
dom

PHYSICAL REVIEW B 67, 214408 ~2003!
Stoichiometry of Fe3ÀdO4„111… ultrathin films on Pt „111…
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The composition and magnetic properties of two types of ultrathin Fe32dO4(111) films grown epitaxially on
Pt~111! have been characterized using conversion electron Mo¨ssbauer spectroscopy~CEMS! and x-ray mag-
netic circular dichroism~XMCD!. 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 Fe3O4 and Fe2.91O4 . The concentrations of both the tetrahedral Fe31 and octahedral Fe21

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.

DOI: 10.1103/PhysRevB.67.214408 PACS number~s!: 75.50.Gg, 75.70.Ak, 75.70.Rf, 76.80.1y
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I. INTRODUCTION

The past decade has seen considerable advances i
study and fabrication of magnetic multilayers and nanostr
tures. Much of this work has been motivated by interest
spin valves1 and ferromagnetic tunnel junctions.2 These sys-
tems display large values of magnetoresistance, which ca
exploited in devices such as magnetic sensors, read head
magnetic recording, and nonvolatile magnetic memories3,4

Many studies of ferromagnetic tunnel junctions have focu
on metallic electrodes separated by an Al2O3 barrier. How-
ever, ferromagnetic tunnel junctions using an all-oxide str
ture have recently been shown to exhibit large values
magnetoresistance5 ~MR!. These large MR values are almo
exclusively obtained at low temperature and/or high m
netic fields although sizable MR has been observed at ro
temperature for magnetite (Fe3O4) nanocontacts.6

In principle, Fe3O4 is an ideal material for MR applica
tions because of its half metallicity, which theoretically o
fers an infinite MR ratio.7,8 Indeed, significant values of spi
polarization have been observed for bulk Fe3O4 samples.9–12

However, while epitaxial Fe3O4 films have been grown on
MgO,13,14 Al2O3 ,14–17 and SrTiO3 ,18 most studies have fo
cused on films grown on MgO~001! that have exhibited un
desired magnetic properties, such as unsaturated magne
tion at applied fields as large as 70 kOe.14 Such undesired
properties have been associated with structural defects.13 In
contrast, well-ordered ultrathin epitaxial Fe3O4(111) films
can be grown on Pt~111!,19–22and we focus on these films i
this study.

Above the Verwey transition temperature11,23 of Fe3O4 at
120 K, the well-known phenomenon of rapid electron ho
ping creates ‘‘Fe2.51’’ ions and controls the intrinsic electri
cal properties. The magnetic properties, on the other ha
are known to depend critically on the structural order a
stoichiometry. It is therefore imperative that a conc
method for determining the structure and stoichiometry
thin films of magnetite is found to enable the developm
0163-1829/2003/67~21!/214408~7!/$20.00 67 2144
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and optimization of iron oxide–based magnetoresistive
vices.

Here we present data from two inverse spinel metal ox
ultrathin films, Fe3O4 and Fe32dO4, grown on Pt~111!. The
stoichiometries of the films are obtained using convers
electron Mössbauer spectroscopy~CEMS! and x-ray mag-
netic circular dichroism~XMCD!. This combination is found
to be particularly effective. We compare the results fro
these two techniques in order to demonstrate their poten
for determining the quality of iron oxide films. In addition,d
and the ratio of the tetrahedral Fe31, the octahedral Fe21,
and the octahedral Fe31 ions are all obtained by comparin
the XMCD to calculated dichroism spectra.

II. EXPERIMENTAL DETAILS

Iron oxide films were grown on a clean and order
Pt~111! surface using57Fe. The base pressure of the grow
chamber was 2310210 mbar. Substrate cleaning employe
cycles of 1 keV Ar1 sputtering and annealing in oxygen at
pressure of 531027 mbar and a temperature of 840 K, wit
subsequent annealing in UHV at 1000 K. This resulted i
clean and ordered Pt(111)131 surface as judged by Auger
electron spectroscopy~AES! and low-energy electron dif-
fraction ~LEED!.

The stoichiometric Fe3O4 film was grown by first depos-
iting the equivalent of 6 close-packed monolayers~ML ! of
high-purity 57Fe at room temperature, with the coverage
timated from AES. It was oxidized for 5 min at an O2 partial
pressure of 131026 mbar and a temperature of 830 K. Th
Fe deposition 830 K oxidation procedure was repeated th
times more to form a continuous film. The resulting ove
layer is referred to as a 24 ML oxide film by analogy wi
earlier studies.19,20 For the nonstoichiometric Fe32dO4 film,
a higher O2 partial pressure of 331026 mbar and a higher
temperature of 860 K were used to further oxidize the fil
while holding all other variables constant. At a thickness
24 ML, a sharp hexagonal LEED pattern was observed
both films. It was not possible to detect any difference in
©2003 The American Physical Society08-1
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LEED patterns of the two films, which both exhibited
slightly contracted 232 periodicity with respect to the sub
strate, consistent with~111! terminations.24

The CEMS and XMCD measurements of the same fil
were performedex situwithout capping the surface. In ea
lier work, on an 8 ML magnetite film, tests were carried o
to investigate the effect of atmospheric contamination, n
being found.25 Changes to neither the structure and clea
ness nor the magnetic hysteresis loops could be detected
LEED, AES, or magneto-optic Kerr effect~MOKE! mea-
surements after a brief exposure of the film to atmosph
The CEMS spectra were recorded at 293 K in a geom
where the sample surface normal was parallel to theg-ray
beam within a He/CH4 flow proportional counter. This con
ventional spectrometer incorporated a 30 mCi57Co in Rh
source and a double-ramp vibration waveform so that
folded spectrum appeared on a flat background. The s
trometer was calibrated using a 25mm foil of iron, and iso-
mer shift values are quoted relative to Fe at 293 K.

X-ray absorption spectroscopy~XAS! data were recorded
using the high-energy spherical grating monochroma
beamline 1.1 on the Synchrotron Radiation Source at Da
bury Laboratory using 75% circularly polarized x rays. T
sample was mounted on a manipulator inside a small vac
chamber (1027 mbar) contained between the poles of
electromagnet.26 The direction of the applied magnetic fie
was aligned with the x-ray propagation direction, i.e., alo
the light helicity vector. The sample normal was aligned
an angle of about 45° to the light helicity vector. In th
geometry, the in-plane component of the total applied m
netic field of 0.6 T saturates the in-plane magnetization
much higher field is required to pull the moments out
plane~and align them with the light helicity vector! as evi-
denced by magnetic hysteresis measurements. The XM
spectra were corrected for this as well as for the degre
circular polarization. However, it should be pointed out th
the scale represents a lower limit of the XMCD signal in t
case that the sample would not be completely saturated in
plane. This has no consequences for the XMCD line sh
but it scales the absolute signal. The x-ray absorption sig
was recorded in the drain current mode and normalized
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the incident x-ray flux. The XMCD spectra were obtained
flipping the magnetization direction for each energy po
and taking the difference of these simultaneously obtai
absorption spectra. All data were recorded at room temp
ture and the spectra were completely reproducible in
peated scans.

III. THEORY

The theoreticalL2,3 absorption spectra were calculated u
ing a method described in detail elsewhere.27 Ground state
and final states were calculated atT50 K in intermediate
coupling using Cowan’sab initio Hartree-Fock code with a
relativistic correction. Interatomic screening and mixin
were taken into account by reducing thed-d and p-d Slater
integrals with scaling factorsk50.7 and 0.8, respectively
For the octahedral sites, a crystal field of 10Dq51.2 eV and
an exchange field ofmBH50.01 eV were used. For the te
rahedral site a crystal field of 10Dq520.6 eV and an ex-
change field ofmBH520.01 eV were used. The calculate
results were broadened by a Lorentzian ofG50.3 ~0.5! eV
for theL3 (L2) edge to account for intrinsic linewidth broad
ening and a Gaussian ofs50.25 eV for instrumental broad
ening. The main difference between these calculations
those presented by Kuiperet al.28 is our use of a smaller
crystal field at the octahedral sites, which leads to sligh
better agreement with the experimental results. The rela
energies of the calculated spectra for the different Fe s
were shifted to obtain the best fit. Adding them up with
ratio of 1:1:1 gives good agreement with previously repor
magnetite film data.28 The method is very sensitive, and
small change in the site occupancies can give a consider
difference in the relative peak intensities of the XMCD.

In principle, the local ground state at each site is a mixt
of different configurationsdn and dn11LI , where the under-
score denotes a hole on the oxygen ligandL.29 The ground
state depends on thed-L charge-transfer energy, thed-d Cou-
lomb interactions, and thed-L mixing ~hybridization!. The
final state in XAS, where an electron has been excited fr
a 2p core level into an empty 3d state, is a mixture of the
configurations 2pI 3dn11 and 2pI 3dn12LI . Hybridization
m

e
nd
o-
he
FIG. 1. CEMS spectra recorded at 293 K fro
a 24 ML film of Fe3O4 grown on Pt~111!. The
full Fe3O4 spectrum is shown in the inset. Th
emission axis zero refers to the fitted backgrou
level. Hyperfine parameters of the fitted comp
nents are listed in Table I and discussed in t
text.
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FIG. 2. CEMS spectra recorded at 293 K fro
24 ML films of Fe32dO4 grown on Pt~111!. The
emission axis zero refers to the fitted backgrou
level. Hyperfine parameters of the fitted comp
nents are listed in Table II and discussed in t
text.
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mixes both configurations to effectively result in a reduc
multiplet width, which can also be interpreted as a reduct
of the 2p-3d exchange interaction due to the delocalizati
of the valence hole. Since the 2p-3d and 3d-3d Coulomb
interactions are of similar magnitude, the relative energy
sitions of the configurations in the initial and final states
also similar. Consequently, the change in hybridization a
2p absorption will be small, which results in only a ve
weak charge-transfer satellite in XAS.

Above theL3 edge the calculation shows low-intensi
multiplet structure that is broadened out in the experime
spectra. This signifies the presence of a charge-transfer
ellite. However, it is not meaningful to include the corr
sponding configuration in the calculation, since this wou
introduce additional parameters that cannot be determ
properly. Therefore, we assume in the treatment of the s
tra that each site can be represented by a single configur
with an integerd count. The reduction of multiplet structur
arising from configuration mixing can simply be taken in
account by scaling the Slater integrals. Such a sing
configuration model offers a transparent analysis because
only parameters are the octahedral crystal-field stren
10Dq and the scaling factorsk of the Slater integrals.

IV. RESULTS AND DISCUSSION

The CEMS spectra are shown in Figs. 1 and 2, with
hyperfine parameters of the fitted components listed
Tables I and II, respectively. The Fe3O4 data in Fig. 1 are
seen to be well fitted by three magnetic sextet compon
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and a nonmagnetic singlet, as with our earlier work on a
ML film. 24 For the 24 ML film, the magnetic componen
exhibit hyperfine fields and isomer shifts that are within t
range of values reported for bulk Fe3O4 at room
temperature.30,31

Magnetite may be represented as Fe31(Fe21Fe31)O4 ,
where the parentheses indicate cations in octahedral (Oh)
sites as opposed to tetrahedral (Td) sites. A schematic of the
Fe3O4 lattice is shown in Fig. 3. By reference to the inte
pretation of bulk Fe3O4 data,30,31 the component labeledA,
in Fig. 1 and Table I, is identified as the Fe31 ion in the
tetrahedral site, and those labeledB represent a mixture o
Fe31 and Fe21 in octahedral lattice sites.B1 and B2 are
assigned to be inequivalent Fe2.51 ions in the octahedra
sites.25 Although theB-site ions are occupied by equal num
bers of Fe31 and Fe21 ions, separate patterns are not o
served in CEMS due to the fast electron exchange betw
these cations.32 Instead, the origin of the two distinct fea
tures,B1 andB2 , arises from the different magnetic dipola
and electric quadrupolar interactions on the inequivalent
B-site ions, withB1 and B2 representing the close-packe
and loose-packed octahedral Fe, respectively.30 The differ-
ence between these two types of octahedral Fe layers in
lattice can be seen in Fig. 3. The values ofR54 ~intensity of
lines 2 and 5!/~intensity of lines 3 and 4!, where the line
numbers are defined from left to right in Fig. 1, for ea
magnetic sextet component define the spin direction as c
pletely in the plane. These findings are in contrast with
results from Fe3O4 films grown on MgO~100!,14 where the
.
TABLE I. Hyperfine parameters of the fitted components for the Fe3O4 CEMS spectra shown in Fig. 1
Errors in parentheses relate to the least significant digit of the value.

Fe3O4

components
Isomer shift

~mm/s!
Quadrupole

splitting ~mm/s!
Linewidth

~mm/s!
Hyperfine
field ~kG! R

Area
~%!

A 0.28~1! 20.02~1! 0.40~1! 478~1! 4.0 24~2!

B1 0.66~1! 0.00~1! 0.40~1! 452~2! 4.0 22~2!

B2 0.66~1! 0.00~1! 0.40~1! 434~2! 4.0 12~2!

C 0.35~1! 0.29~1! 42~1!
8-3
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TABLE II. Hyperfine parameters of the fitted components for the Fe32dO4 CEMS spectra shown in Fig
2. Errors in parentheses relate to the least significant digit of the value.

Fe32dO4

components
Isomer shift

~mm/s!
Quadrupole

splitting ~mm/s!
Linewidth

~mm/s!
Hyperfine
field ~kG! R

Area
~%!

A 0.30~2! 20.04~2! 0.52~2! 474~1! 4.0 32~2!

B1 0.49~3! 20.08~3! 0.76~3! 440~2! 4.0 36~2!

B2 0.49~3! 0.00~3! 0.76~3! 384~4! 4.0 11~2!

C 0.37~1! 0.30~1! 3~1!

D 0.29~5! 4.0~5! 18~4!
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maximumR value reported (2p in Ref. 14! is 3.2, indicating
that the spins are partly out of plane. Moreover, the rela
occupancy of theA ~tetrahedral! and B ~octahedral! sites is
0.7160.1:1 in our ultrathin Fe3O4 film, whereas it is 0.5:1 in
the thicker films formed in Ref. 14 and in bulk Fe3O4.30,31

Oxidized Fe3O4 films have a stoichiometry between th
of magnetite and maghemite (g-Fe2O3) and can be repre
sented as Fe31(Fe123d

21 Fe112d
31 Xd)O4 , whereX represents va-

cancies in the octahedral sites.d lies in the range 0–13, cor-
responding to magnetite and maghemite, respectively.
Fe32dO4 CEMS data shown in Fig. 2 are fitted by thre
magnetic sextet components, a nonmagnetic singlet, a
further undefined contributionD. The linewidths in the
Fe32dO4 spectrum are significantly greater than those in
Fe3O4 spectrum. This suggests that the film is not as w
ordered, which may also be the origin of the extra com
nentD in the fit. LineD, which is observed in Fig. 2 but ha
not been observed in films oxidized at 830 K has an isom
shift characteristic of Fe31 and a width consistent with a
distribution of hyperfine fields. A possible cause of such
feature is superparamagnetic grains~of Fe3O4 or g-Fe2O3),
which interacts to smear out the magnetic hyperfine inte
tion. Such a component is separate from crystalline Fe3O4,
which composes;80% of the spectrum and is analyze
separately.

FIG. 3. Schematic diagram of the Fe3O4 lattice. Successive Fe
ion layers exist along the@111# direction. The three basic types o
Fe layers, close-packed octahedral, FeOh

(cp), tetrahedral, FeTd
, and

loose-packed octahedral, FeOh
(1p), are indicated. The remainin

layers consist of close-packed oxygen.
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The A-site magnetic components exhibit hyperfine fiel
and isomer shifts that are still within the range of valu
reported for bulk Fe3O4 at room temperature.30,31 However,
the isomer shifts for theB sites in the Fe32dO4 film indicate
a charge state somewhere between Fe2.51 and Fe31. This is
consistent with the model Fe31(Fe123d

21 Fe112d
31 Xd)O4 , where

as d increases theB-site charge state also increases fro
2.51 for Fe3O4 to 31 for g-Fe2O3. As also found for the
Fe3O4 film, the values ofR54 for each magnetic sexte
component define the spin direction as completely in
plane. The CEMS data for the Fe32dO4 film somewhat sur-
prisingly indicate that the relative occupancy of theA andB
sites is 0.6860.1:1, which is close to, but smaller than, th
ratio found for the Fe3O4 film. Intuitively, the A:B ratio
would be expected to increase asd increases and as the num
ber of B-site ions decreases. We address this issue belo
the context of the XMCD results.

One explanation for the increasedA:B ratio found in
CEMS for both films could be a contribution from a lay
with FeO stoichiometry at the Fe3O4 /Pt interface.24 Such a
layer is not unexpected on the basis of work that showed
the first 1–2 ML of Fe3O4 films on Pt~111! grow as FeO.33

Work by Dimitrov et al.34 has suggested that FeO films th
are nonstoichiometric, i.e., Fe12xO, tend to form clusters of
tetrahedrally coordinated Fe31 ions in an environment very
similar to that of Fe3O4. In our films it is very probable tha
the FeO layer would be nonstoichiometric, as the grow
conditions used are designed to suit Fe3O4 rather than FeO
film growth. If tetrahedrally coordinated Fe31 ions exist in
the FeO layer, then it may not be possible to observe them
a separate signal using CEMS since their environment wo
be similar to that of the Fe3O4 A-site contributions, and thei
magnetic moments would be coupled to that of the rest of
film. Hence, they would appear as part of the overall Fe31

A-site contribution and increase theA:B ratio.
The nonmagnetic singlet componentC, seen in the inset

of Fig. 1 and in Fig. 2, is not seen in CEMS spectra of bu
Fe3O4. In earlier work with an 8 ML Fe3O4 film, we con-
cluded that the equivalent peak arose from an FeO inter
layer on the basis of its area ratio. A paramagnetic signa
for such a layer was considered likely because the meas
ment temperature was above the Ne´el temperature for FeO
However, further spectra have revealed that the paramagn
featureC arises from Fe diffused into the Pt substrate. T
isomer shift for this single line in our spectra is 0.3
60.01 mm/s, which is in exact agreement with the value
8-4
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0.34960.006 mm/s for Fe diffused into Pt.35 This latter
value is accurately known as some Mo¨ssbauer sources use
as a matrix for the diffused57Co (57Fe). The large difference
in intensity of lineC in Figs. 1 and 2 arises from the fact th
in Fig. 1 the substrate had a previous history of57Fe depo-
sition at 830 K.

Further information can be extracted from the CEMS d
by comparing the spectra for the two films. Since the te
nique can differentiate between the two inequivalent FeB
sites, it should to some extent be possible to draw con
sions about where theB site vacancies occur in nonstoichio
metric films. As mentioned above,B1 relates to the Fe site
that are close-packed octahedral andB2 to loose-packed oc
tahedral sites.30 In bulk magnetite the ratioB1 :B2 is 3:1. In
our more oxidized film theB1 :B2 occupancy ratio appear
higher than that in our stoichiometric film, suggesting th
the Fe vacancies in the Fe32dO4 film are located predomi-
nantly in the loose-packed octahedral layer.

Turning to the XMCD results, Fig. 4~top panels! shows
the Fe 2p XAS data for the 24 ML Fe3O4 and Fe32dO4 films
with parallel and antiparallel alignments of the light helici
vector to the projected component of sample magnetizat
Reversal of the magnetization has the same effect as rev
of the light helicity vector. The XMCD spectra are shown
the bottom panels of Fig. 4, where the dashed lines indic
the calculated dichroism. The XMCD signal is characteriz

FIG. 4. X-ray absorption spectra for~a! Fe3O4 and~b! Fe32dO4

grown on Pt~111! recorded with left- and right-handed circular
polarized light~solid and dotted line!. The bottom panels show th
XMCD spectra with experimental results given as a solid line a
calculated results as a dashed line. The XAS spectra are show
raw data, while the XMCD data have been corrected for the sam
geometry and beam polarization. The insets show the relative
of the ions of the calculated dichroism, in the ord
FeOh

21:FeTd

31:FeOh

31, each normalized to the value for stoichio
metric Fe3O4 . The same arbitrary units are used for the scale
both the XAS and XMCD data.
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by three contributions. In accordance with earlier reports,
contribution from Fe21 and Fe31 spin-up ions on octahedra
sites are seen as negative peaks at the FeL3 absorption edge
and positive peaks in the FeL2 edge.28 The octahedral Fe
ions are distinguished by their oxidation state in XMCD b
cause of the shorter time scale of the spectroscopy comp
with CEMS. The Fe31 spin-down ions on tetrahedral site
are seen as a positive peak at the FeL3 edge and a negative
peak at the FeL2 edge.28 The inset~bottom panels! shows
the relative intensities of the three contributions found
fitting the calculated spectra to the experimental data. Th
relative intensities are given with respect to pure magne
this is the reason why the FeOh

31 contribution exceeds a

value of 1 for the Fe32dO4 film. Spectrum fitting was re-
stricted to theL3 dichroism peaks since a fit over the fu
energy range provides less accurate results. This arise
part because the appearance of theL2 edge can be change
by the Coster-Kronig interaction between the discrete sta
2p1/23dn and continuum states 2p3/23dn21k, wherek is a
continuum electron. Moreover, the theoretical model e
ployed does not describe the region betweenL3 andL2 par-
ticularly well, since configurations that are higher in ener
are neglected. This probably gives rise to the discrepan
between theory and experiment observed in this region of
spectra.

The XMCD calculations agree well with the Fe3O4 data,
the best fit resulting in a 1:1:1 ratio fo
FeOh

21:FeTd

31:FeOh

31, giving d50 and anA:B ratio of
0.50:1, found by solving for d in
Fe31(Fe123d

21Fe112d
31Xd)O4 . If the same fitting proce-

dure is used for the Fe32dO4 data, the ratio for
FeOh

21:FeTd

31:FeOh

31 is found to be 0.7:0.9:1.2, givingd
50.09, which would lead to a theoreticalA:B ratio of
0.52:1. Inspection of the two dichroism data sets in Fig
reveals that in the Fe32dO4 film the FeOh

21 contribution is

reduced as expected compared to the Fe3O4 film. However,
our experimentally derivedA:B ratios for the Fe3O4 and
Fe32dO4 films give 0.50 and 0.49, respectively. Again,
with the CEMS data, the ratio does not change as expe
for a reduction in the FeOh

21 contribution. The dichroism
data provide an explanation for this apparent discrepa
While the FeOh

21 peak is reduced, so too is the FeTd

31 peak,
which is impossible to detect from the CEMS data where
are looking at ratios rather than absolute values of the
occupancy. An ideal Fe32dO4 film would have the relative
size of the FeTd

31 peak as 1, not 0.9 as in our case, whi
appears to be due to a less-ordered structure for the non
ichiometric film. The relative site occupancies from the tw
techniques are summarized in Table III.

Our experimental results are largely consistent with
earlier XMCD study of Fe32dO4(100)/MgO(100) films with
values covering the full range ofd.36 There are two differ-
ences, however, one being that our Fe3O4 film appears to
have a larger FeOh

21 contribution. When the Fe3O4 film in
Ref. 36 is compared to our theoretical calculations, ad of
approximately 0.03 is found, suggesting that the nomina
Fe3O4 film in the earlier work was in fact slightly oxidized
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A second difference is that our Fe32dO4 data seem to have
smaller FeTd

31 contribution compared to the equivalent da

in Ref. 36. This is in line with theA:B ratio determined by
XMCD for our nonstoichiometric film, being slightly smalle
than expected.

Another study reported XMCD data from a
Fe3O4(111)/Fe(110)/W(110) system during various stag
of oxidation.37 The results in Ref. 37 include data from th
final stage of oxidation to Fe3O4(111) of an Fe~110! film
with an XMCD spectrum essentially identical to our data
the stoichiometric Fe3O4 film. The earlier report relies on a
accurate subtraction of the signal from the underlying
metal layer and an amount that is concluded to be param
netic FeO or other departures from Fe3O4 stoichiometry at
the film interface. We point out here that such contributio
would easily be deduced from CEMS data for the same fi
This further shows the usefulness of comparing the two te
niques in the characterization of the stoichiometry and co
position of iron oxide films.

If we compare our CEMS and XMCD results, we can s
that they are consistent if we take into account the samp
depth of the two techniques. CEMS samples the complete
ML film, whereas the drain current measurement of XMC
is surface sensitive. Hence, the FeO interface that we sug
causes theA:B ~terahedral:octahedral! ratio to be about 0.7
in CEMS for both films is not detected by XMCD, leading
the expected ratio of about 0.5. The two techniques are
seen to be complementary. CEMS gives a measure of
quality of the films through the observed linewidths. It al
reveals information about the orientation of the magne
moments for each contribution in the spectra and about
individual B1 ~close-packed octahedral! and B2 ~loose-
packed octahedral! site ratios. XMCD, on the other hand, ca
determine the concentration of FeTd

31, FeOh

21, and FeOh

31

relative to the stoichiometric Fe3O4 film. This allowsd to be
determined for Fe32dO4, as well as theA:B ratio.

TABLE III. Relative site occupancies deduced from CEMS a
XMCD spectra. The FeOh

21:FeTd

31:FeOh

31 ratio from the XMCD
data is defined as relative to pure Fe3O4 . The error in the XMCD
site ratios are estimated to be63%.

CEMS XMCD

A:B B1 :B2 A:B FeOh

21:FeTd

31:FeOh

31

Fe3O4 0.7160.1 1.83 0.50 1.0:1.0:1.0
Fe32dO4 0.6860.1 3.27 0.49 0.7:0.9:1.2
ys

P.
K
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V. SUMMARY

Stoichiometry is of paramount importance in thin Fe3O4
films for controlling the electric and magnetic properties a
even changes in composition occurring deep in the film
in turn affect the surface magnetic properties. Here a co
parison has been made between CEMS and XMCD data
the aim to show the power of these techniques in confirm
overall film and surface stoichiometry. With the aid of ma
netic information, contributions to the spectra can be
solved that remain unresolved with more conventio
techiques, such as x-ray photoelectron spectroscopy. T
films of Fe3O4 and Fe32dO4 have been produced, both o
which exhibit evidence of a spontaneous and complete
plane ferrimagnetic alignment of magnetic moments. CEM
has been used to show that the stoichiometric film exhi
isomer shifts and hyperfine fields in line with that of bu
Fe3O4. Furthermore, the isomer shifts in CEMS indicate
charge state of12.5 on theOh Fe sites, which is expecte
for the stoichiometric film, whereas for the nonstoichiom
ric film a higher charge state is found, indicating a tenden
towardsg-Fe2O3. There is some evidence in the CEMS da
for Fe32dO4 that FeB-site vacancies occur predominantly
the loose-packed octahedral layers. A paramagnetic contr
tion seen in CEMS from magnetite films grown on Pt~111! is
thought to originate from Fe dissolved in the substrate
tice. CEMS data indicate a tetrahedral to octahedral site r
of about 0.7 for both films, compared to an expected value
0.5, which probably arises fromA-site-like contributions
from a non-stoichiometric interface layer of FeO.

XMCD data exhibit characteristic contributions from
Fe31 ions in tetrahedral sites and Fe21 and Fe31 ions in
octahedral sites, which can largely be resolved separa
Good agreement is demonstrated between the XMCD exp
mental data and theoretical calculations, confirming the qu
ity of the films and enabling the determination ofd for the
Fe3O4 (d50.00) and the Fe32dO4 (d50.09) films. The rela-
tive occupancy of tetrahedral and octahedral sites deri
from XMCD is 0.5 for the stoichiometric film, as expecte
differing from the CEMS value because of its different sa
pling depth. The concentrations of both the tetrahedral F31

and octahedral Fe21 ions are reduced in the nonstoichiome
ric film, the decrease in the tetrahedral site probably be
due to disorder. This is consistent the CEMS data, wh
evidence a degree of disorder through an increased l
width.
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