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In an attempt to obtain wustite Fg O as epitaxial films on MgQO00), NO,-assisted molecular-beam
epitaxy was applied. At low N©fluxes, the low-energy electron diffraction and reflection high-energy electron
diffraction images indeed indicate the formation of a rocksaltlike structure. In additiossbaaer 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,®¢_,N, . The nitrogen
atoms occupy substitutional sites on the oxygen-anion sublattice. Similarly, at slightly higheflud@s,
magnetitelike oxynitride films with composition £e,0,_,N, 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 thefN®is insufficient to
form a stoichiometric F®,.
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I. INTRODUCTION Its formula unit, Fe_,O, indicates that wustite is a non-

stoichiometric compound; there are vacancies located on the

One of the attractive features of molecular-beam epitaxyre?* sublattice. Each of them is accompanied by the conver-
(MBE) is that, by proper choice of substrate and growthsjon of two F&* ions to FE" in order to maintain charge

conditions, thermodynamically metastable and UnStab"ﬁeutrality. The fraction of Fe ranges from 0.97 to 0°84.

phases can sometimes be prepared in the form of thin filMsz o0 neytron and x-ray diffraction studies and also from

In two previous pUb“Cat'OnS! we have "%‘”eady demonstrategalculations, it has been deduced that nonstoichiometric wus-
that the technique of NQassisted MBE is not only capable _; . .
. ) . 1 . tite contains defect clustefsThe simplest of defect clusters

of inducing the stable magnetite f&&," and hematite is formed by an interstitial P& ion on a tetrahedral site

a-Fe,0;2 phases but also the metastable maghemité d dyb ¢ . iahbori tah d |

v-F&,05 phase. Furthermore, it was even possible to obtzair?_lirmu_lr_l € h y tﬁur vacancies gn_ nelgt Or:lndg oc_?h_e ra

all nonstoichiometric Fg 0, phases in between @, and sites. Together, they are arranged In a tetrahedron. 1his is a
so-called 4:1 clusteffour vacancies, 1 interstitinlThe nega-

y-F&,03.1 In this complementary paper, we report on the> _ ’ .
formation and properties of iron oxides with low-oxidation tively charged core of this cluster is surrounded by a positive

states, i.e., reduced magnetite and especially, wustite. shell, which contains substitutional Feions on octahedral

Wustite is thermodynamically only stable above 833 K.Sites. This basic 4:1 unit can form larger aggregates via edge
Below this temperature, it tends to disproportionate intoOr corner sharing of the tetrahedrons, leading to higher-order
a-Fe and FgO,. It is an antiferromagnet with a Métem-  clusters such as 8:3, 10:4, 16:5, etc. The best known defect
perature of~200 K that, however, strongly depends on thecluster is the 13:4 Koch-Cohen clusfemterestingly, these
deviation from the ideal 1:1 stoichiometfyAlthough very  defect clusters locally resemble the structure ofGe
rare as a mineral, it is believed to be a major constituent off herefore, they are believed to act as nucleation sites during
the earth’s core. Therefore, it is an important subject of studyghe disproportionation or oxidation of FgO to FgO,.
in geology. Wustite adopts the very common rocksalt crystaHowever, there is no continuous range of phases between
structure of NaCl with a lattice constant of approximatelythese two oxides in contrast to f&, and y-Fe,0;."

0.43 nm? Thus far, there have been very few reports of MBE-grown
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Fe,_,O films in contrast to Fg, and a-Fe,0;. In conven-  grown in a standard UHV-MBE system equipped with facili-
tional O,-assisted MBE, one encounters a discontinuougies for reflection high-energy electron diffractiGRHEED),
jump from FgO, to unoxidized, metallica-Fe at low G  low-energy electron diffractiolLEED), and x-ray photo-
partial pressure$:° This reflects the thermodynamic insta- €lectron spectroscopyXPS) using nonmonochromatic Al
bility of Fe,_,O. On some occasions, Fugt al. did observe K, radiation and Auger electron spectrosca@ES). The
traces of Fe ,O but these results were not reproducible. base pressure of the system is in the low 0Torr region.
Only recently, Ruby et al. managed to prepare After characterizationn situ, the samplgzs were also exam-
Fe,_,O/MgO(100) films using extremely low Fe deposition ined ex situusing conversion electron Mebauer spectros-
rates and Q@ partial pressures However, these films were copy (CEMS), Rutherford backscattering spectroscopy
highly unstable; they rapidly oxidized even at room tempera{RBS), and x-ray diffraction(XRD).

ture under residual vacuum pressures. Vurehsal suc- Sample films were grown by depositing metals from ef-
ceeded in preparing stable epitaxial FeO overlayers ofision cells onto oxygen-annealed situcleaved Mg@100)
P(111) but only with a thickness of one atomic monolayer substrates. By simultaneously exposing the metal deposits to
(ML).*2%3 Thicker films had the stoichiometry of @, or @ beam of N@ molecules, oxide films were formed. The
a-Fe,03. %15 However, it appears that it is possible to grow NO, molecules came from a small buffer volume via a stain-
thick, bulklike wustite layers if conditions are chosen that ardess steel pipe directed at the substrate surface. By varying
further away from equilibrium. Thus far, a few researchthe buffer volume pressur@y,s, the flux of NG, molecules
groups obtained p0|ycry5ta||ine material on amorphous Suband therewith, the degree of oxidation can be controlled.
strates by applying pulsed laser depositfoar reactive rf As substrate, Mg@00 was chosen because it has the
magnetron sputterinf~'° There has been one report of Same cubic rocksalt crystal structure as wustite. The similar
single-crystalline, epitaxial Fe ,0/MgO(100) films by Gao  lattice constants of MgO and FeO, i.e., 0.42112 and

et al who used Q-plasma-assisted MBE. However, there ~0.43 nmj respectively, result in a modest mismatch of
were indications that the surfaces of the as-grown films raponly 2%, thus favoring coherent, single-crystalline epitaxial

idly transformed to F¢0, due to postoxidation. Again, this growth. The deposition rate of Fmatural or enriched in
reflects wustite’s instability. 5’Fe), measured by moving a quartz crystal micro balance in

In this light, our technique of NQassisted MBE has two the position of the substrate, was set at 0.13 nm/min with the
promising features. First, studies by Voogt al® have substrate temperature set at 525 K. Under these conditions,

shown that NQ is a very efficient oxidizing agent. To induce We know from our previous studibthat the minimumPy, ¢

the formation of stoichiometric £, films, it is enough that value needed to induce the formation of stoichiometric
the fluxes of Fe and NQare of the same magnitude. This F&O, equals 0.75 mTorr. Therefore, we vari€g,; from
indicates that the oxidation process is to a large extent kinet0-75 down to 0.20 mTorr. Our samples consisted of a 20.0
cally controlled, i.e., the conditions are far away from equi-nm iron-oxide layer grown with*’Fe, sandwiched between

librium. We thus can expect the formation of,FgO if the ~ two 5.0 nm buffer and caplayers grown with natural Fe.
ratio of NO, and Fe fluxes is set at1:1. Second, since the Thus, we obtained films with a total thickness of 30.0 nm

NO, is provided in the form of a molecular beam and only With one oxidation state all over but with sbauer inactive

small doses are needed to fully oxidize the metal deposit$urface and interface regions, i.e., our CEMS spectra repre-
the background pressure during deposition can be maintainég@nt the bulklike interior. The XPS spectra have been mea-
in the near-ultra-high vacuum(UHV) region, ie., Suredon the’’Fe probe layer, before deposition of the cap
1078-10"7 Torr. Therefore, not only the deposition but also layer, in order to allow a direct comparison with the CEMS
the oxidation process can abruptly be stopped, i.e., we cafPectra.
avoid postoxidation.

In this paper, we demonstrate that wustite films indeed
can be prepared. However, these films are not pure oxides; [ll. RESULTS AND DISCUSSION
they are oxymtnde;. The substitution of part of thg oxygen- A. RHEED and LEED observations
anion sublattice with nitrogen atoms probably facilitates sta-
bilization of this phase. At slightly larger NGluxes, similar With RHEED (and LEED, it is straightforward to dis-
magnetitelike oxynitride phases are obtained. The incorporaeriminate between wustite and the other iron-oxide phases.
tion of nitrogen might open up the possibility to mimic other Both MgO and Fe_,O have the rocksalt crystal structure
(mongoxides not existing in bulk form. Preliminary results and, therefore, give rise to similar diffraction patterns. In
have already indicated the successful formation of a Cr@ontrast, FgO,(100 and y-Fe,03(100 are known to dis-
“look-alike.” #* Furthermore, these oxynitride films may also play more complex patterns> The hexagonala-Fe,0;
be important for studies on corrosion as similar phases hav@oes not have an epitaxial relationship with Md0o0).
been observed after oxidation of nitrided Fe filffis. Thus, simply by observing the RHEED screen during depo-
sition, the conditions necessary to induce the formation of
wustite can be determined.

Initially, an iron-oxide film was deposited on Mg@00

The experimental setup and method have already beeat 525 K using a buffer pressure of 0.75 mTorr and an Fe
described in detail in a previous publicatibrHere, we  flux of 0.13 nm/min. As shown in Fig. (), the RHEED
briefly recall the essential features. All samples have beediffraction pattern of the magnetitenverse spinel structure,

Il. EXPERIMENT
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FIG. 1. RHEED patterns recorded at an electron energy of 15 keV with the beam incident glbd@| direction. (@) A MgO(100)
substrate, cleavedx situand annealeéh situ under 10°° Torr of O, at 975 K for 2—3 h.(b) An epitaxial Fg0,(100) film with a (v2
X \[2)R45° reconstruction®y, =75 mTord. (c) An unreconstructed (£ 1) Fe,0,(100) surface Py =40 mTor. (d) An unreconstructed
(1X1)Feg _,0O(100 surface Py,,;=35 mTor). By comparing with(a), it can be seen that this pattern has the same rocksalt-symmetry as
MgO(100).

including the extra diffraction lines due to the\/i ometry, the samples were first characterized with XPS. In
X \2)R45° reconstruction, was observed. Then, the,NO Fig. 3, the spectra of the Fep2core levels are shown, as a
flux was reduced while keeping the Fe flux constant. function of the NQ flux during growth. All samples were

When the NQ had dropped below 0.60 mTorr, the charging to varying extents during the XPS measurements.
RHEED pattern changed markedly. First, they2(
X 2)R45° lines started to fade away until at a buffer pres-
sure of 0.40 mTorr only an unreconstructed<(1) magne-
tite pattern remained; see Figcl At even lower fluxes, a
diffraction pattern appeared that was consistent with a cubic
rocksalt structur¢Fig. 1(d)]. For comparison, a RHEED pat-
tern of a clean and well-ordered M@0 substrate is
shown in Fig. 1a). The similarity of the patterns indicates
that the latter films consist of a wustitelike material.

This is confirmed by LEED. In Fig.(2), the LEED pat-
tern is shown of an iron-oxide film prepared at 35 mTorr.
This pattern displays the same square symmetry and period-
icity as those of a clean and well-ordered MO0 sub-
strate[see Fig. 20)] suggesting that an unreconstructed (1
X 1) Fe_,O surface has been formed. In contrast, @ho
al.?% observed a (X 2) reconstruction. This was attributed to
an ordered arrangement of 4:1 defect clusters at the surface.
However, we point out that a (41) rocksalt pattern is a
much stronger evidence for the formation of wustite than a
(2% 2) rocksalt pattern, because the latter cannot easily be
distinguished from a (X 1) spinel pattern. Since the as-
grown samples of Gaet al. were suspended for a few min-
utes in an @ background pressure while cooling down, it is,
therefore, more likely that their Fe,O(100) surfaces were
simply postoxidized to unreconstructed;Pg(100. On the
other hand, a (X1) rocksalt pattern would correspond to

a (3 x 3)-reconstructed R©,(100) pattern. Such a recon-
struction has only once been reported, by Gaisesal?*
It is telling that scanning-tunneling microscopy revealed
that this surface actually consisted of unreconstructed
FeQ(100).% FIG. 2. (a) LEED pattern, corresponding to the RHEED pattern
displayed in Fig. id): an unreconstructed (1) Fg _,O(100) sur-
face (Pp,=35 mTorp. The pattern was recorded at an electron
beam energy of 84 eMb) For comparison, a LEED pattern of a
In order to make a systematic study of the above findingsglean Mg@100 substrate is include¢recorded at an electron en-
a series of samples were prepared as described in Sec. Il. TBgyy of 85 eV). This pattern corresponds to the RHEED pattern
RHEED and LEED patterns of these samples were in agreetisplayed in Fig. 1a). The periodicity and symmetry of the two
ment with the above observations. Considering the stoichitEED patterns are similar.

B. XPS analysis
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FIG. 5. The nitrogen content of samples grown at low ,NO

fluxes as determined from XPS spectfdled circles and ERD
measurementpen circles The dotted line separates the magne-
tite and wustite single-phase regions. The solid line through the data

FIG. 3. XPS spectrdAl Ka) of the Fe 2 core levels as a points indicates the linear increase in nitrogen content with decreas-
function of the NQ buffer volume pressure applied during deposi- N9 NO; flux.

tion. The_number on the left-hand side in each spectrum S th%own to 0.40 mTorr. At 0.35 mTorr, the line shifts to lower
pressure in mTorr. All spectra have been corrected for charging b

assuming an O 4 BE of 530.1 eV. The arrow in the top spectrum %nergles, 1€, _70_9'5 eV. Now, also thezFe_sateIIlte at~716
indicates the position of the Ee satellite peak at-716 eV. ev becomes visible. Upon further reduction of the me_' .
the satellite becomes more pronounced, and the main line
; - - P shifts gradually to 709.2 eV. We point out that the change in
-(la-rhg;f/ (hBaé) %ﬁﬂg%@g ?;?;}Zigf;;?épou_tl“g%j[he binding enthe XPS spectra coincides with the change in the RHEED
81nd LEED patterns from spinellike structures to rocksaltlike
structures. Therefore, these results give supplementary evi-
dence that between 0.40 and 0.35 mTorr, there is a change in
phase from F¢O, to Fg _,O. Between 0.75 and 0.40 mTorr

of superposition of e and Fé" spectra because magnetite Fﬁ has a \t/alenqé asin 534' %’t at 0‘.35 Ir:nTogthelt\r/]alenﬁy
is a mixed-valency compound. Ferric ions in,Bg have a changes 1o predominantly 15 as In g0, althoug

A 4 ) ;
BE of 711.0 eV for the main Fef,, line, and~ 719 eV for there is still an F&" fraction present. Going down to 0.20

the satellite peak. For the Feions in Fg_,0, these values ][nTtorr, tht;s Fé fr?ctlon fxrther dttatcrea?efs ?ng tthe Feo 35
are 709.5 and-716 eV, respectively. As can be seen in Fig. ealures become clearer. AS a matter ot fact, between .

4, for the 0.75-mTorr sample, a superposition of these Specqnd ?2,9 gyTorr, thit?]pefctra afg ver)_/IhS|m||Ia:c 0 thagjof -
tra leads to a broadened main line and a smeared-out satelli!i'%en'zéa eTi@, one of the few oxides with only ferrous e

structure. For the main line, we find a BE of 710.4 eV, which'?"®: : '
agrees well with literature valugg10.5 e\f Most importantly, we find that all samples prepared at

When the NQ flux is lowered, the weight of the B& NO, buffer pressures below 0.60 mTorr contain nitrogen.

component in the XPS spectra reduces. In Fig. 3, it can b@gure 4 shows an XPS broad scan of the 0.35 mTorr

o Sample. Besides the Fe and O lines, there is a clear peak at
seen that the BE of the Fepg, main line stays at 710.3 eV 397.0 eV corresponding to the NsIcore level. This con-

tamination with nitrogen is confirmed by AES spectrmt
shown, RBS (see beloy, and by elastic-recoil detection
(ERD). ERD is an ion-scattering technique capable of dis-
criminating between light elements in a heavier matfiXo
determine the nitrogen content relative to the oxygen con-
tent, we compared the areas under the Nahd O Is core
level peaks. This was done after subtracting a Shirley-type
background and correcting for the difference in ionization
cross section€ In Fig. 5, we have plotted the results as a
1000 800 600 400 200 0 function of the NQ pressure. For comparison, two data
points obtained with ERD have been added. These values

740 730 720 710 700
Binding energy (eV)

The spectrum of the 0.75 mTorr sample corresponds t
stoichiometric FgO,. This is confirmed by the CEMS
spectrum: We refer to Ref. 25 for a detailed discussion of
the Fe D line shape. In short, a spectrum of;Bg consists

Intensity (arb. units)

Binding energy (eV) .
agree well with the ones from XPS.
FIG. 4. Al Ka XPS broad scan of the e, O film prepared at It can be seen that all magnetite phases grown aj NO
Ppus=0.35 mTorr. The inset shows an enlargement of the N 1 pressures larger than 0.60 mTorr are free from nitrogen. That
core level region around 397.0 eV. is, the content is below the detection limit of the XPS appa-
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FIG. 7. RBS channeling dips in thfl10] direction for a
FIG. 6. RBS spectra of the Fe,0/MgO(100) film prepared at MgO(100) substrate(open circley and an Fg_,O epitaxial film
P,us=0.35 mTorr. Open circles: ion beam incident at a randomprepared aP,,,;=0.35 mTorr(filled circles. For the film, the dip is
direction. Filled circles: ion beam incident along f#00] surface  shifted over 0.61)° indicating compressive stress.
normal. The solid line is a simulated spectrum for a 30.0-nm-thick

fiIm_\_Nith a Fe gl gNo 18 cOMPposition. The arrows indicate the {na wustite sample prepared Ry, ;= 0.35 mTorr NGQ. Two
position of the Mg, O, and N edges. RBS spectra of this sample are shown in Fig. 6: one with a
random direction of the ion bearfopen circley and one
ratus, which is of the Ol‘del‘lof a few percent of a ML. HOW' where the beam was channeled a|0ng[m surface nor-
ever, at 0.55 mTorr, the nitrogen suddenly appears and itgg| (filled circles. The minimum yield in the channeling
content increases linearly with decreasing Niix, up to  direction is reasonably low<¢10%) indicating a good crys-
~20% at 0.20 mTorr. talline structure with few defects. Besidé$00], also the
The XPS BE of 397.0 eV for the Nslcore levelis typical ~ (110) and(111) channeling directions of the film approxi-
of a nitride species. It excludes the presence of nitratgnately coincide with those of the substrate. This confirms
(NO3) ™ or nitrite (NO,)" ions, etc., since nitrogen has a the Fg_,O(100)MgO(100) and Fe_,O[001]|MgO[001]
much higher BE in these environmeAtsHowever, the pres-  epitaxial relationships.
ence of simple K nitrides can also be excluded. The BE ~ The RBS measurements confirm the XPS result that the
of the Fe 23, core level in these phases is very close to thafilm contains nitrogen. There is a clear edge, corresponding
in the metallic state, e.g., 707.3 eV §aFe,N,** whereas we  to the “N isotope, superimposed on the Mg and O edges.
find values of 709.5-709.2 eV that are typical fo*Fén  The random spectrum can be fairly well reproduced by a
Fe,_xO. Furthermore, all techniques applied to the samplessimulation for a 30-nm-thick film with a Kg<0g 4No 10
including XRD, RBS, and CEMS$see below indicate that  composition. The relative nitrogen and iron contents from
the samples are single-phase crystals. These facts, and tRBS are in reasonable agreement with the XPS data and the
finding that the nitrogen uptake is nearly linear with decreasRHEED intensity oscillation period¢see Secs. Il B and
ing NO, flux, can only be explained if the nitrogen is incor- ||| E). We point out that the wustite sample is remarkably
porated in the layers by replacing part of the oxygen atomsstable: even when exposed to air, there is no sign of oxida-
In other words, the present samples are single-crystalline oxion to a magnetitelike phase. Interestingly, the minimum
ynitrides. yield in the channeling direction foy is of the same order of
The only exception is the 0.20 mTorr sample. In this par-magnitude as for Fe, O, and Mg. Again, this indicates Mat
ticular case, the Fe &, is broadened towards lower BE. s not randomly distributed but instead occupies regular lat-
Furthermore, the N 4 line is broadened towards higher BE tjce sites.
and the CEMS spectra indicates a highefFeontent than To detect the presence of epitaxial strain in the film, the
in the other wustite sample&ee below. Therefore, this [110] axis channeling angle was measured. This angle was
sample seems to consist of a poorly ordered mixture of muldetermined by scanning the ion beam through(€g) crys-
tiple phases. tal plane, from th¢100] surface normal to the in-plari®10]
axis, until a minimum was found for the Fe signal. For ref-
C. RBS and XRD analysis erence, we used the channeling dip in the O signal of the
' MgO substrate. This was done by performing a separate scan
From the RHEED and LEED patterns, it follows that the on a part of the sample that was shadowed by the tantalum
films grow epitaxially on Mg@100). To analyze the epitaxy strips during deposition.
and crystal structure of the films in a more quantitative way, The two channeling dips are shown in Fig. 7. Plotted is
we performed a combined RBS and XRD analysis. XRDthe normalized yield as a function of the angle of incidence
0-26 scans only show diffraction peaks that nearly coincideof the ion beam with respect to the surface normal for the
with the (002 and (004) peaks of the MgO substrate. This MgO substrate(filled circles and the iron-oxide thin film
supports the proposition that the films have a rocksalt ofopen circles It is found that thg110] axis of the film is
spinel crystal structure. There are no peaks corresponding ®ightly tilted towards a more out-of-plane direction. For the
other phases. In the remainder of this section, we focus oMgO substrate, the angle between [h60] and[110] axes is
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FIG. 8. XRD map of the reciprocal space around the nonspecu-
lar (224) reflection of a 30.0-nm-thick Fe,O/MgO(100) film pre-
pared atP,,;=0.35 mTorr. Plotted is the logarithm of the diffracted

intensity as a function of the in-plarke and out-of-plané; recip- 12 9 6 3 0 3 6 912
rocal wave vectors. The andy axes are in units of 2/\ with A Velocity (mms)
=0.154 18 nm. Y

FIG. 9. Room-temperature CEMS spectra of the magnetite
exactly 45°, as expected for an undistorted cubic crystal. Fogamplegopen circley prepared with low fluxes of N9 The buffer
the Fg_,O film, this angle deviates from 45° by Q¥)°.  volume pressurdin mTor) is indicated on the left-hand side of
This tetragonal distortion shows that there is epitaxial straineach spectrum. The 0.75- and 0.60-mTorr spectra have been fitted
Since the tilt is towards the surface normal, it follows thatwith three componentésolid lineg; the others with two.
the film is compressed in-plane. For measurements gdfe
(Refs. 24 and 31-33and y-Fe,0O; (Ref. 33 films, it has

always been found that the overlayers were expanded. oo boicson ratio as for pure wustite, i.e., 0.38we find

To determine whether the growth is fully coherent or . . -
partly relaxed, an XRD analysis was performed as well. Athat the unstrained bulk Ir?\ttlce parameter of our material is
two-dimensional map of the reciprocal space around thgqual to 0.425%) nm. This value is outside th4e range of
(224) reflection is shown in Fig. 8. The map was constructed?-427 74—0.43108 nm reported for pure, EgO." Appar-
by performing several» scans for increasing values @f ently, the lattice has _shrunk because of the substitution of
Note that the intensity scale is logarithmic. There are twgPXyYgens by smaller nitrogen atoms.
groups of features: a bright one corresponding to the MgO
substrate and a much weaker one, at sméllevalues, cor-
responding to the Re,O thin film. In both cases, the fea-
tures consist of two peaks, originating from ®u; and 35
Ka, radiation, which are superimposed on a low-intensity
elongated streak, originating from remnant white radiation.
The fact that the peaks of MgO and;FgO are at the same
k| values directly proves that the film is fully coherent. This
finding is consistent with the observation of a two-
dimensional layer-by-layer growth modsee Sec. Il Ein-
stead of a three-dimensional Stranski-Krastanov growth
mode. Furthermore, its smallér, value confirms that the
film is indeed compressed in-plane.

Using MgO'’s lattice constant of 0.421 12 nm for normal-
ization, an out-of-plane lattice constant of 0.4298m is ®
determined. Combined with the in-plane spacing, this results 1 PaNO 5%

where v is the Poisson ratio of the material. Assuming a

30

25

Normalized intensity (arb. units)

8
in a tilt of the [110] direction of 0.58°, in good agreement M@%
with the RBS measurement. In the case of a three- e |
dimensional isotropic system with in-plane stress, the rela- 12 9 6 -3 0 3 6 9 12
tionship between the in-plane straénand the out-of-plane Velocity (mm/s)

straine, is given by*
FIG. 10. Room-temperature CEMS spectra of the wustite
—2v samples prepared with low fluxes of NOrhe buffer volume pres-
€= 1—» €, sure(in mTorr) is indicated on the left-hand side of each spectrum.
The bottom spectrum is of a sample prepared at 10.00 mTorr NO.
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TABLE |. Fit parameters of the two- and three-component fits nitrogen, we attribute the third component to Fe ions that
to the 0.75—-0.40 mTorr NOsamples. Listed are the hyperfine field have at least one nitrogen nearest neighbor.
(HF), and the isomer shiftlS) relative toa-Fe, the measured frac- In Table I, the results of the two- and three-component fits
tions of the various components, and calculated fractions base the magnetite spectra are listed. The fits did not include a
upon a binomial distribution of oxygen and nitrogen neighbors inquadrupole splitting since the inclusion of this parameter did

accordance with the XPS data. not reduce the error sum significantly. We point out that even
with three components the spectrum of the 0.40 mTorr

p(NO,) HF IS  Measured Calculated sample is still not fitted very well, especially the inner two

(mTorr) Component  (T) (mm/9  fraction  fraction lines. The higher intensity at this position suggests the onset

of a paramagnetic fraction similar to the spectrum of the

0.75 FE  45672) 06643 0.662) 10.00 mTorr NO sample.
Feg; 48.762) 0.2823) 0.342) To analyze these spectra, it is assumed that the nitrogen
0.60 Fé 45.672) 0.6633 0.672) atoms are distributed randomly over the anion sublattice. In
Fe''  48.743) 02834) 0332 this case, the probabilitp that an Fe atom has, nitrogen
0.50 Fé*"  45.756) 0.6216) 0.444) 0.499 andn, oxygen neighbors follows a binomial distribution
Fet 48.674) 0.3056) 0.332) 0.275
Fe-N 43.12) 0562) 0.234)  0.226 Py (Ny) = N o,
0.45 Fé°"  45.7Q7) 0.5786) 0.384) 0.410 N ! Pa

Fet' 48.644) 0.3146) 0.2712) 0.241

whereN is the total number of neighborfd and 6 for tetra-
Fe-N 42.32) 0.552) 0.354) 0.350

hedral and octahedral irons, respectiyeljurthermorep is

0.40 F&=r 4551)  0.541) 0325 0.381 the chance that a particular neighbor site is occupied by a
Feé*  48.376) 0.3299) 0.253)  0.230 nitrogen. This chance is equal to the nitrogen fraction as
Fe-N 4193 0532) 0436 0389 determined by XPS. If the site is not occupied by nitrogen, it
must be occupied by an oxygen and hence, this chgrise
equal to -p.
D. Mossbauer spectroscopy In the case of the 0.50 mTorr sample=0.047, soq

In Fig. 9, the room-temperature CEMS spectra of the~ 0.953. Therefore, the probability that an octahedral Fe is

0.60-0.40 mTorr samples, and in Fig. 10, those of the 0.35—Surrounded by oxygens only, i., =0 andn,=6, is equal

. 0.749. Similarly, the probability that a tetrahedral Fe is
0.20 mTorr samples are shown. For comparison, the speég :
trum of a sample grown with 10.00 mTorr N@itrogen Surrounded by oxygens only is equal to 0.825. All other Fe

. L o atoms are surrounded by at least goe more nitrogens.
mon_oomde as the oxidizing ggent, IS mcIudeq at the b0tt0mConsidering that the ratio of octahedral to tetrahedral Fe at-
of Fig. 10. This spectrum will be discussed in Sec. IV. The

: oms in stoichiometric magnetite is 2, the fractions that are
spectra of the 0.60-0.40 mTorr samples are typical fOfisteq in Table | are found for the three types of iron. These
magnetite’ However, for lower fluxes, there is an abrupt c4icylations have been repeated for the 0.45 and 0.40 mTorr
change: the spectra of the 0.35-0.20 mTorr samples showgmples. It can be seen that there is a fairly good agreement
structures that are composed of paramagnetic doublets. Aetween the calculated and measured fractions. This gives
paramagnetic behavior at room temperature is characteristigonfidence for the attribution of the third component to
for wustite?®® because of its low N& temperature of around nitrogen-surrounded irons and therewith, for the assumption
200 K2 At temperatures of 80-100 K, the CEMS spectra ofthat nitrogen occupies substitutional sites on the oxygen sub-
the 30 and 35 mTorr samples indeed display sextelattice.

structures’ indicating wustitelike phases below their &le The wustite spectra can satisfactorily be fitted with two or
temperature. The doublet structures in the paramagnetitiree quadrupole-split doublets. Because of the complexity
room-temperature spectra are the result of the interaction b@f the samples, it is not possible to make an unambiguous
tween the®’Fe nuclear quadrupole moment and an electricapttribution of these components to specific Fe sites. The cen-

field gradient at the nucleus. This gradient is caused by théers of gravity of the four spectra are at isomer shifts of 0.73,
vacancies, nitrogen atoms, and®*Feinterstitials present in 0.73, 0.74, and 0.67 mm/s for the 0.35—0.20 mTorr samples,

the otherwise cubic rocksalt crystal lattice. respectively. If we assume isomer shifts of 0.30 and 1.0
The spectra of the 0.75 and 0.60 mTorr can satisfactoriiynm/s for Fé" and Fé* ions’® respectively, then we find
be fitted with two components Corresponding to Fand Fe** fractions of 0.39, 0.39, 0.37, and 0.47 for the 0.35-0.20

Fe*>" ions (we refer to Ref. 1 for a detailed description of mTorr samples.

the CEMS analysis The resulting value fo8, the number of
Fe vacancies per formula unit, is equal to O within the error
limits showing that these samples are stoichiometrigOze During deposition of the oxynitride films, oscillations are
However, the other magnetite spectra need to be fitted witbbserved in the intensity of the specularly reflected RHEED
at least three components. For instance, in the spectra of theam® It is well established that these oscillations indicate a
0.45 and 0.40 mTorr samples, there is a clear shoulder on thevo-dimensional or Frank-van der Merwe growth mdgi'!
left-hand side of the peak at8 mm/s. Since the XPS data The period of the oscillations corresponds to the formation
suggested that part of the oxygen sublattice is replaced byme of one new layer.

E. Stoichiometry from RHEED intensity oscillation periods
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As mentioned in the Introduction, wustite crystallizes in
the rocksalt structure. Viewed along thE00] growth direc- JVWUW\[WWWWWVWWVWWWWM
tion, this structure consists of fcc close-pack&f0 oxygen

a
planes with all the intermediate octahedral sites filled with @
F&" cations. There are two such charge-neutral planes per
unit cell with interplanar distances of 0.21 nm. The spinel
crystal structure is slightly more complex. It also is based
upon fcc close-packed00) oxygen planes; the so-calldl
planes. However, here only half of the octahedral sites are
filled; the remaining cations are in tetrahedral sites. These
tetrahedral sites form planes halfway betweenBhglanes;
the so-calledA planes. Nevertheless, a charge-neutral stack-
ing repeat unif{an A-B bilayer also has a thickness of 0.21 (d)
nm.

In previous studie$?®*?we have devided the total film 0 300 600 900 1200 1500 1800
thickness, as derived from XRD and RBS measurements, by
the number of RHEED oscillations observed during deposi-
tion. It was found that for all cubic iron oxidesy{Fe&Os, FIG. 11. RHEED intensity oscillations of the specularly re-
Fe;04, and Fe_,0), layer-by-layer growth proceeds with flected beam during deposition of nitrogen-containing iron-oxide
0.21-nm-thick units. This directly proves that each growthfilms. All layers were grown on the same M@0 substrate by
layer comprises of only one oxygen monolayer together withvarying the NQ pressure while keeping the Fe flux constant. After
the appropriate amount of cations to maintain charge neutragach layer, the substrate surface was recovered by anne@ng.
ity. In the wustite structure, the latter is simply achieved byNear-stoichiometric F,, 0.75-mTorr NQ, (b) Fes, 504Ny,
filling all the octahedral sites; in the spinel structure, how-4° MTorm.(c) Fe_,0,-yN, , 25 mTorr andd) partially oxidized or
ever, growth has to proceed with the simultaneous advancaetallica-Fe, 15 mTorr. From the experimental ratio of the periods
of A andB layers. As a matter of fact, we always observe the!0" F&0s del F@g 604-yNy 0r Fa O, -yN, , the value 0f or x
well-known (y2X \2)R45° reconstruction during deposi- be calculated.
tion of Fg0,(100 films.}?3 This shows that R®, grows  11. All these oscillations were recorded with the electron
with trilayers, namely, a complet® layer with two half-  beam incident along EL00] direction at an incidence angle
filled Alayers below and above. Such a metal-oxygen-metabf 0.68° (the anti-Bragg angleand an electron energy of 15
trilayer is also charge neutral but has no dipole moment perkV. The intensity of the specular spot was determined by
pendicular to the surface, in contrast to a metal-oxy8déh  fitting the profile of a linescan perpendicular to th@&0)
bilayer. surface diffraction rod. The best fits were obtained with Lor-

In short, for all the cubic iron oxides, the formation time entz or Voigth curves. Plotted is the height of these curves,
of a new layer only depends on the number of cations pei.e., the background intensity has been subtracted.
oxygen monolayer. This has been confirmed by quartz- By combining the RHEED results with the XPS data, we
crystal micro-balance measuremeht€onsequently, for a have an elegant tool to determine the complete stoichiom-
fixed Fe deposition rate, the stoichiometry can be deriveatry, in situ, and in a nondestructive way. In Table I, the
from the oscillation period. For example, in stoichiometric RHEED periods of the low-flux films together with the ni-
Fe;0, and FeO, the cation densities a8e51x10'® and  trogen content from XPS and the resulting stoichiometry are
1.08x10'® m 2ML™1, respectively. Thus, going from listed as a function of the NOpressure. From the CEMS
Fe;0,4 to FeO, the oscillation period will increase by a factor spectrum, it can be derived that the 0.75 mTorr sample con-
of 1.27. sists of stoichiometric R©, (see Ref. L Therefore, this

In Ref. 38, we have described a convenient and very resample was used as a calibration to determine the Fe content
producible way to accurately determine these small variaef the other samples. As a check, the RHEED period of a
tions in the oscillation period as a function of the growth 1.00 mTorr sample, which is also stoichiometric;6g was
conditions. By varying the N©pressure while keeping the measured. Within the error, i.e., 0.2 s, the same period was
Fe flux constant, we can deposit many films with differentfound.
stoichiometries on one and the same substrate. To ensure theWhen reducing the N©Oflux, the oscillation period and
same starting condition after each film, the sample has to bgherewith the iron content slowly increases up to 0.40 mTorr.
annealed in 10° Torr of oxygen fo 1 h at 875 K.This  This shows that not only stoichiometric & and Fe_,O
treatment markedly flattens the surface resulting in verycan be formed but also homogeneous solid solutions of these
large (dimensions of ~100 nm, flat and well-ordered two phases. Initially, reduced magnetite is formed, which
terrace$*** As demonstrated in Ref. 1, such “recycled” probably contains extra Fe interstitidtsctahedral and/or tet-
smooth surfaces enable one to observe strong RHEED oscilahedral. Although not in apparent contrast to the CEMS
lations upon further growth. data, we find that also the 0.60 mTorr sample is slightly

This experiment was performed for the present nitrogenreduced.
containing iron oxides. A selection of oscillation curves as a Below 0.40 mTorr, the Fe content rapidly increases. Al-
function of the NQ buffer volume pressure is shown in Fig. though the transition region is rather narrow, it appears that

(b)

(©

Normalized intensity (arb. units)

Deposition time (s)
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TABLE II. Determination of the stoichiometry of wustite and magnetite films by combining the RHEED
intensity oscillation periods and the nitrogen content from XPS. For the significance of the last two columns,
we refer to the discussion in Sec. IV.

p(NOy) RHEED period NIN+O)

(mTorr) (9 from XPS Composition (N+O)/Fe 7
1.00 44.4 Fgoi0, 1.33

0.75 44.3 FeO, 1.33

0.60 45.0 FeoO, 1.31

0.50 45.5 0.047 F)d0;5 51No.19 1.30 0.29
0.45 47.0 0.078 Fe 603 6No 31 1.26 0.35
0.40 46.6 0.089 R8s 6o 36 1.27 0.28
0.37 48.4 FeaO1yN,

0.35 50.6 0.13 Rese00 sNo 13 1.18 0.37
0.30 57.3 0.14 700 8dNo 14 1.03 0.39
0.25 56.8 0.17 00 sdNo 17 1.04 0.36
0.20 0.18 Fe,00.6No 18

the change from magnetite to wustite is continuous. The petains its structure and composition. The presence of nitrogen
riod and the Fe content of a 0.37 mTorr sample at the boundmay help to stabilize the wustite for two reasons. First, it was
aries of the FgO,N), and Fe_,(O,N) regions is in between found (see Sec. Il ¢that the lattice constant of unstrained
those of the 0.40- and 0.35-mTorr samples. For 0.35 mTorn,:elfxolnyy is significantly smaller than that of pure
we find an Fe content that agrees reasonably well with th*Fel_XO, i.e., 0.425%5) nm instead of 0.427 74—0.431 .08 nm.
RBS simulation Fey g O,N) vs Fgg{O,N), respectively  consequently, the lattice mismatch is reduced from approxi-

Finally, phases are formed at 0.30 and 0.25 mTorr foimately 2% to less than 1%. Therefore, the film will contain
which the oscillation period is nearly 1.27 times that of Sto-much less strain energy. Second, both CEMS and the
ichiometric F@O,. This proves that these phases have theRHEED oscillation periods indicate that £60; N, has a
~1:1 wustite stoichiometry. For the 0.20-mTorr sample, Welarger FE* fraction than pure Re O. So, while the crystal
were not able to detect oscillations anymore. For even lowegtrycture is still similar to rocksalt, the oxidation state of the
fluxes, the oscillations recurred. However, their period wasre jons actually resembles more the stablgdzephase. We
very irregular, i.e.~77 s for the first few monolayers and speculate that this is a favorable factor too.

subsequently-65 s[Fig. 11(d)]. This behavior is very simi-  The cause of the nitrogen incorporation is obviously re-
lar to Fe deposited in a0 flux, and indicates the formation |ated to the use of NPas the oxidizing agent. In particular,
of metallic or only partially oxidized-Fe; see Ref. 44. the almost linear increase of the nitrogen content with de-

From charge neutrality, it follows that in F&O, creasing NQ flux gives a clear clue. In Ref. 1, it was found
the number of ferrous and ferric ions is given that NO, is a very efficient oxidizing agent. For preparing
by [FE€']1 5[FE€ 1[0 ];. Similarly, for our  stoichiometric FgO, films, it is sufficient that the fluxes of
oxynitrides Fe_xO1-yNy we can write. Fe and NQ are of the same magnitude, i.e., roughly every
[FE 11 3 y[FE 1o ,[O* 11 y[N*7],. Then, from the  NO, molecule reacts with one Fe atom. Furthermore, it was
compositions given in Table I, we find & fractions of  found that all magnetite phases are pure oxides; no nitrogen
0.51, 0.21, and 0.26, for the 0.35-0.25-mTorr samples, recould be detected in these films. These results show that at
spectively. These values differ to some extent from the onefgigh fluxes, NQ exclusively acts as a source of oxygen. The
obtained by CEMS. Nevertheless, both methods indicate thag,mp|est way to understand this is to assume thap Ni®-
the nitrided wustite samples contain a larger amount 8f Fe sociates at the surface into NO and atomically adsorbed
ions than pure Re ,O. oxygen® The latter species then is responsible for the for-
mation of the highly oxidized, nonstoichiometric magnetite
phases up to purg-Fe0;.

When the NQ pressure is reduced, at some point the flux

Although Fg_,O is thermodynamically unstable below of NO, molecules will be less than that of Fe. Presumably,
833 K, its formation at low fluxes is not completely unex- this happens around 0.60 mTorr. From the geometry of our
pected. As explained in the introduction, the oxidation withMBE setup, it can be calculated that at this pressure the
NO, is far away from equilibrium, and Fe,O films have fluxes of Fe and N@are indeed of the same order of mag-
also been grown with other, nonequilibrium MBE tech- nitude. Below 0.60 mTorr, the amount of atomic oxygen at
nigues. However, the phases we obtain at low fluxes are nahe surface will be insufficient to fully oxidize all the metal-
pure oxides but are oxynitrides. As indicated by CEMS andic iron even if every NQ molecule dissociates and reacts.
XRD/RBS, they are remarkably stable. Even when expose€onsequently, some metallic iron would remain at the grow-
to air, the wustite sample prepared at 35 mTorr,Nf@ain-  ing surface. We propose that this metallic iron reacts with

IV. DISCUSSION

125409-9



F. C. VOOGTet al. PHYSICAL REVIEW B 63 125409

NO molecules adsorbed at the surface resulting in a partialomposition. This Fe content and the LEED, RHEED, and
incorporation of nitrogen into the samples. The abrupt starCEMS data indicate that this sample is very close or at the
of the nitrogen incorporation contents suggest that the basitcansition to wustite. The nitrogen fraction of 0.28 is in rea-
oxidation process is very efficient, i.e., only after all of the sonable agreement with the fraction of 0.34, deduced from
atomic oxygen has been consumed, the Fe starts to react withe NO, samples.
NO.

From the nearlinear increase of the nitrogen content with V. CONCLUSION
decreasing N@flux, it can be deduced how NO reacts with
Fe. The data indicate that of the remaining positions in the

anion sublattice, on an average 66% are occupied by oxyg ) -
and the other 34% by nitrogen. In other words, not the entiré'4€ of NQ-assisted MBE. When low fluxes of the OX_'d'Z'
o by nirog W ! ‘%g agent are used, the RHEED and LEED patterns indeed

NO molecule is consumed; it more often donates the oxy- dicate the f i ; kealt-like struct H
gens than the nitrogens. To illustrate this, we do a calculatiogl Icate the formation ot a rocksalt-like Structure. However,

; o les are not pure oxides; they contain a small
for the 0.50 mTorr sample. This sample has a composition o ese samp! ’
Fe, 0605 5/No 10 and therefore a ratio of NO to Fe of 1.30. amount of nitrogen. Nonetheless, the XRD, RBS, and XPS

At 0.60 mTorr, this ratio is 1.31. These values are listed inspectra all indicate that the films are stable, single-phase

the fifth column of Table II. If at 0.60 mTorr the amount of ;:(rgss,talﬁ. Fromr':hisff?]ct, gnd from tlhe 3E of the N Fle_akérlleS
NO, is just sufficient to oxidize all Fe with atomic oxygen , the weight of the nitrogen-related component in

leaving the remaining NO unused, then at 0.50 mTorr Wéamd the linear increase of the nitrogen content with decreas-
have 0.50/0.681.31=1.09 NO, m(;IecuIes pér Fe Hov;/- ing NO, flux, it follows that the nitrogen atoms occupy sub-

ever, 1.30 are needed to build a complete anion sublattic<—:$'.titUtionaI sites of the oxyggn—anion sublattice._ _In other
So, after oxidizing with all of the available atomic oxygens,Words’ the samples are oxynitrides. The composition of the

there remains a fraction of 0.21/1.30 that has to be filled b)yV.UStite films can be written as £60;-yN, . Similgrly, at .
NO molecules. From XPS, it is known that the nitrogen frac-S1ghtly Iarge_r fluxes, we obtain reduced magnetites, which
tion is 0.047. Then, the fraction of the remaining positions can be described as 5550.4*YNY.' By cpmpmmg the results
that is occupied by nitrogen follows from the equatign of XPS and the RHEED intensity oscillation periods, we are
% 0.21/1.36-0.047, i.e.,n=0.29. The values of are listed able to obtain a complete picture of the stoichiometry of
S ' ' Tl T these samples.

in the last column of Table Il. It can be seen that they are The nitrogen uptake during growth can be explained with

fairly constant with an average value of 0.34. . X S
This model is supported by a sample prepared with NO alg_ simple model in which it is assumed that N@olecules

the oxidizing agent. We find that NO is indeed capable o issociate at the growing surface into atomic oxygen and

oxidizing Fe and that the resulting phase is similar to themolecular NO. The iron then first reacts with all of the avail-

ones prepared at low NGluxes. However, NO is much less ible a;;tonr’]llc oxydqeln before it sltlart§ kt‘o consumtla th? NO' Alll
reactive than NG@ a large exces$10.00 mTorj is needed. thoug t € mode! agrees well .W't our resu ts, it s St'.

RHEED and LEED patternénot shown indicated the for- Spec“'a“‘(g and Sﬁou'd be verified by Cﬁ‘”y'”g out exfje”'
mation of a magnetitelike phase. It had ng2(< \2)RA5° ments to identify the various species at the growing surface.
reconstruction and weak half-order spinel lines, similar to the
0.40 mTorr NQ sample. The CEMS spectrum is shown at
the bottom of Fig. 10. Although the spectrum still has a We thank Dieuwert Inia for performing the ERD mea-

sextet structure as of magnetite, there is also a clear pargurements and Wilma Eerenstein for providing the LEED
magnetic component. From the RHEED period and XPS, ipattern of MgO. The technical assistance of Henk Bruinen-
was deduced that this sample had an overaj;F® N1 1,  berg is highly appreciated.

We have made an attempt to obtain the wustite @
ase as epitaxial films on M@@d0) by applying the tech-
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