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Stoichiometry of Fe;_ s0,(111) ultrathin films on Pt (111)
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The composition and magnetic properties of two types of ultrathin f@,(111) films grown epitaxially on
Pt(111) have been characterized using conversion electrosshiauer spectroscogEMS) and x-ray mag-
netic circular dichroisnfXMCD). CEMS data from both films indicate that the magnetic moments lie in-plane
and that a paramagnetic contribution is present that is not seen in spectra of bulk magnetite samples. The
XMCD results are in good agreement with theoretical calculations, enabling the stoichiometry of the films to
be determined as E®, and Fg ;0,. The concentrations of both the tetrahedraf ‘Fand octahedral Fe
ions are reduced in the nonstoichiometric film, the decrease in the tetrahedral site probably being due to
disorder. CEMS consistently yields a high tetrahedral:octahedral ratio of about 0.7:1, probably because of a
contribution from a nonstoichiometric FeO interface layer.
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[. INTRODUCTION and optimization of iron oxide—based magnetoresistive de-
vices.

The past decade has seen considerable advances in theHere we present data from two inverse spinel metal oxide
study and fabrication of magnetic multilayers and nanostrucultrathin films, FgO, and Fg_;0,, grown on P{l11). The
tures. Much of this work has been motivated by interest instoichiometries of the films are obtained using conversion
spin valve$ and ferromagnetic tunnel junctioAghese sys- €lectron Mssbauer spectroscof£EMS) and x-ray mag-
tems display large values of magnetoresistance, which can Betic circular dichroisniXMCD). This combination is found
exploited in devices such as magnetic sensors, read heads 8 be particularly effective. We compare the results from
magnetic recording, and nonvolatile magnetic memdifes. these two .te_chnlques in ordgr to de_mon_strate thew_potentlal
Many studies of ferromagnetic tunnel junctions have focused®" detérmining the quality of iron oxide films. In additiod,
on metallic electrodes separated by ap@y barrier. How- and the ratio of the tetyahedral Fe the.octahedral ﬁé’.
ever, ferromagnetic tunnel junctions using an all-oxide strucf’md the octahedral P lons are all obtained by comparing
ture have recently been shown to exhibit large values o%he XMCD to calculated dichroism spectra.
magnetoresistant¢MR). These large MR values are almost
exclusively obtained at low temperature and/or high mag- Il. EXPERIMENTAL DETAILS
netic fields although sizable MR has been observed at room |5 oxide films were grown on a clean and ordered

temperature for magnetite (§®,) nanocontactS. Pt(111) surface using’Fe. The base pressure of the growth
In principle, Fg0O, is an ideal material for MR applica- chamber was & 1012 mbar. Substrate cleaning employed
tions because of its half metallicity, which theoretically of- cycles of 1 keV AF sputtering and annealing in oxygen at a
fers an infinite MR ratid® Indeed, significant values of spin pressure of % 10”7 mbar and a temperature of 840 K, with
polarization have been observed for bulls®g samples=™*  subsequent annealing in UHV at 1000 K. This resulted in a
However, while epitaxial R, films have been grown on clean and ordered Pt(111X11 surface as judged by Auger-
MgO 314 A, 05,1 and SITiQ,*® most studies have fo- electron spectroscopg§AES) and low-energy electron dif-
cused on films grown on Mg@02) that have exhibited un- fraction (LEED).
desired magnetic properties, such as unsaturated magnetiza-The stoichiometric Fg0, film was grown by first depos-
tion at applied fields as large as 70 k&eSuch undesired iting the equivalent of 6 close-packed monolayévl ) of
properties have been associated with structural detddéts.  high-purity °’Fe at room temperature, with the coverage es-
contrast, well-ordered ultrathin epitaxial & (111) fiims timated from AES. It was oxidized for 5 min at arn, Qartial
can be grown on Pt11),°-?2and we focus on these films in pressure of X 10~ mbar and a temperature of 830 K. This
this study. Fe deposition 830 K oxidation procedure was repeated three
Above the Verwey transition temperatthé® of Fe;0, at  times more to form a continuous film. The resulting over-
120 K, the well-known phenomenon of rapid electron hop-layer is referred to as a 24 ML oxide film by analogy with
ping creates “F&> " ions and controls the intrinsic electri- earlier studies®?° For the nonstoichiometric ke ;0, film,
cal properties. The magnetic properties, on the other hand, higher Q partial pressure of 10 ® mbar and a higher
are known to depend critically on the structural order andemperature of 860 K were used to further oxidize the film,
stoichiometry. It is therefore imperative that a concisewhile holding all other variables constant. At a thickness of
method for determining the structure and stoichiometry of24 ML, a sharp hexagonal LEED pattern was observed for
thin films of magnetite is found to enable the developmenboth films. It was not possible to detect any difference in the
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LEED patterns of the two films, which both exhibited a the incident x-ray flux. The XMCD spectra were obtained by

slightly contracted X 2 periodicity with respect to the sub- flipping the magnetization direction for each energy point

strate, consistent wittil11) terminations>* and taking the difference of these simultaneously obtained
The CEMS and XMCD measurements of the same filmsabsorption spectra. All data were recorded at room tempera-

were performedex situwithout capping the surface. In ear- ture and the spectra were completely reproducible in re-

lier work, on an 8 ML magnetite film, tests were carried outpeated scans.

to investigate the effect of atmospheric contamination, none

being found®™ Changes to neither the structure and cleanli- IIl. THEORY
ness nor the magnetic hysteresis loops could be detected with
LEED, AES, or magneto-optic Kerr effedMOKE) mea- The theoretical , 3 absorption spectra were calculated us-

surements after a brief exposure of the film to atmospherdng a method described in detail elsewh&r&round state
The CEMS spectra were recorded at 293 K in a geometr@nd final states were calculated B0 K in intermediate
where the sample surface normal was parallel toyray  coupling using Cowan’'sb initio Hartree-Fock code with a
beam within a He/Cli flow proportional counter. This con- relativistic correction. Interatomic screening and mixing
ventional spectrometer incorporated a 30 ni@o in Rh  were taken into account by reducing ttied and p-d Slater
source and a double-ramp vibration waveform so that théntegrals with scaling factors=0.7 and 0.8, respectively.
folded spectrum appeared on a flat background. The spe&or the octahedral sites, a crystal field oDif=1.2 eV and
trometer was calibrated using a 2&n foil of iron, and iso-  an exchange field ofigH=0.01 eV were used. For the tet-
mer shift values are quoted relative to Fe at 293 K. rahedral site a crystal field of DOj=—0.6 eV and an ex-
X-ray absorption spectroscoXAS) data were recorded change field ofugH=—0.01 eV were used. The calculated
using the high-energy spherical grating monochromatoresults were broadened by a Lorentzianlcf 0.3 (0.5 eV
beamline 1.1 on the Synchrotron Radiation Source at Dareger thelL ; (L,) edge to account for intrinsic linewidth broad-
bury Laboratory using 75% circularly polarized x rays. Theening and a Gaussian of=0.25 eV for instrumental broad-
sample was mounted on a manipulator inside a small vacuurening. The main difference between these calculations and
chamber (107 mbar) contained between the poles of anthose presented by Kuipest al®® is our use of a smaller
electromagnet® The direction of the applied magnetic field crystal field at the octahedral sites, which leads to slightly
was aligned with the x-ray propagation direction, i.e., alongbetter agreement with the experimental results. The relative
the light helicity vector. The sample normal was aligned atenergies of the calculated spectra for the different Fe sites
an angle of about 45° to the light helicity vector. In this were shifted to obtain the best fit. Adding them up with a
geometry, the in-plane component of the total applied magratio of 1:1:1 gives good agreement with previously reported
netic field of 0.6 T saturates the in-plane magnetization. Anagnetite film datd® The method is very sensitive, and a
much higher field is required to pull the moments out ofsmall change in the site occupancies can give a considerable
plane(and align them with the light helicity vectoas evi-  difference in the relative peak intensities of the XMCD.
denced by magnetic hysteresis measurements. The XMCD In principle, the local ground state at each site is a mixture
spectra were corrected for this as well as for the degree aff different configurationsl” andd"*L, where the under-
circular polarization. However, it should be pointed out thatscore denotes a hole on the oxygen ligand The ground
the scale represents a lower limit of the XMCD signal in thestate depends on tlikL charge-transfer energy, tlded Cou-
case that the sample would not be completely saturated in tHemb interactions, and thd-L mixing (hybridization. The
plane. This has no consequences for the XMCD line shap#nal state in XAS, where an electron has been excited from
but it scales the absolute signal. The x-ray absorption signa 2p core level into an empty @& state, is a mixture of the
was recorded in the drain current mode and normalized teonfigurations p3d"*! and 203d"*2L. Hybridization
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FIG. 1. CEMS spectra recorded at 293 K from
a 24 ML film of FeO, grown on Pl111). The
full Fe;O, spectrum is shown in the inset. The
emission axis zero refers to the fitted background
level. Hyperfine parameters of the fitted compo-
nents are listed in Table | and discussed in the

text.
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0.6 E ’) 0 FIG. 2. CEMS spectra recorded at 293 K from
[ : ‘ 24 ML films of Fe,_ ;0, grown on Ptl11). The
emission axis zero refers to the fitted background
level. Hyperfine parameters of the fitted compo-
nents are listed in Table Il and discussed in the

text.
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mixes both configurations to effectively result in a reducedand a nonmagnetic singlet, as with our earlier work on an 8
multiplet width, which can also be interpreted as a reductiorML film.2* For the 24 ML film, the magnetic components
of the 2p-3d exchange interaction due to the delocalizationexhibit hyperfine fields and isomer shifts that are within the
of the valence hole. Since thgp23d and 3-3d Coulomb  range of values reported for bulk f@, at room
interactions are of similar magnitude, the relative energy potemperaturé®>!

sitions of the configurations in the initial and final states are \agnetite may be represented as*FES Fe+)0,,
also similar. Consequently, the change in hybridization afte{yhere the parentheses indicate cations in octahe®a) (
2p absorption will be small, which results in only a very gjies as opposed to tetrahedrd) sites. A schematic of the
weak charge-transfer satellite in XAS. Fe;0, lattice is shown in Fig. 3. By reference to the inter-

Above thel; edge the calculation shows low-intensity [Pretation of bulk FgO, data®®3!the component labeled,

multiplet structure that is broadened out in the experimental, Fig. 1 and Table |, is identified as the ¥eion in the

spectra. This signifies the presence of a charge-transfer sat- . .
ellite. However, it is not meaningful to include the corre- etrahedral site, and those labelBdrepresent a mixture of

N g . .

sponding configuration in the calculation, since this WouIdFeg_ and Fé n octa_hedral Z;%the sﬂgsBl and B, are

introduce additional parameters that cannot be determine@{ss'%rs‘ed to be inequivalent ions in the octahedral
es?> Although theB-site ions are occupied by equal num-

properly. Therefore, we assume in the treatment of the spe<§-'t A
tra that each site can be represented by a single configuratidgrs of Fé” and Fé” ions, separate patterns are not ob-
with an integerd count. The reduction of multiplet structure Served in CEMS due to the fast electron exchange between
arising from configuration mixing can simply be taken into these cation#? Instead, the origin of the two distinct fea-
account by scaling the Slater integrals. Such a singletures,B; andB,, arises from the different magnetic dipolar
configuration model offers a transparent analysis because tiend electric quadrupolar interactions on the inequivalent Fe
only parameters are the octahedral crystal-field strengtB-site ions, withB; and B, representing the close-packed

10Dq and the scaling factors of the Slater integrals. and loose-packed octahedral Fe, respectiteljhe differ-
ence between these two types of octahedral Fe layers in the

lattice can be seen in Fig. 3. The valuefRsf 4 (intensity of
lines 2 and ¥(intensity of lines 3 and ¥ where the line
The CEMS spectra are shown in Figs. 1 and 2, with thenumbers are defined from left to right in Fig. 1, for each
hyperfine parameters of the fitted components listed irmagnetic sextet component define the spin direction as com-
Tables | and Il, respectively. The £, data in Fig. 1 are pletely in the plane. These findings are in contrast with the
seen to be well fitted by three magnetic sextet componentesults from FgO, films grown on MgQ100),'* where the

IV. RESULTS AND DISCUSSION

TABLE I. Hyperfine parameters of the fitted components for thgOzeCEMS spectra shown in Fig. 1.
Errors in parentheses relate to the least significant digit of the value.

Fe;0, Isomer shift Quadrupole Linewidth Hyperfine Area
components (mm/s splitting (mm/9 (mm/9 field (kG) R (%)
A 0.281) —-0.021) 0.401) 4781) 4.0 242)

B, 0.66(1) 0.00(1) 0.401) 4522) 4.0 222)

B, 0.66(1) 0.00(1) 0.401) 434(2) 4.0 122)

c 0.351) 0.291) 42(1)
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TABLE Il. Hyperfine parameters of the fitted components for the 58, CEMS spectra shown in Fig.
2. Errors in parentheses relate to the least significant digit of the value.

Fe;_ 50,4 Isomer shift Quadrupole Linewidth Hyperfine Area

components (mm/9 splitting (mm/9 (mm/9 field (kG) R (%)
A 0.302) —0.042) 0.522) 4741) 4.0 322)

B, 0.493) —0.083) 0.763) 44012 4.0 362)

B, 0.493) 0.003) 0.763) 384(4) 4.0 112)

C 0.371) 0.301) 3(1)

D 0.295) 4.05) 18(4)

maximumR value reported (@ in Ref. 14 is 3.2, indicating The A-site magnetic components exhibit hyperfine fields

that the spins are partly out of plane. Moreover, the relativeand isomer shifts that are still within the range of values

occupancy of theA (tetrahedrgland B (octahedral sites is  reported for bulk FgO, at room temperatur€:** However,

0.71+0.1:1 in our ultrathin FgO, film, whereas itis 0.5:1in  the isomer shifts for th&® sites in the Fg_ 0, film indicate

the thicker films formed in Ref. 14 and in bulk §@,.***" 3 charge state somewhere betweeh®Fend F&". This is
Oxidized FgO, films have a stoichiometry between that ¢onsistent with the model Be(FE T, F€T,5X5)0,, Where

of magnetite and +magh$m|tey{Fe203) and can be repre- 55 5 increases théB-site charge state also increases from

sented as Fé (F& " 3,F& 1 ;;X;)O,, WhereX represents va- 5 5y for Fe;0, to 3+ for y-Fe,04. As also found for the

cancies in the octahedral siteslies in the range 0% cor- Fe,0, film, the values ofR=4 for each magnetic sextet

responding to magnetite and maghemite, respectively. The,honent define the spin direction as completely in the

Fe;- 50, CEMS data shown in Fig. 2 are fitted by three plane. The CEMS data for the £e;0, film somewhat sur-

magnetic sextet components, a nonmagnetic singlet, and a. . - .
further undefined contributiorD. The linewidths in the p"’_}lsmgly |nd|cate. that the r_elat|ve occupancy of thandB
sites is 0.6&0.1:1, which is close to, but smaller than, the

Fe;_ 5O, spectrum are significantly greater than those in the ) . i .
Fe;O,4 spectrum. This suggests that the film is not as wellato found for the F§D4 film. Iptwﬂvely, the A:B ratio
ordered, which may also be the origin of the extra compo-WOUId be expected to increase acreases and as the num--
nentD ir’w the fit. LineD, which is observed in Fig. 2 but has ber of B-site ions decreases. We address this issue below in
not been observed in films oxidized at 830 K has an isome?heoContext |°f thtg Xl\?lCDtr:es_ults. &tB ratio found i
shift characteristic of F& and a width consistent with a CEMnSe fgi(%gtnhafli(l)r:s ?::)ul de blgcarle(?osntributriir:ofrc?rﬂna II:yer
distributi fh fine fields. A ibl f h a”. o .

ISTTIDUTION OF NYPErting Newds. A possible cause of suc aW|th FeO stoichiometry at the §@,/Pt interface?* Such a

feature is superparamagnetic graip$ Fe;O, or y-Fe,0O3), . :
which interacts to smear out the magnetic hyperfine interacl—"leer is not unexpected on the basis of work that showed that

: , - the first 1-2 ML of FgO, films on Pt111) grow as FeG?
tion. Such a component is separate from crystallingOze o an .
which composes—80% of the spectrum and is analyzed Work by Dimitrov et al>" has suggested that FeO films that

are nonstoichiometric, i.e., Fe,O, tend to form clusters of
separately. . ; ) ;

tetrahedrally coordinated B¢ ions in an environment very
similar to that of FgO,. In our films it is very probable that
the FeO layer would be nonstoichiometric, as the growth
conditions used are designed to suit®g rather than FeO
film growth. If tetrahedrally coordinated Fe ions exist in
the FeO layer, then it may not be possible to observe them as

Feq, (c
on P a separate signal using CEMS since their environment would
be similar to that of the R©®, A-site contributions, and their
Ferq magnetic moments would be coupled to that of the rest of the
Feg,, (Ip) film. Hence, they would appear as part of the overafi'Fe
Fery A-site contribution and increase tideB ratio.

The nonmagnetic singlet componddt seen in the inset
of Fig. 1 and in Fig. 2, is not seen in CEMS spectra of bulk
Feop (cp) FeO,. In earlier work with an 8 ML FgO, film, we con-
cluded that the equivalent peak arose from an FeO interface
layer on the basis of its area ratio. A paramagnetic signature
for such a layer was considered likely because the measure-
FIG. 3. Schematic diagram of the @, lattice. Successive Fe ment temperature was above théeNeemperature for FeO.
ion layers exist along thglL11] direction. The three basic types of However, further spectra have revealed that the paramagnetic
Fe layers, close-packed octahedralp ep), tetrahedral, e, and  featureC arises from Fe diffused into the Pt substrate. The
loose-packed octahedral, §¢1p), are indicated. The remaining isomer shift for this single line in our spectra is 0.35
layers consist of close-packed oxygen. +0.01 mm/s, which is in exact agreement with the value of
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by three contributions. In accordance with earlier reports, the
contribution from F&" and Fé" spin-up ions on octahedral
sites are seen as negative peaks at thefabsorption edge
and positive peaks in the Ae, edge?® The octahedral Fe
ions are distinguished by their oxidation state in XMCD be-
cause of the shorter time scale of the spectroscopy compared
with CEMS. The F&" spin-down ions on tetrahedral sites
are seen as a positive peak at thelkeedge and a negative
peak at the Fé., edge?® The inset(bottom panelsshows

the relative intensities of the three contributions found by
fitting the calculated spectra to the experimental data. These
relative intensities are given with respect to pure magnetite;
this is the reason why the 5hé+ contribution exceeds a

value of 1 for the Fg O, film. Spectrum fitting was re-
stricted to thelL g dichroism peaks since a fit over the full
energy range provides less accurate results. This arises in
1] part because the appearance of theedge can b_e changed
T T T T T ] T T ] by the Coster-Kronig interaction between the discrete states
700 710 720 730 700 710 720 730 2p1,3d" and continuum statesp3,,3d" 'k, wherek is a
continuum electron. Moreover, the theoretical model em-
ployed does not describe the region betwegrandL, par-

FIG. 4. X-ray absorption spectra féa) Fe;0, and(b) Fe,_,0,  ticularly well, since configurations that are higher in energy
grown on Pt111) recorded with left- and right-handed circularly are neglected. This probably gives rise to the discrepancies
polarized light(solid and dotted ling The bottom panels show the between theory and experiment observed in this region of the
XMCD spectra with experimental results given as a solid line andspectra.
calculated results as a dashed line. The XAS spectra are shown as The XMCD calculations agree well with the f&®, data,
raw data, while the XMCD data have been corrected for the sampléhe  best fit resulting in a 1:1:1 ratio for
geometry and beam polarization. The insets show the relative ratio;%h”;[:erd“;l:%h“, giving 6=0 and anA:B ratio of
of t2h+e IOglf of 3ihe calculated_ dichroism, in the _or(_jer 0.50:1, found by solving for & in
Feoh. ‘Fer” :Feg 7, each r?ormallzgd to the value for st0|ch|o-. Fe3+(Fel_352+Fel+253+X,;)O4. If the same fitting proce-
metric FgO,. The same arbitrary units are used for the scale iNqure is used for the ke O, data, the ratio for

both the XAS and XMCD data. Feo, " :Fer **:Fey ** is found to be 0.7:0.9:1.2, giving

0.349+0.006 mm/s for Fe diffused into Bt This latter ~=0.09, which would lead to a theoretic#l:B ratio of
value is accurately known as some $ébauer sources use Pt 0.52:1. Inspection of the two dichroism data sets in Fig. 4
as a matrix for the diffuse@Co (*'Fe). The large difference reveals that in the e ,0, film the Fe, >* contribution is

in intensity of lineC in Figs. 1 and 2 arises from the fact that reduced as expected compared to thedzefilm. However,

in Fig. 1 the substrate had a previous history’@¥e depo- our experimentally derived\:B ratios for the FgO, and
sition at 830 K. Fe;_ 5O, films give 0.50 and 0.49, respectively. Again, as

Further information can be extracted from the CEMS datawith the CEMS data, the ratio does not change as expected

by comparing the spectra for the two films. Since the techfor a reduction in the F&h“ contribution. The dichroism

nique can differentiate between the two inequivalent&e qata provide an explanation for this apparent discrepancy.
sites, it should to some extent be possible to draw concluypije the Fe, 2" peak is reduced, so too is the;F& peak
h ) d 1

sions about where thB site vacancies occur in nonstoichio- which is impossible to detect from the CEMS data where we

metric films. As mentioned abov@, relates to the Fe sites are looking at ratios rather than absolute values of the site
that are close-packed octahedral @dto loose-packed oc- occupancy. An ideal Re ,0, film would have the relative

tahedral site$’ In bulk magnetite the rati®;:B, is 3:1. In . 3t : :
our more oxidized film theB,:B, occupancy ratio appears size of the Fe, peak as 1, not 0.9 as in our case, which
higher than that in our stoichiometric film, suggesting that@PPears to be due to a less-ordered structure for the nonsto-
the Fe vacancies in the £e,0, film are located predomi- |ch|orT_1etr|c film. The relgtlve site occupancies from the two
nantly in the loose-packed octahedral layer. techniques are summarized in Table III. . _
Turning to the XMCD results, Fig. 4top panels shows Qur experimental results are largely con5|st_ent w!th an
the Fe D XAS data for the 24 ML FgO, and Fg_ 0, films earlier XMCD study of Fe_ 504(10(3)2/M90(100) films Wlth
with parallel and antiparallel alignments of the light helicity Values covering the full range of™ There are two differ-
vector to the projected component of sample magnetizatiorfnces, however, one being that our;®g film appears to
Reversal of the magnetization has the same effect as reverd#ve a larger kg =" contribution. When the R, film in
of the light helicity vector. The XMCD spectra are shown in Ref. 36 is compared to our theoretical calculationsy af
the bottom panels of Fig. 4, where the dashed lines indicatepproximately 0.03 is found, suggesting that the nominally
the calculated dichroism. The XMCD signal is characterized=e;0, film in the earlier work was in fact slightly oxidized.

oo
|

Intensity (arb. units)
S

Fet* Ty

XMCD

Fe3+ Oy
Fe2* Op

0.7:0.9:1.2
T

Photon Energy (eV) Photon Energy (eV)
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TABLE lIl. Relative site occupancies deduced from CEMS and V. SUMMARY
XMCD spectra. The kg " :Fer **:Fe, ** ratio from the XMCD
data is defined as relative to pure;Bg. The error in the XMCD
site ratios are estimated to be3%.

Stoichiometry is of paramount importance in thin;Bg
films for controlling the electric and magnetic properties and
even changes in composition occurring deep in the film can
in turn affect the surface magnetic properties. Here a com-

CEMS XMeD parison has been made between CEMS and XMCD data with
A:B B;:B, AB Fep':Fer’ Fep " the aim to show the power of these techniques in confirming

Fe,0, 0.71+0.1 1.83 050 1.0:1.0:1.0 ove:ral} film anq surface .st0|.ch|ometry. With the aid of mag-
Fe, 0, 0.68:01 327 049 0.7:0.9:1.2 netic information, contributions to the spectra can be re-

solved that remain unresolved with more conventional
techiques, such as x-ray photoelectron spectroscopy. Thin
. . films of F&O, and Fg_;O, have been produced, both of
A second d|3ff+erence_ IS t_hat our £€,0, data seem to have a which exh%bit4eviden§e (z)f4a spontaneoﬁs and complete in-
smaller Fg " contribution compared to the equivalent data yjane ferrimagnetic alignment of magnetic moments. CEMS
in Ref. 36. This is in line with theA:B ratio determined by has been used to show that the stoichiometric film exhibits
XMCD for our nonstoichiometric film, being slightly smaller isomer shifts and hyperfine fields in line with that of bulk
than expected. Fe;O,. Furthermore, the isomer shifts in CEMS indicate a

Another study reported XMCD data from an charge state oft2.5 on theO, Fe sites, which is expected
Fe;0,(111)/Fe(110)/W(110) system during various stagedor the stoichiometric film, whereas for the nonstoichiomet-
of oxidation®” The results in Ref. 37 include data from the ric film a higher charge state is found, indicating a tendency
final stage of oxidation to R®,(111) of an F&L10 film towardsy-Fe,03;. There is some evidence in the CEMS data
with an XMCD spectrum essentially identical to our data forfor Fe;_ ;0, that FeB-site vacancies occur predominantly at
the stoichiometric R0, film. The earlier report relies on an the loose-packed octahedral layers. A paramagnetic contribu-
accurate subtraction of the signal from the underlying Felion seen in CEMS from magnetite films grown or1Rtl) is
metal layer and an amount that is concluded to be paramadbought to originate from Fe dissolved in the substrate lat-
netic FeO or other departures fromsBg stoichiometry at tice. CEMS data indicate a tetrahedral to octahedral site ratio
the film interface. We point out here that such contributionsof about 0.7 for both films, compared to an expected value of
would easily be deduced from CEMS data for the same film0-5, which probably arises fronA-site-like contributions
This further shows the usefulness of comparing the two techffom a non-stoichiometric interface layer of FeO.
niques in the characterization of the stoichiometry and com- XMCD data exhibit characteristic contributions from
position of iron oxide films. Fe’" ions in tetrahedral sites and Feand FEé* ions in

If we compare our CEMS and XMCD results, we can seeoctahedral sites, which can largely be resolved separately.
that they are consistent if we take into account the samplin§p0od agreement is demonstrated between the XMCD experi-
depth of the two techniques. CEMS samples the complete 2@ental data and theoretical calculations, confirming the qual-
ML film, whereas the drain current measurement of XMCDity of the films and enabling the determination &for the
is surface sensitive. Hence, the FeO interface that we suggelseO, (6=0.00) and the ke O, (6=0.09) films. The rela-
causes thé\:B (terahedral:octahedpatatio to be about 0.7 tive occupancy of tetrahedral and octahedral sites derived
in CEMS for both films is not detected by XMCD, leading to from XMCD is 0.5 for the stoichiometric film, as expected,
the expected ratio of about 0.5. The two techniques are als@iffering from the CEMS value because of its different sam-
seen to be complementary. CEMS gives a measure of th@ling depth. The concentrations of both the tetrahedraf Fe
quality of the films through the observed linewidths. It alsoand octahedral € ions are reduced in the nonstoichiomet-
reveals information about the orientation of the magnetidic film, the decrease in the tetrahedral site probably being
moments for each contribution in the spectra and about théue to disorder. This is consistent the CEMS data, which
individual B; (close-packed octahedrabnd B, (loose- evidence a degree of disorder through an increased line-
packed octahedrgsite ratios. XMCD, on the other hand, can Width.
determine the concentration of £8°, Fe, **, and Fg, **

relative to the stoichiometric E@®, film. This allowsé to be ACKNOWLEDGMENT
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