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THE COMPOSITION AND STRUCTURE OF OXIDE FILMS GROWN

ON THE (110) CRYSTAL FACE OF IRON
M. Langell* and G. A. Somor jai

Materials and Molecular Research Division, Lawrence Berkeley Laboratory

Depa;tment of Chemistry, Universii;dof'California, Berkeley, CA 94720

Abstracﬁ

 Epitaxial oxide layers éf Fe304-like composition.andbsymmetry have grown
on Fe(110) crystals expdsed td oxjgenigas. The epitaxial relationship bétween
the oxide and the Fe(110) substrate is elucidated and the orientation of the
oxide film has beeﬁ explained in terms éf ;ﬁe close regisﬁry between tﬁe
Fe(110) and Fe304(11l1l) crystal lattiées. Both the‘structure and composition
of the iron oxide epitaxies are a function of substrate temper#ture‘and
oxygen pressure,vand an oxide nucleation point ﬁas been observed over only
part of the teﬁperature-pressure range investigated. While'oxide surfaces
withFe203-1ike composifioﬁ have been observed, they are disordered and are

only approximately one monolayer in thickness.
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Introduction

The interaction of oxygen with iron leéding to oxide formation is im=-
portant in corrosion science and has, therefore, received much attention
over the y;ars. Recently, surface studies and studieé analyzing the
near-surface region have reported on the nature of the iron oxide formed
under a range of oxidizing conditions. Below 500°C‘the predominant oxide
detected én oxygen—éxposed polycrystalline iron surfaces has been Fe3Q4
with small amounts of §Feg03 also present [1-5]. However, at least one
study has reporped tﬁe complete oxidation to aFep03 [6] under similar condi-
tions. At highervtemperatures [2,4] Fe304 has been observed exclusi?ely.
Although oxide sﬁécies Qere deteéted early in thé oxidation pfocess,vlong
exposures weré neééssary té‘achiéve oxygeﬁ saturétidn and éompleteloxidatidn.

Oxidatién‘of roﬁgheﬁed foil samples 14] at 25—800°C under 1070 fo 1073
torr 09 showed preferential nucléation and epitaxial gréwth of.tﬁe:oxide with
domains of'(liO). Low énergy eléctron diffraction (LEED) sﬁudiés (5] |
ofvair—expdsed ifon_indicated that epiﬁaxial oxide growth is also bossible
on single éryétals, althoﬁgh sgall oﬁide crystallites and ektensive
facetiﬁg weré observea. Electrochemical'aﬁalysis identified the_compositién
of these oriented oxide layers as Fe304.and §Fep03. Use of more gentle
conditions (123-473 K and 5xlO_7 torr 02)[7] on Fe(100) resulted in a
more highly ordered oxide overlayer of approximately four layers thickness
with FeO-like geometry. The predominant oxidation state of iron in these
films was found to be Fe3t,

The above studies cover a wide range of temperatures and pressures.

However, no serious attempt has been made to correlate reaction conditions

to the composition and structure of the oxide formed. In many cases the
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oxygen préssure appears to haye been arbitrarily chosen. We present here a
systematic investigation of oxide films grown epitaxially on Fe(ilO) as a
function of temperature in the range of 25 to 500°C and pressure ;t 5%x10~8

to 5x107° torr 0y,

Experimental

i

The éxperimeﬁt was carried out in a Model 545 Physical Electronics system
equippped witﬁ a single paés CMA Auger spectrometer and modified to.include
Varian four-grid retarding field oﬁtics for LEED analysié, a UTI quadrupole
mass spectrometer and argon ion bombardment capaSilities. In addition, the UHV
chamber was fitted with a high pressure cell enaSling the sample to be treated
at pressures up to 1 atm. without exposing it to ambient atmospheric gases or
compromisiqg the‘ultrahigh vacuuﬁ [8]. Base ﬁressure, typically in the range
of 5x10710 torr, was maintained by a 200 L sec ion pump with auxiliary pumping
by titanium gettering and liquid nitrogen cryopumping.

Iron single crystal rod, supplied by Materials Research Corporation, was
oriented to within 0.5° of the (110) plane, cut to a thickness of about 1 mm
and polished to .05 microns Al03 paste before being introduced into the UHV
chamber. Because of the reactivity of ifbn, removing trace impurities was ﬁime
consuming. The impurities mostrnotablylwere sulfur, oxygen, and nitrogen. The
contaminants were reduced to a ménageable level by argon ion sppttering at 600°C
for a total of approximately 24 hours. At this point; nitrogen proved to be
most troublesome. |

Although the nitrogen wés present in relatively small quanti&ies, estimated
at .05 to .1 monolayefs (ML) by AES peak-to—peak intensities,‘it had avmafked

effect on the structure of the Fe(110) surface. The LEED pattern (Fig.1l) showed
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a complicated structure identified by Bozso et al.[9] as thebréconstructed Fe4N/
analog. The structure appeared here ;t lowér'surface concentrations than the

+25 ML reported bx Bozso as necessary fér surface Fe4N formation. How;ver, the
onset of reconstruction is dependent upon the amount of subsurface nitrogen
which 1is believed to be higher in the present case involving surface segretation.
Bozso's case resulted from the adsorptidn of No and subsequent nitride formation.

Even small amounts of nitfogen on the surface of Fe(1l1l0) drastically reduce
the stickig coefficient of 02. For surfaces showing the LEED pattern of Fig. 1,
and about .1 ML nitrogen,'tﬁe initial éficking coefficieﬁt was réduced-td one
ﬁeﬂth that of the clean unreconstructed surface.

When the bulk conéentration of nitfogen was finally depleted,.the Fe(110)
(1x1) LEED pattern was obtained (Fig. 2). Thé surface was then exposed to oxygen
gas at 5x1078 to 5x1076 torr with iron surface temberatﬁres of 25 to 500°C.
Oxidation at each temperature—-pressure combination was.always begun on Fe(11l0)
exhibiting the (1x1) clean surface LEED pattern and no impuritieé deﬁectable by

\

Auger electron spectroscopy (AES). _

Results

1. Calibration of Auger peak intensities to determine oxide stoichiometry.

AES studies were carried out with iron oxide samples that served és
reference to provide a calibration for Auger intensities for oxide overlayers.
The oxides were Fe304 énd o Fen03 samples.that yield O/Fe Auger péak ratios of
3.7 * .1 and 4.0 * .1, respectively. The ratios were measured as peak-to-peak
values of thegxygen KLyLp transition at 510 eV to iron L3Mp 3M; 5 transition at
652 eV, 'These values are comnsistantly obtained, regardless of the means of

preparation of the bulk oxide, as shown in Table I.
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For bulk aFeg03 samples with both O/Fe of 4.1 and 3.7 were observed.-
Sdrfaces with the two oxygen concentrations could be interconverted'by sub jecting
the samples. to oxidizing»and reducing‘conditions. If reducing conditions
became too severe, for exsmple UHV. conditions at >500°C, conversion to bulk
Fe304 was observed as was indicated by the red to black color change of the
sample..;Fe3O4 surfaces on either samples obtained by the_reducpion of Fej03
or from pressed powdered,sampleseof bulk Fe304 gave an Auger peak iﬁtensity
ratio (0/Fe)=3.7, exclusively. This value could notAbe increased to 4.0 by
exposure to oxygen without also converting the bulk to Fep0j3.

A logical assignment of tﬁe O/Fe Auger peak ratios is to sssociate the
value of 4.1 with an aFep03-like surface composition end fhat of 3.7 with a
Fe304-like:codposition. While Auger peak shapes are not_expected to remain
unaltered as a fdnetion of surface oxidatiod, the greatest change in the iron
Auger spectrum takes place at the earlier sgages of oxidation. Therefore, it
is not surprising thst the increase in O/Fe of 3.7 to 4.0 is almost in direct
proportion to the increase in oxygen content in going from Fe304 to Fep03.
First derivative peak-to-peak heights can therefore be used as a direct measure-—

ment of oxygen concentration in this range.

2, Oxidation of Fe(110) single crystal surfaces.

The Fe(110) that was clean as indicated by AES (Fig. 3) and ordered as
1nd1cated by LEED (Fig. 2), was exposed to oxygen at pressures of 5x10 ~8 torr
to 5x107 6 torr and substrate tempeatures of 25 to 500° C. Although initial
- oxygen uptake was moderatelylrapid,.the adsorption rate diminisoed due fo de-
creasing sticking probabilipy.after ~ 150 L. Loug exposures were therefore
needed to saturate the near surface region with oxygen. At 200°C and 5%x10~7

torr Op, 1350 L exposure was required to achieve saturation.
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Typical adsorption curves are shown in Fig. 4 for oxygen pressures of 5x10~/
torr. Here we plot the oxygen Auger peak intensity at 510 eV as a fﬁnction of
time at differentvcrystal tempeatures. Thee regions can be distinguished in
this temperature range of 100-500°C. - At low temperatures, T<100°C, oxygen
adsorption proceeds at a moderate rate until O/Fe values of ~ 1.7 are obtained.
Depending on the oxygen pressure, the adsorption rate falls to zero for expo-
sures of up to 1440 Lv(at 5x10_8 torr 02) or takes place at a greatly reduced
rate to saturate at (0/Fe)=3.4. The LEED surface structure is (1x1) at-
-(O/Fe)=l.7, cénsistent with oxygen mdnolayer formation [10-12]. At (O/Fe)=3.4
there appears a more compliqated LEED surfacé structure that will be discussed
below.

At temperatures between 200 and 300°C the oxygen Auger peak intensity -
rises fas;er initially then appears to slow downvuhtil a point that will be - -
referred to as the "oxide nucleation‘point" is reached at 360 L. Adsorption
then p:o;ee@srat an increased rate td form an oxide with O/Fe_of 3.7 ana a
surface;strgcture of hexagonal symmetry (Fig. 6). Further oxXygen exposure
disqygefs_fhis s;fucture ahd the oxygen surface concenttatién saturaﬁés at
(0/Fé)=4.0. The'hexagonal surface structure can be regenerated by briefly
flashing the crystél in vacuum to 500°C. .Thevoxygen—to—iton Auger peak ratio
~of 3.7 is then recovered. |

-At temperatures above 400°C, no nucleation point is reached and a grédual
saturatiah ét (0/Fe)=1.7 is observed. The LEED pattern is a "reconstructed”

o~

hexagon (Fig. 7), to be described later. 1If the temperature is reduced to 300°C
and oxygen exposure continued, the oxygen surface conceuntration increases to
give (O/Fe) of 3.7 and the hexagonal surface structure devoid of reconstruction.

The effect of temperature and pressure on the structure and composition of

the oxide epitaxy is summarized in Table II. The oxygen surface concentration
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and thus the (0/Fe) Auger peak ratio is a function of both oxygen pressure and
temperature; it increases with increasing oxygen pressure and decreasing
Fempératures. Thus the effecF of raising the oxygen pressuré from 400°C 5x10™/
torr to 5x10™0 torr at 400°C can also be created at constant pressure of 5x10f7
torr by lowering the oxidation temperafufe from 400°C to 300°C. Increasing

the pressure from 5x10"‘8 to 5x1077 torr at 100°C also increases the amount

of o#ygen that the sample is able to adsorb from (0/Fe)=1.7 ﬁo 3.4, and

chahges the surface structure from a simple (1x1) overlayer to the hexagonal

ordered oxide.

3. My 3VV iron valence structure

!

The greatestbchanges in iron Auger peak shépes oééur during the
initiql stages of oxidation.” These changes include broadening of the iron
peaks, most noticeable in the 598, 652, and 703 éV transitions. The peak
shape of the’oxygen 510 eV Auger transitioﬁ remains relatively unchanged.
~ Unlike the higher enérgy iron Auger peaks, the M2’3 VV at 47 eV exhibits changes
over the entire oxygen adsorptibn region. .Initially there is a large reduction
in intensity'and ﬁhe appearance of a shoulder at 55 eV. Fig. 5a sﬁbws this
transition after adsorption of about one nonolayer of oiygen.

As oxygen adsorption.continﬁeé, the M2’3 w transition-shifts from 47 to
49 eV, obscuring the 55 eV peak. A new peak at 42 eV also emerges (Fig. 5b)
and grows.in.intensity with further oxygen adsorption.'.

Ertl and Wandelt [1] have also reported a similar-spliﬁping of the M2’3'VV,
transition for oxidized ifoﬁvwith surface coﬁposition of Fe3j04. With assistance
of literature XPS and UéS data [13], the 47 eV peak can be correlated with

valence states in the iron 3d bands and the lower energy peak with the creation

of a new valence band by admixture with oxygen 2p electrons.



4., LEED studies

LEED analysis indicated the growth of an ordered oxide film on-the
Fe(llO) substrate. The surface oxides have hexagonal symmetry, the Simplest
structure being that showﬁ in Fig. 6. The broad diffraction spots indicate
the presence of small, relatively well ordered domains with diameters of
only ~ 40 K [l4]. The domain size did not change perceptively with oxide
film thickness, nor is the ordering improved with short annealing to temperatures
as high as 600°C.

The hexagonal LEED pattern was observed for all films under the conditions
of (0/Fe)=3.7 that corresponds to oxygen conceuntration comparable to that ob-
served on Fe30; standards. Attempts to further adsorb oxygen on the-hexagonal
Fe304-like surfaCe produced only‘disordered adsorption. While it was possible
to increase the o#ygen,Augér signal to (0/Fe)=4.0, as observed for bulk Fe2Q3
samples, the excess oxygen was easily removed by flashing tﬁé sample to 350°C
_uhder UHV conditions and is therefore considered to.be‘produced only atcthe
outermost layers of the oxide film. The hexagonal LEED bétternvthat was |
regenerated uﬁon flashing had the 0/Fe Auger ratio againAindicating Fe304~
like céﬁpoéitibn. The hexagonal surface structure was dlso observed on sat;'
urated surfaces when the oxygen—to—igon Auger peak ratio was as low as 3.4,

8% lower than for Fe304.

The 'reconstructed' structure is also of hexagonal symmetry (Fig. 7)}
and is similar to the structure of reconstructed Fe(1l1l0) surfaces such as
Fe(lOO)—C and Fe(110)=N, if variations in fractional ordervbeam intensities
are taken into aécount. The ‘'circular' Fe(110) carbon-contaminéted structure
and the iron nitride pattern mentioned earlier have been described in terms
of reconstruction of the Fe(llO) lattice. One poséible assignment discussed

by Bozso et al. [9] is shown in Fig. 8 for the reconstructed iron lattice.
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The reconstructéd surface could éasily bé converted to the (lxl)'hexagonal
structure by either lowering the temperature or inqreasing the pressure.
However, the reverse'transférmation frqm hexagonal to reconstructed hexagonal
surface structure was not possible. Heating the hexagonal surface under UHV at
600°C for periods.of several hours caused iron migration into the oxide region
and thus a lowering of oxygen concentration. The resulting LEED patfern was
a combination of Fe(1l1l0) and hexagonal Fe304 oxide structures and was first
observéd for 0/Fe Auger intensity ratios below 2.3, about 40% depleted from
the saturated Fe304~like hexagonal surace.

The hexagonal surface structure of the oxide.can easily be rationalized
from the bulk symmetry of Fe30,4 (Fig. 9a). The Fé304 framework consists of a
cubic close packed oxygen network and thus gives a basal plane of hexagonal
symmetry. ’The filling of iron sites, 1/2 the possible octahedral and 1/8 the
tetrahedral sites, presents more of a problem. If the sites are occupied in-
an ordered manner, the symmetry of the resulting structure will be lowered
and fractional order diffraction features should be observed. Since ﬁo
fractional beams are observed from the saturated Fe304-like epitaxy, it is
suggésted that a/random,filling‘of iron-sites takgs placé.-

It is also possible to obtain a structure with hexagonal symetry-and correct’
dimensions byfconsidering a defect-ridden aFe03 corrundum structure.v
formed of hexagonal close packed oxygen with 2/3 of the octahedral sites
occupied in a pseudo-hexagonal manner (Fig. 9b). Again, a random arrangement
of vacancies is required if no additiomal diffractién‘featues are to be expected
in the LEED spectrum. The basic difference be&teen a vacancy-coataining
corrundum-like arangement ;nd that of the Fe304 structure for the oxide films
is the filling of additional oqtahedral sites at fhe expense of tetrahedral

positions in the spinel structure. However, if only octahedral positions
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need be considered, if’is difficult to explain why further oiidation to
FepO3~like composition is not observed.

Figure 10 shows the felationship between the Fe(l11l0) substrate and tho
basal plane of bulk Fe304. A good coincidence occurs along the [001]‘direction
with mismatch of only 3.5%. Analysis of the LEED pattern indicatesvthat
oxide epitaxy on the bulk Fe(ll0) substrate does indeed occur. The ropeat
distance in the surface oxide is compressed to 2.82 A from 2.97 A of the
bulk oxide a value that is the same within experimental accuracy as the iron

substrate spacing of 2.87 A .

Discussion

The epitaxial oxide layer grown on Fe(l11l0) single crystals is closely
%nalogous to that of bulk magnetite, Fe304, in both structure and composition.
The sequence for three dimensional oxide formation follows the pattern of (1)
dissociative oxygen,adsorptionvuntil 1 ML coveragé is reached, (2) a slower
oxygen uptake involving some oxygen penetration into the bulk until. (3) oxide
nucleation and more rapid oxygen uptake to saturation at fhe Fe304 oxide
composition. The extent to which a.single crystal iron surface oxidizes is
dependent upon both temperatufe and.pressure. At room temperature aand in
the range of 1078 to 1076 torr, only the first step, monolayer adsorption , is

observed. . This region has been studied extensively and the analysis of the

Fe(110)-0 submonolayer and monolayer structures is well documented—in—the
literature [9-11].

Adsorptionron the monolayer surface is initially sluggish from ~ 100 to
450 L of oxygen exposure. To proceed with oxygen uptake past the monolayer
region, crystal temperatures of 100°C or greater are required. Argon ion

sputtering at this stage of oxidation indicates significant oxygen penetration
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into the bulk crystal. Thus the elevated temperature appears to be necessary
to insure sufficient ionvmobility to alléw detectable ratgs of oxidation,
Independent studies [15] have shown-tﬁat the actual mechanism for iron
oxidétion involves iron migration outward through the oxide layer with sub-
sequent reaétion with oxygenlat the interface.
Oxygen concetration in the chemisorption region saturates at the (0/Fe)

_ Augervpéak ratio of 1.7. After exposure to 450 L, nuéleation'of Fe304-1ike
oxide takes place and is signaled.by the sudden increasé in the rate of oxygeﬁ
adsorptiop. The point at whicﬁ nucleation occurs is strongly dependent upon
~ the oxidation conditions. fFurther‘oxygen exposure ihcreases the thickness éf ,
the oxide.layer without changing the oxygen concentration in regions fof which
the surfacefié saturated at (0/Fe) of 1.7. If the tempe;ature is‘lowered,
oxide nucleation immediatély takes place and oxidaﬁion proceeds normally fo
produce the Fe30; hexagonal surface. Once formed, the Fe30,; layers are
stable,-aﬁd to brihg about its decomposition is difficult.

© Under the entire temperature—pressure ranges investigated here, dFeZQj
is thermodynémically the most Qtable bulk oxidé [;6] and would be expeéﬁed ﬁo
'form in the bulk during complete éxidation'of the metal. Below 100°C for
Fe(110) sinéle crystals, iron-mobility is insufficient to alléw-for multiléyer
.oxide formation. Above this temperature, however, Fe30,; appears\td be ;he
stable surface oxide. Several sﬁﬁdies on bﬁlk a Fep0j sampfes [1—7] have con-
-tended the surface composition to be largely of fe304. Powdered and single crystal

a Fey03 oxides,fused as standards for Auger analysis‘in this study, also shéwed

evidence for an Fe3j04 surface layer.. Depending upon the sample treatment,
however, Fe203—like surface composition.was also obtained.

The hexagonal surface structure of the Fe304 close packing oxygen arrvay
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is well matchea along the [001] direction of the Fe(1l1l0) surface énd only 3.5%
deviation in spacing is expected’frqm simple bulk coincidence. The'hexagonal
oxide structure doesrindeed appear to have aligned wieh the Fe(l%O) substrége,
decreasipg thé 0-0 disfance from 2.97 A 6f_the Bulk oxide to 2.82 A in the
oxide epitaxy. The distance between iron étoms along [001] in the Fe(110)
surface is 2.866 A . |

Epitaxial growth of compounds during the oxidation of tramnsition ﬁetals
often resﬁl;s iq‘epitaxial oxide overlayers. Several cases of epitaxial oxide
growth arevsummarized in Table.3. The compound»oveflayer orientétion is not
necessarily‘the preferred growth plaqe of the bulk compound, But is that
which is in closest coincidence with the‘tfansition metal subétrate. An ex-
ample is thevWQ3(lll) over layer which forms readily‘on W(110). Reconstruction»
of the metal, asvduring moiybdenum oxidétion to form MoOz(lIO) én a Mo(110)
surface reconstructed to the (112) orientation, is also obéerved. Finally,
compounds can be stabilized on‘transitién metal substrates to give epitaxies
that otherwise would not form undér the growth conditions, as 'is the case of
Fe(lOO)—Fe4ﬁ(002). The compound that forms on epitaxial growth thergfofe
cannot be predicted entirely on thevbésis of bulk,comp§und thermodynamics.:

One mpst.also consider the intérface‘structure with the transition metél
substrate.

Thesé»considerations could explain the ease with which the Fe(100) surfage
oxidizes and grows multilayer epitaxies as compared to the sluggish behavior
of the Fe(100) surface {12]. The Fe(1l00) surface will grow three to four
layers of oxide with FeO-like geometry. The exact arréngement of the iron
within the oxide layer is uncertain, but there is a considerable Fe3t concentra-
tion in the epitaxial layer, suggesting a substantial number of iron vacancies.

The exact stoichiometry of the Fe(l00)-oxide was not determined, but with



®

-13-

larger amounts of Fe3+

present, a surface with concentrations similar to Fe304
or Fep03 is probable. Unlike the Fe(1l1l0)-oxide system, however, Fe(100) has
no close epitaxial alignment with eifher Fegp03 or Fe304 crystal structures

and interfacing of an oxide face with the Fe(100) surface is more difficult.

Conclusion

The iron oxide structure and composition that grows epitaxially on
Fe(lOO) is sensitive to both teﬁpérature and pressure. Temepratures of ~ iOO°C
are needed for three—dimensiénal oxidation to.éllows for sufficient iron
mobility. Under ideal conditions, an Fe304=-like oxide forms with hexagonal
symmetry that is in close registry with that of the Fe(110) substrate, The
oxide maintains its surfaée structure for thickneés greateg than 40 A with
no visible degradation of the LEED patterﬂ. At higher temperatures (>400°C
at 5x10'6 torr) the oxidé is not able to nucleate and a lower concentrafion,‘
approximateiy Fey010, is obtained. This surface will readily nucleate Fe30y

species if the temperature is lowered to the correct range for nucleation.
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Figure Captions
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Fe(llO)*nitride pattern at (a) 65 eV and (b) 80 eV.
Fe(110) clean surface (1lxl) at (a) 100 eV and.(b) 250 eV.

Clean Fe(lOO) Auger spectrum. Condltldns are 2.0 keV primary energy,
3.5 p amps beam current, 2 eV modulation energy, 5 eV/sec sweep time,
and .1l sec time constant.

Adsorption isotherms for oxygen at 5x10~7 torr and temperatures of
100 to 500°C as measured by the peak-to-peak 1nten31ty of the oxygen
KLL Auger tran31t10n.

My 3 VW iron valence . structure (a) 1 monolayer oxygen coverage, (b)
saturated Fe(110)-oxide with O/Fe of 3.7, (c) bulk o ‘Fep03 oxide
from single crystal with 0/Fe of 3.71.

Hexagonal oxide structure observed in regions one and two (a) 80 ev
and (b) 125 eV.

Reconstructed iron oxide epitaxy formed at 5x10~7 torr and 400°C
(a) 80 eV, and (b) 100 eV.

Reconstruction of Fe(1ll0) as proposed in Ref. 9. Only the position of
the iron atoms are indicated.

Symmetry.of bulk iron- oxides (a) Fe304 splnel basal plane, (b) a Fep03
corrundum basal plane. ,

Coincidence between the Fe(110) surface and the oxygen positions 6f
Fe304 basal plane, Note that along [00l] the mismatch is only 3.5%.

Table Captions

Table 1.

Table 2.

Table 3.

Bulk oxide Auger Ratios.
Iron oxide epitaxies as a function of temperature and pressure.

Metal-metal oxide epitaxial arrangement for some known surface
compounds’. '
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Table 1.

Bulk Oxide

aFep03 single crystal

a Fep03 singlevcrystaL

powder a Fep03
Fe foil; heavily
oxidized ( o Fep03-red)

Fe foil; heaVily

oxidized (Fe304-black)

powder Fe30y

27

Bulk Oxide Auger Ratios

Treatment

oxygen annealed'

5x1077 torr 0,, 200°C
~UHV annealed 500°C

oxygen annealed

5x1077 torr 0,, 200°C

oxygen annealed

. «5 Atm Op; 25-200°C

heat aFe03 500°C UHV

(after treatment)

UHV annealed 500°C

O/Fe

3.70 * .15

3.76 £ .15

4,10 + .17

3.75 + .10

3.73 ¢ .19
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Table 2. 1Iron Oxide Epitaxies as a Function of Temperature and Pressure

5x].>0-8 torr O,

5x10~7 torr 0,

5xlO_'6 torr 02

LI

25°C (1x1); 1.48 0/Fe
100°C (1x1); 172
»200°C hexagﬁﬁai; 2.95%
300°C ‘reconstructed; 1.32%
| 400°C na
500°C reconstructed; 1.06%

na
heiagohal{ 3.39

hexagonal; 3.67

(=3

hexagonal; 3.61

- 3

reconstructed; l.61

reconstructed; 1.73

[

na
' heiagdnai; 3.45
hexagoﬁal;‘3.76

hexagonal; 3.69

. . 4

hekégonai;‘3.76

reconstructed; 1.89

™

* not to saturation
freg

&

na - not available
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Table 3. Metal-Metal Oxide Epifaxial’Arrangément for Some Known Compounds

Metal-metal Oxide

Mo(100)/Mo02(110)

Mo(110)/Mo04 (110)

W(110)/WO03(100)
W(110)/WO3(111)

\
Fe(100)/Fe4N(002)

Mismatch

1.3

Orientation

Mo[010]/Mo0,[001]

B

Mo(llO)-—>Mo(112)

Mo[110]/Mo0,[010]
W[110]/wo3{112]
"W[001]/WO03[110]

Fe[001]/FesN[110]

Reference

17

17

18,19

19

20

* metal surface is contracted from bulk value
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