiO3, one of the few oxides with only ferrous Fe21

ions.26

Most importantly, we find that all samples prepared
NO2 buffer pressures below 0.60 mTorr contain nitroge
Figure 4 shows an XPS broad scan of the 0.35 mT
sample. Besides the Fe and O lines, there is a clear pea
397.0 eV corresponding to the N 1s core level. This con-
tamination with nitrogen is confirmed by AES spectra~not
shown!, RBS ~see below!, and by elastic-recoil detection
~ERD!. ERD is an ion-scattering technique capable of d
criminating between light elements in a heavier matrix.27 To
determine the nitrogen content relative to the oxygen c
tent, we compared the areas under the N 1s and O 1s core
level peaks. This was done after subtracting a Shirley-t
background and correcting for the difference in ionizati
cross sections.28 In Fig. 5, we have plotted the results as
function of the NO2 pressure. For comparison, two da
points obtained with ERD have been added. These va
agree well with the ones from XPS.

It can be seen that all magnetite phases grown at N2
pressures larger than 0.60 mTorr are free from nitrogen. T
is, the content is below the detection limit of the XPS app

e
y

FIG. 5. The nitrogen content of samples grown at low NO2

fluxes as determined from XPS spectra~filled circles! and ERD
measurements~open circles!. The dotted line separates the magn
tite and wustite single-phase regions. The solid line through the
points indicates the linear increase in nitrogen content with decr
ing NO2 flux.
9-4
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ratus, which is of the order of a few percent of a ML. How
ever, at 0.55 mTorr, the nitrogen suddenly appears and
content increases linearly with decreasing NO2 flux, up to
;20% at 0.20 mTorr.

The XPS BE of 397.0 eV for the N 1s core level is typical
of a nitride species. It excludes the presence of nitr
(NO3)

2 or nitrite (NO2)
- ions, etc., since nitrogen has

much higher BE in these environments.29 However, the pres-
ence of simple FexN nitrides can also be excluded. The B
of the Fe 2p3/2 core level in these phases is very close to t
in the metallic state, e.g., 707.3 eV inj-Fe2N,30 whereas we
find values of 709.5–709.2 eV that are typical for Fe21 in
Fe12xO. Furthermore, all techniques applied to the samp
including XRD, RBS, and CEMS~see below!, indicate that
the samples are single-phase crystals. These facts, an
finding that the nitrogen uptake is nearly linear with decre
ing NO2 flux, can only be explained if the nitrogen is inco
porated in the layers by replacing part of the oxygen ato
In other words, the present samples are single-crystalline
ynitrides.

The only exception is the 0.20 mTorr sample. In this p
ticular case, the Fe 2p3/2 is broadened towards lower BE
Furthermore, the N 1s line is broadened towards higher B
and the CEMS spectra indicates a higher Fe31 content than
in the other wustite samples~see below!. Therefore, this
sample seems to consist of a poorly ordered mixture of m
tiple phases.

C. RBS and XRD analysis

From the RHEED and LEED patterns, it follows that th
films grow epitaxially on MgO~100!. To analyze the epitaxy
and crystal structure of the films in a more quantitative w
we performed a combined RBS and XRD analysis. XR
u-2u scans only show diffraction peaks that nearly coinc
with the ~002! and ~004! peaks of the MgO substrate. Th
supports the proposition that the films have a rocksalt
spinel crystal structure. There are no peaks correspondin
other phases. In the remainder of this section, we focus

FIG. 6. RBS spectra of the Fe12xO/MgO~100! film prepared at
Pbu f50.35 mTorr. Open circles: ion beam incident at a rand
direction. Filled circles: ion beam incident along the@100# surface
normal. The solid line is a simulated spectrum for a 30.0-nm-th
film with a Fe0.82O0.82N0.18 composition. The arrows indicate th
position of the Mg, O, and N edges.
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the wustite sample prepared atPbu f50.35 mTorr NO2. Two
RBS spectra of this sample are shown in Fig. 6: one wit
random direction of the ion beam~open circles! and one
where the beam was channeled along the@100# surface nor-
mal ~filled circles!. The minimum yield in the channeling
direction is reasonably low (<10%) indicating a good crys
talline structure with few defects. Besides@100#, also the
^110& and ^111& channeling directions of the film approx
mately coincide with those of the substrate. This confir
the Fe12xO(100)iMgO(100) and Fe12xO@001#iMgO@001#
epitaxial relationships.

The RBS measurements confirm the XPS result that
film contains nitrogen. There is a clear edge, correspond
to the 14N isotope, superimposed on the Mg and O edg
The random spectrum can be fairly well reproduced by
simulation for a 30-nm-thick film with a Fe0.45O0.45N0.10
composition. The relative nitrogen and iron contents fro
RBS are in reasonable agreement with the XPS data and
RHEED intensity oscillation periods~see Secs. III B and
III E !. We point out that the wustite sample is remarkab
stable: even when exposed to air, there is no sign of ox
tion to a magnetitelike phase. Interestingly, the minimu
yield in the channeling direction forN is of the same order o
magnitude as for Fe, O, and Mg. Again, this indicates thaN
is not randomly distributed but instead occupies regular
tice sites.

To detect the presence of epitaxial strain in the film, t
@110# axis channeling angle was measured. This angle
determined by scanning the ion beam through the~001! crys-
tal plane, from the@100# surface normal to the in-plane@010#
axis, until a minimum was found for the Fe signal. For re
erence, we used the channeling dip in the O signal of
MgO substrate. This was done by performing a separate s
on a part of the sample that was shadowed by the tanta
strips during deposition.

The two channeling dips are shown in Fig. 7. Plotted
the normalized yield as a function of the angle of inciden
of the ion beam with respect to the surface normal for
MgO substrate~filled circles! and the iron-oxide thin film
~open circles!. It is found that the@110# axis of the film is
slightly tilted towards a more out-of-plane direction. For t
MgO substrate, the angle between the@100# and@110# axes is

k

FIG. 7. RBS channeling dips in the@110# direction for a
MgO~100! substrate~open circles! and an Fe12xO epitaxial film
prepared atPbu f50.35 mTorr~filled circles!. For the film, the dip is
shifted over 0.6(1)° indicating compressive stress.
9-5
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F. C. VOOGTet al. PHYSICAL REVIEW B 63 125409
exactly 45°, as expected for an undistorted cubic crystal.
the Fe12xO film, this angle deviates from 45° by 0.6(1)°.
This tetragonal distortion shows that there is epitaxial stra
Since the tilt is towards the surface normal, it follows th
the film is compressed in-plane. For measurements of Fe3O4
~Refs. 24 and 31–33! and g-Fe2O3 ~Ref. 33! films, it has
always been found that the overlayers were expanded.

To determine whether the growth is fully coherent
partly relaxed, an XRD analysis was performed as well
two-dimensional map of the reciprocal space around
~224! reflection is shown in Fig. 8. The map was construc
by performing severalv scans for increasing values ofu.
Note that the intensity scale is logarithmic. There are t
groups of features: a bright one corresponding to the M
substrate and a much weaker one, at smallerk' values, cor-
responding to the Fe12xO thin film. In both cases, the fea
tures consist of two peaks, originating from CuKa1 and
Ka2 radiation, which are superimposed on a low-intens
elongated streak, originating from remnant white radiati
The fact that the peaks of MgO and Fe12xO are at the same
ki values directly proves that the film is fully coherent. Th
finding is consistent with the observation of a tw
dimensional layer-by-layer growth mode~see Sec. III E! in-
stead of a three-dimensional Stranski-Krastanov gro
mode. Furthermore, its smallerk' value confirms that the
film is indeed compressed in-plane.

Using MgO’s lattice constant of 0.421 12 nm for norma
ization, an out-of-plane lattice constant of 0.4298~5! nm is
determined. Combined with the in-plane spacing, this res
in a tilt of the @110# direction of 0.58°, in good agreemen
with the RBS measurement. In the case of a thr
dimensional isotropic system with in-plane stress, the re
tionship between the in-plane straine i and the out-of-plane
straineo is given by34

eo5
22n

12n
e i ,

FIG. 8. XRD map of the reciprocal space around the nonspe
lar ~224! reflection of a 30.0-nm-thick Fe12xO/MgO~100! film pre-
pared atPbu f50.35 mTorr. Plotted is the logarithm of the diffracte
intensity as a function of the in-planeki and out-of-planek' recip-
rocal wave vectors. Thex andy axes are in units of 2p/l with l
50.154 18 nm.
O.
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where n is the Poisson ratio of the material. Assuming
similar Poisson ratio as for pure wustite, i.e., 0.364,35 we find
that the unstrained bulk lattice parameter of our materia
equal to 0.4252~5! nm. This value is outside the range o
0.427 74–0.431 08 nm reported for pure Fe12xO.4 Appar-
ently, the lattice has shrunk because of the substitution
oxygens by smaller nitrogen atoms.

u-

FIG. 9. Room-temperature CEMS spectra of the magne
samples~open circles!, prepared with low fluxes of NO2. The buffer
volume pressure~in mTorr! is indicated on the left-hand side o
each spectrum. The 0.75- and 0.60-mTorr spectra have been
with three components~solid lines!; the others with two.

FIG. 10. Room-temperature CEMS spectra of the wus
samples prepared with low fluxes of NO2. The buffer volume pres-
sure~in mTorr! is indicated on the left-hand side of each spectru
The bottom spectrum is of a sample prepared at 10.00 mTorr N
9-6
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D. Mössbauer spectroscopy

In Fig. 9, the room-temperature CEMS spectra of
0.60–0.40 mTorr samples, and in Fig. 10, those of the 0.3
0.20 mTorr samples are shown. For comparison, the s
trum of a sample grown with 10.00 mTorr NO~nitrogen
monooxide! as the oxidizing agent, is included at the botto
of Fig. 10. This spectrum will be discussed in Sec. IV. T
spectra of the 0.60–0.40 mTorr samples are typical
magnetite.1 However, for lower fluxes, there is an abru
change: the spectra of the 0.35–0.20 mTorr samples s
structures that are composed of paramagnetic doublet
paramagnetic behavior at room temperature is character
for wustite,36 because of its low Ne´el temperature of around
200 K.3 At temperatures of 80–100 K, the CEMS spectra
the 30 and 35 mTorr samples indeed display se
structures,37 indicating wustitelike phases below their Ne´el
temperature. The doublet structures in the paramagn
room-temperature spectra are the result of the interaction
tween the57Fe nuclear quadrupole moment and an electr
field gradient at the nucleus. This gradient is caused by
vacancies, nitrogen atoms, and Fe31 interstitials present in
the otherwise cubic rocksalt crystal lattice.

The spectra of the 0.75 and 0.60 mTorr can satisfacto
be fitted with two components corresponding to Fe31 and
Fe2.51 ions ~we refer to Ref. 1 for a detailed description
the CEMS analysis!. The resulting value ford, the number of
Fe vacancies per formula unit, is equal to 0 within the er
limits showing that these samples are stoichiometric Fe3O4.
However, the other magnetite spectra need to be fitted w
at least three components. For instance, in the spectra o
0.45 and 0.40 mTorr samples, there is a clear shoulder on
left-hand side of the peak at18 mm/s. Since the XPS dat
suggested that part of the oxygen sublattice is replaced

TABLE I. Fit parameters of the two- and three-component
to the 0.75–0.40 mTorr NO2 samples. Listed are the hyperfine fie
~HF!, and the isomer shift~IS! relative toa-Fe, the measured frac
tions of the various components, and calculated fractions ba
upon a binomial distribution of oxygen and nitrogen neighbors
accordance with the XPS data.

p(NO2) HF IS Measured Calculated
~mTorr! Component ~T! ~mm/s! fraction fraction

0.75 Fe2.51 45.67~2! 0.664~3! 0.66~2!

Fe31 48.76~2! 0.282~3! 0.34~2!

0.60 Fe2.51 45.67~2! 0.663~3! 0.67~2!

Fe31 48.74~3! 0.283~4! 0.33~2!

0.50 Fe2.51 45.75~6! 0.621~6! 0.44~4! 0.499
Fe31 48.67~4! 0.305~6! 0.33~2! 0.275
Fe-N 43.1~2! 0.56~2! 0.23~4! 0.226

0.45 Fe2.51 45.70~7! 0.578~6! 0.38~4! 0.410
Fe31 48.64~4! 0.314~6! 0.27~2! 0.241
Fe-N 42.3~2! 0.55~2! 0.35~4! 0.350

0.40 Fe2.51 45.5~1! 0.57~1! 0.32~5! 0.381
Fe31 48.37~6! 0.329~9! 0.25~3! 0.230
Fe-N 41.9~3! 0.53~2! 0.43~6! 0.389
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nitrogen, we attribute the third component to Fe ions t
have at least one nitrogen nearest neighbor.

In Table I, the results of the two- and three-component
to the magnetite spectra are listed. The fits did not includ
quadrupole splitting since the inclusion of this parameter
not reduce the error sum significantly. We point out that ev
with three components the spectrum of the 0.40 mT
sample is still not fitted very well, especially the inner tw
lines. The higher intensity at this position suggests the on
of a paramagnetic fraction similar to the spectrum of t
10.00 mTorr NO sample.

To analyze these spectra, it is assumed that the nitro
atoms are distributed randomly over the anion sublattice
this case, the probabilityP that an Fe atom hasn1 nitrogen
andn2 oxygen neighbors follows a binomial distribution

PN~n1!5
N!

n1!n2!
pn1qn2,

whereN is the total number of neighbors~4 and 6 for tetra-
hedral and octahedral irons, respectively!. Furthermore,p is
the chance that a particular neighbor site is occupied b
nitrogen. This chance is equal to the nitrogen fraction
determined by XPS. If the site is not occupied by nitrogen
must be occupied by an oxygen and hence, this chanceq is
equal to 12p.

In the case of the 0.50 mTorr sample,p50.047, soq
50.953. Therefore, the probability that an octahedral Fe
surrounded by oxygens only, i.e.,n150 andn256, is equal
to 0.749. Similarly, the probability that a tetrahedral Fe
surrounded by oxygens only is equal to 0.825. All other
atoms are surrounded by at least one~or more! nitrogens.
Considering that the ratio of octahedral to tetrahedral Fe
oms in stoichiometric magnetite is 2, the fractions that
listed in Table I are found for the three types of iron. The
calculations have been repeated for the 0.45 and 0.40 m
samples. It can be seen that there is a fairly good agreem
between the calculated and measured fractions. This g
confidence for the attribution of the third component
nitrogen-surrounded irons and therewith, for the assump
that nitrogen occupies substitutional sites on the oxygen s
lattice.

The wustite spectra can satisfactorily be fitted with two
three quadrupole-split doublets. Because of the comple
of the samples, it is not possible to make an unambigu
attribution of these components to specific Fe sites. The c
ters of gravity of the four spectra are at isomer shifts of 0.
0.73, 0.74, and 0.67 mm/s for the 0.35–0.20 mTorr samp
respectively. If we assume isomer shifts of 0.30 and
mm/s for Fe31 and Fe21 ions,36 respectively, then we find
Fe31 fractions of 0.39, 0.39, 0.37, and 0.47 for the 0.35–0
mTorr samples.

E. Stoichiometry from RHEED intensity oscillation periods

During deposition of the oxynitride films, oscillations a
observed in the intensity of the specularly reflected RHE
beam.38 It is well established that these oscillations indicate
two-dimensional or Frank-van der Merwe growth mode.39–41

The period of the oscillations corresponds to the format
time of one new layer.

ed
9-7
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As mentioned in the Introduction, wustite crystallizes
the rocksalt structure. Viewed along the@100# growth direc-
tion, this structure consists of fcc close-packed~100! oxygen
planes with all the intermediate octahedral sites filled w
Fe21 cations. There are two such charge-neutral planes
unit cell with interplanar distances of 0.21 nm. The spin
crystal structure is slightly more complex. It also is bas
upon fcc close-packed~100! oxygen planes; the so-calledB
planes. However, here only half of the octahedral sites
filled; the remaining cations are in tetrahedral sites. Th
tetrahedral sites form planes halfway between theB planes;
the so-calledA planes. Nevertheless, a charge-neutral sta
ing repeat unit~an A-B bilayer! also has a thickness of 0.2
nm.

In previous studies,1,38,42 we have devided the total film
thickness, as derived from XRD and RBS measurements
the number of RHEED oscillations observed during depo
tion. It was found that for all cubic iron oxides (g-Fe2O3,
Fe3O4, and Fe12xO), layer-by-layer growth proceeds wit
0.21-nm-thick units. This directly proves that each grow
layer comprises of only one oxygen monolayer together w
the appropriate amount of cations to maintain charge neu
ity. In the wustite structure, the latter is simply achieved
filling all the octahedral sites; in the spinel structure, ho
ever, growth has to proceed with the simultaneous adva
of A andB layers. As a matter of fact, we always observe
well-known (A23A2)R45° reconstruction during depos
tion of Fe3O4~100! films.1,2,3 This shows that Fe3O4 grows
with trilayers, namely, a completeB layer with two half-
filled A layers below and above. Such a metal-oxygen-m
trilayer is also charge neutral but has no dipole moment p
pendicular to the surface, in contrast to a metal-oxygenA-B
bilayer.

In short, for all the cubic iron oxides, the formation tim
of a new layer only depends on the number of cations
oxygen monolayer. This has been confirmed by qua
crystal micro-balance measurements.1 Consequently, for a
fixed Fe deposition rate, the stoichiometry can be deri
from the oscillation period. For example, in stoichiomet
Fe3O4 and FeO, the cation densities are8.5131018 and
1.0831019 m22 ML21, respectively. Thus, going from
Fe3O4 to FeO, the oscillation period will increase by a fact
of 1.27.

In Ref. 38, we have described a convenient and very
producible way to accurately determine these small va
tions in the oscillation period as a function of the grow
conditions. By varying the NO2 pressure while keeping th
Fe flux constant, we can deposit many films with differe
stoichiometries on one and the same substrate. To ensur
same starting condition after each film, the sample has to
annealed in 1026 Torr of oxygen for 1 h at 875 K.This
treatment markedly flattens the surface resulting in v
large ~dimensions of ;100 nm!, flat and well-ordered
terraces.24,43 As demonstrated in Ref. 1, such ‘‘recycled
smooth surfaces enable one to observe strong RHEED o
lations upon further growth.

This experiment was performed for the present nitrog
containing iron oxides. A selection of oscillation curves a
function of the NO2 buffer volume pressure is shown in Fig
12540
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11. All these oscillations were recorded with the electr
beam incident along a@100# direction at an incidence angl
of 0.68° ~the anti-Bragg angle! and an electron energy of 1
kV. The intensity of the specular spot was determined
fitting the profile of a linescan perpendicular to the~0,0!
surface diffraction rod. The best fits were obtained with Lo
entz or Voigth curves. Plotted is the height of these curv
i.e., the background intensity has been subtracted.

By combining the RHEED results with the XPS data, w
have an elegant tool to determine the complete stoichio
etry, in situ, and in a nondestructive way. In Table II, th
RHEED periods of the low-flux films together with the n
trogen content from XPS and the resulting stoichiometry
listed as a function of the NO2 pressure. From the CEMS
spectrum, it can be derived that the 0.75 mTorr sample c
sists of stoichiometric Fe3O4 ~see Ref. 1!. Therefore, this
sample was used as a calibration to determine the Fe con
of the other samples. As a check, the RHEED period o
1.00 mTorr sample, which is also stoichiometric Fe3O4 was
measured. Within the error, i.e., 0.2 s, the same period
found.

When reducing the NO2 flux, the oscillation period and
therewith the iron content slowly increases up to 0.40 mTo
This shows that not only stoichiometric Fe3O4 and Fe12xO
can be formed but also homogeneous solid solutions of th
two phases. Initially, reduced magnetite is formed, wh
probably contains extra Fe interstitials~octahedral and/or tet
rahedral!. Although not in apparent contrast to the CEM
data, we find that also the 0.60 mTorr sample is sligh
reduced.

Below 0.40 mTorr, the Fe content rapidly increases. A
though the transition region is rather narrow, it appears t

FIG. 11. RHEED intensity oscillations of the specularly r
flected beam during deposition of nitrogen-containing iron-ox
films. All layers were grown on the same MgO~100! substrate by
varying the NO2 pressure while keeping the Fe flux constant. Aft
each layer, the substrate surface was recovered by annealing~a!
Near-stoichiometric Fe3O4, 0.75-mTorr NO2, ~b! Fe31dO42yNy ,
45 mTorr,~c! Fe12xO12yNy , 25 mTorr and~d! partially oxidized or
metallica-Fe, 15 mTorr. From the experimental ratio of the perio
for Fe3O4 and Fe31dO42yNy or Fe12xO12yNy , the value ofd or x
can be calculated.
9-8
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TABLE II. Determination of the stoichiometry of wustite and magnetite films by combining the RHE
intensity oscillation periods and the nitrogen content from XPS. For the significance of the last two col
we refer to the discussion in Sec. IV.

p(NO2) RHEED period N/~N1O!

~mTorr! ~s! from XPS Composition ~N1O!/Fe h

1.00 44.4 Fe3.01O4 1.33
0.75 44.3 Fe3O4 1.33
0.60 45.0 Fe3.05O4 1.31
0.50 45.5 0.047 Fe3.08O3.81N0.19 1.30 0.29
0.45 47.0 0.078 Fe3.18O3.69N0.31 1.26 0.35
0.40 46.6 0.089 Fe3.16O3.64N0.36 1.27 0.28
0.37 48.4 Fe0.82O1-yNy

0.35 50.6 0.13 Fe0.85O0.87N0.13 1.18 0.37
0.30 57.3 0.14 Fe0.97O0.86N0.14 1.03 0.39
0.25 56.8 0.17 Fe0.96O0.83N0.17 1.04 0.36
0.20 0.18 Fe1-xO0.82N0.18
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the change from magnetite to wustite is continuous. The
riod and the Fe content of a 0.37 mTorr sample at the bou
aries of the Fe3(O,N)4 and Fe12x(O,N) regions is in between
those of the 0.40- and 0.35-mTorr samples. For 0.35 mT
we find an Fe content that agrees reasonably well with
RBS simulation@Fe0.85(O,N) vs Fe0.82(O,N), respectively#.

Finally, phases are formed at 0.30 and 0.25 mTorr
which the oscillation period is nearly 1.27 times that of s
ichiometric Fe3O4. This proves that these phases have
;1:1 wustite stoichiometry. For the 0.20-mTorr sample,
were not able to detect oscillations anymore. For even lo
fluxes, the oscillations recurred. However, their period w
very irregular, i.e.,;77 s for the first few monolayers an
subsequently;65 s@Fig. 11~d!#. This behavior is very simi-
lar to Fe deposited in a N2O flux, and indicates the formatio
of metallic or only partially oxidizeda-Fe; see Ref. 44.

From charge neutrality, it follows that in Fe12xO,
the number of ferrous and ferric ions is give
by @Fe21#123x@Fe31#2x@O22#1. Similarly, for our
oxynitrides Fe12xO12yNy we can write
@Fe21#123x2y@Fe31#2x1y@O22#12y@N32#y . Then, from the
compositions given in Table II, we find Fe31 fractions of
0.51, 0.21, and 0.26, for the 0.35–0.25-mTorr samples,
spectively. These values differ to some extent from the o
obtained by CEMS. Nevertheless, both methods indicate
the nitrided wustite samples contain a larger amount of F31

ions than pure Fe12xO.

IV. DISCUSSION

Although Fe12xO is thermodynamically unstable belo
833 K, its formation at low fluxes is not completely une
pected. As explained in the introduction, the oxidation w
NO2 is far away from equilibrium, and Fe12xO films have
also been grown with other, nonequilibrium MBE tec
niques. However, the phases we obtain at low fluxes are
pure oxides but are oxynitrides. As indicated by CEMS a
XRD/RBS, they are remarkably stable. Even when expo
to air, the wustite sample prepared at 35 mTorr NO2 main-
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tains its structure and composition. The presence of nitro
may help to stabilize the wustite for two reasons. First, it w
found ~see Sec. III C! that the lattice constant of unstraine
Fe12xO12yNy is significantly smaller than that of pur
Fe12xO, i.e., 0.4252~5! nm instead of 0.427 74–0.431 08 nm
Consequently, the lattice mismatch is reduced from appro
mately 2% to less than 1%. Therefore, the film will conta
much less strain energy. Second, both CEMS and
RHEED oscillation periods indicate that Fe12xO12yNy has a
larger Fe31 fraction than pure Fe12xO. So, while the crystal
structure is still similar to rocksalt, the oxidation state of t
Fe ions actually resembles more the stable Fe3O4 phase. We
speculate that this is a favorable factor too.

The cause of the nitrogen incorporation is obviously
lated to the use of NO2 as the oxidizing agent. In particula
the almost linear increase of the nitrogen content with
creasing NO2 flux gives a clear clue. In Ref. 1, it was foun
that NO2 is a very efficient oxidizing agent. For preparin
stoichiometric Fe3O4 films, it is sufficient that the fluxes o
Fe and NO2 are of the same magnitude, i.e., roughly eve
NO2 molecule reacts with one Fe atom. Furthermore, it w
found that all magnetite phases are pure oxides; no nitro
could be detected in these films. These results show tha
high fluxes, NO2 exclusively acts as a source of oxygen. T
simplest way to understand this is to assume that NO2 dis-
sociates at the surface into NO and atomically adsor
oxygen.45 The latter species then is responsible for the f
mation of the highly oxidized, nonstoichiometric magnet
phases up to pureg-Fe2O3.

When the NO2 pressure is reduced, at some point the fl
of NO2 molecules will be less than that of Fe. Presumab
this happens around 0.60 mTorr. From the geometry of
MBE setup, it can be calculated that at this pressure
fluxes of Fe and NO2 are indeed of the same order of ma
nitude. Below 0.60 mTorr, the amount of atomic oxygen
the surface will be insufficient to fully oxidize all the meta
lic iron even if every NO2 molecule dissociates and react
Consequently, some metallic iron would remain at the gro
ing surface. We propose that this metallic iron reacts w
9-9
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NO molecules adsorbed at the surface resulting in a pa
incorporation of nitrogen into the samples. The abrupt s
of the nitrogen incorporation contents suggest that the b
oxidation process is very efficient, i.e., only after all of t
atomic oxygen has been consumed, the Fe starts to react
NO.

From the nearlinear increase of the nitrogen content w
decreasing NO2 flux, it can be deduced how NO reacts wi
Fe. The data indicate that of the remaining positions in
anion sublattice, on an average 66% are occupied by oxy
and the other 34% by nitrogen. In other words, not the en
NO molecule is consumed; it more often donates the o
gens than the nitrogens. To illustrate this, we do a calcula
for the 0.50 mTorr sample. This sample has a compositio
Fe3.08O3.81N0.19 and therefore a ratio of N1O to Fe of 1.30.
At 0.60 mTorr, this ratio is 1.31. These values are listed
the fifth column of Table II. If at 0.60 mTorr the amount o
NO2 is just sufficient to oxidize all Fe with atomic oxyge
leaving the remaining NO unused, then at 0.50 mTorr,
have 0.50/0.6031.3151.09 NO2 molecules per Fe. How
ever, 1.30 are needed to build a complete anion sublat
So, after oxidizing with all of the available atomic oxygen
there remains a fraction of 0.21/1.30 that has to be filled
NO molecules. From XPS, it is known that the nitrogen fra
tion is 0.047. Then, the fractionh of the remaining positions
that is occupied by nitrogen follows from the equationh
30.21/1.3050.047, i.e.,h50.29. The values ofh are listed
in the last column of Table II. It can be seen that they
fairly constant with an average value of 0.34.

This model is supported by a sample prepared with NO
the oxidizing agent. We find that NO is indeed capable
oxidizing Fe and that the resulting phase is similar to
ones prepared at low NO2 fluxes. However, NO is much les
reactive than NO2; a large excess~10.00 mTorr! is needed.
RHEED and LEED patterns~not shown! indicated the for-
mation of a magnetitelike phase. It had no (A23A2)R45°
reconstruction and weak half-order spinel lines, similar to
0.40 mTorr NO2 sample. The CEMS spectrum is shown
the bottom of Fig. 10. Although the spectrum still has
sextet structure as of magnetite, there is also a clear p
magnetic component. From the RHEED period and XPS
was deduced that this sample had an overall Fe3.32O2.88N1.12
s
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composition. This Fe content and the LEED, RHEED, a
CEMS data indicate that this sample is very close or at
transition to wustite. The nitrogen fraction of 0.28 is in re
sonable agreement with the fraction of 0.34, deduced fr
the NO2 samples.

V. CONCLUSION

We have made an attempt to obtain the wustite Fe12xO
phase as epitaxial films on MgO~100! by applying the tech-
nique of NO2-assisted MBE. When low fluxes of the oxidiz
ing agent are used, the RHEED and LEED patterns ind
indicate the formation of a rocksalt-like structure. Howev
these samples are not pure oxides; they contain a s
amount of nitrogen. Nonetheless, the XRD, RBS, and X
spectra all indicate that the films are stable, single-ph
crystals. From this fact, and from the BE of the N 1s peak in
XPS, the weight of the nitrogen-related component in CEM
and the linear increase of the nitrogen content with decre
ing NO2 flux, it follows that the nitrogen atoms occupy su
stitutional sites of the oxygen-anion sublattice. In oth
words, the samples are oxynitrides. The composition of
wustite films can be written as Fe12xO12yNy . Similarly, at
slightly larger fluxes, we obtain reduced magnetites, wh
can be described as Fe31dO42yNy . By combining the results
of XPS and the RHEED intensity oscillation periods, we a
able to obtain a complete picture of the stoichiometry
these samples.

The nitrogen uptake during growth can be explained w
a simple model in which it is assumed that NO2 molecules
dissociate at the growing surface into atomic oxygen a
molecular NO. The iron then first reacts with all of the ava
able atomic oxygen before it starts to consume the NO.
though the model agrees well with our results, it is s
speculative and should be verified by carrying out expe
ments to identify the various species at the growing surfa
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