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Emission Mössbauer spectroscopy study of the Fe3O4„100… surface
and Fe3O4 ÕMgO„100… and Fe3O4 ÕCoO„100… interfaces
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57Co probe atoms were deposited on the surface of Fe3O4(100) films grown on MgO~100! substrates.In situ
emission Mo¨ssbauer spectroscopy and reflection high-energy electron-diffraction measurements were per-
formed on the surface after the deposition and after an annealing at 250 °C. After the deposition, the probe
atoms are in Fe21 and Fe31 charge states in a disordered atomic arrangement at the surface. They do not
participate in the electron-exchange process that takes place in the bulk part of the film. After annealing at
250 °C the probe atoms partly diffuse below the surface. All of the probe atoms now participate in the
electron-exchange process. We observed enhanced fluctuations of the spins at and close to the surface at room
temperature. Deposition of a MgO layer on top of the magnetite film significantly reduces the spin fluctuations.
At 130 K the probe atoms at the Fe3O4 /MgO interface are in a Fe31 charge state. Deposition of CoO on a
magnetite film results in an interface that consists of a cobalt substituted magnetite layer (CoxFe32xO4). We
estimate the cobalt content of this interface layer to be 0.560.1.

DOI: 10.1103/PhysRevB.68.165407 PACS number~s!: 76.80.1y, 73.20.2r
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I. INTRODUCTION

Recently the growth of thin epitaxial magnetite (Fe3O4)
films by means of O2-assisted molecular-beam epitax
~MBE! ~Refs. 1,2! has made it possible to study the prope
ties of the magnetite film and its surface. The studies on
magnetite surface were motivated by the use of magnetit
a catalyst in inorganic processes3 and also by the premis
that the knowledge of the surface structure can be dire
used in the study of Fe3O4 /MgO(100) and
Fe3O4 /CoO(100) interfaces.4 It is expected that a magnetit
possesses full spin polarization at the Fermi level.5 In com-
bination with its high ferrimagnetic Ne´el temperature~858
K!, this material is an excellent candidate as ingredien
spin electronic devices. Surprisingly, the experiments
Fe3O4 /MgO/Fe3O4 tunnel junctions showed a tunnelin
magnetoresistance~TMR! effect of only a few percent.6,7 It
was realized that a detailed knowledge of the Fe3O4 /MgO
interface is necessary for the understanding of the s
polarization performance of magnetite-based tunneling
vices. Another class of thin-film systems where knowled
of the interface is of great importance is that of the excha
bias systems. An example of such a system is Fe3O4 /CoO.
This system was proposed as an ingredient in all-oxide s
valve devices.7 The exchange coupling between a ferroma
netic Fe3O4 film and an antiferromagnetic CoO film, givin
rise to exchange biasing, depends sensitively on the inter
structure of these two films.

Magnetite has the crystal structure of an inverse spi
One-third of the iron ions are located in a tetrahedral oxyg
environment (A sites! and are in the Fe31 charge state. The
other two-third of the iron ions have an octahedral oxyg
environment (B sites!. The iron ions onB sites can be for-
mally divided into two equal populations of Fe21 and Fe31

ions.
0163-1829/2003/68~16!/165407~8!/$20.00 68 1654
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The Fe3O4(100) surface is considered polar in terms
the classification introduced by Tasker for ionic or par
ionic materials.8,9 In the ~100! direction Fe3O4 shows a
stacking sequence of planes with opposite and equal ch
density. The ironA-site planes are positively charged an
planes containing the ironB-site and oxygen ions are nega
tively charged. These alternately charged planes produ
dipole moment perpendicular to the surface, which result
the building up of a large electrostatic energy in the mater
However, this energy will vanish if the charge on the faces
the crystal is just one-half of that of the alternating laye
~autocompensation!. This can be done by reconstruction
the surface. A (A23A2)R45° reconstruction was first ob
served on natural single crystals by Tarrachet al.10 and sub-
sequently on MBE-grown epitaxial Fe3O4 films by Voogt
et al.11 Two basic models for Fe3O4(100) surface reconstruc
tion fulfilling the autocompensation principle were su
gested:~i! a half-filled A-site surface termination or~ii ! a
B-site surface termination with oxygen vacancies.12

At present, the termination of the magnetite film still r
mains a controversial problem.B-site surface termination o
a Fe3O4(100) film with an ordered array of oxygen vaca
cies was reported by Stankaet al.13 A study by Chambers
et al.14 on a Fe3O4(100) film showed that the surface wa
terminated by a half monolayer of tetrahedral iron. This
sult was supported by Mijiritskiiet al.15 in their low-energy
ion scattering study on a thin epitaxial Fe3O4(100) film.
Also, surface relaxation was observed.14,15The top fourA-B
interplanar spacings at the surface were found to dev
from their respective bulk values. It was noted that the ty
of reconstruction critically depends on the sample prepa
tion history13,14,16,17that controls the Fe to O ratio on th
surface. Surface terminations that violate the autocompe
tion principle were also reported. Coeyet al.18 interpreted
their scanning tunneling images in terms of an array of Fe21
©2003 The American Physical Society07-1
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and Fe31 ions. In a more recent scanning tunneling micro
copy study, Mariottoet al.17 observed dimers of Fe21 and
Fe31 ions. In earlier thin-film growth studies, only 131 re-
flection high-energy electron-diffraction~RHEED! patterns
had been observed, corresponding to unreconstru
surfaces.19,20An alternative to the reconstruction for remov
of the surface polarity was proposed by Nogueraet al.21,22

The authors claim that there always exist enough electro
degrees of freedom in a material to reach charge compe
tion through filling of the surface electronic states on s
ichiometric surfaces.

Mössbauer effect spectroscopy~MES! is a widely used
method in the study of magnetite and substituted magnet
MES makes observations on a local atomic scale and
vides crucial information needed for a better understand
of the magnetic behavior on a macroscopic scale. Emis
Mössbauer spectroscopy~EMS!, compared to other surfac
sensitive methods, has the advantage that it can probe si
taneously chemical, structural, and magnetic properties w
submonolayer sensitivity. A peculiarity of EMS on radioa
tive probe atoms is that the Mo¨ssbauer spectrum is basical
that of the daughter nucleus (57Fe in this case!, whereas the
site selection of the probe atoms is governed by the chem
properties of the parent atoms (57Co). If sufficient charge
carriers are available, the charge state of the daughter p
atom will not be different from that of a stable Fe atom
Above the Verwey temperature (TV5122 K) magnetite
shows substantial electrical conductivity due to a 3d electron
exchange between theB-site iron ions. At room temperatur
the electron hopping time between theB-site ions is about 3
ns.23 This is short compared to both the nuclear precess
time and the lifetime of the excited state, so that in a Mo¨ss-
bauer spectrum only an effective iron charge state Fe2.51 is
observed. As a result, at room temperature, the Mo¨ssbauer
spectrum of magnetite consists of two components, one f
the Fe31 on A sites and one from the effective Fe2.51 on B
sites. BelowTV , the electron exchange is suppressed a
manifests itself in a decrease of conductivity and the app
ance of additional components in the Mo¨ssbauer spectrum
which are ascribed to Fe21 and Fe31 ions on theB sites.24,25

Decoupling of some of theB-site iron ions from the electron
exchange process and the appearance of a Fe31 component
was also observed in Mo¨ssbauer measurements on nons
ichiometric Fe3O4 ~Refs. 26,27! and on cobalt and lithium
substituted magnetites.28,29

In the present study we have deposited57Co probe atoms
by means of the soft-landing technique30 on the surface of
Fe3O4(100) thin films grown by O2-assisted MBE on
MgO~100!. An emission MES study was performedin situ in
order to characterize the surface of the magnetite film. S
sequently, after growing MgO or CoO on top, the probe
oms are present at the Fe3O4 /MgO(100) and
Fe3O4 /CoO(100) interfaces, respectively. An EMS study
these samples makes it possible to characterize the two
terfaces.

II. EXPERIMENT AND RESULTS

Magnetite films were grown by the O2-assisted MBE on
polished MgO~100! substrates with a size of 10310 mm.
16540
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The base pressure in the UHV chamber was
310210 mbar. Before deposition, the MgO~100! substrates
were annealed for 180 min at 650 °C in an oxygen press
of 131026 mbar. The thickness of the films was 10 nm
defined by the RHEED oscillation during growth. During th
growth of the films, oxygen was supplied via a leak valve
a distance of 10 cm from the sample. Iron was supplied
the sample by an effusion cell. The temperature of the s
strate during growth was 250 °C. The growth rate was 2
nm/min. This procedure is known to produce stoichiomet
Fe3O4 films of good quality.2 At the end of the film deposi-
tion the shutters in front of the iron effusion cell and th
oxygen supply were simultaneously closed. The heater of
sample holder was switched off and the sample was lef
cool down to room temperature after a pressure
1028 mbar in the MBE chamber was obtained. This tre
ment is expected to produce a half-filledA-site surface
termination.14 The sample was transferredin situ to the soft-
landing UHV chamber. After this transfer the Fe3O4 surface
was checked for contaminations by Auger electron spect
copy ~AES!. Only iron and oxygen peaks were found in th
AES spectra.

For the soft-landing experiment,57Co ions were created
in an ion plasma source. The source contained 2 mCi57Co in
the form of CoCl2. The 57Co ions were extracted from th
plasma with an energy of 50 keV. The radioactive57Co beam
was separated from all the other masses at the Gronin
isotope separator and was further focused and deceler
before entering the soft-landing UHV chamber. The pro
atoms were deposited on the sample with an energy fro
eV to at most 10 eV. The pressure in the UHV chamb
during the soft-landing deposition was in the m
10211 mbar range. In our preliminary soft-landing depos
tions on test samples the profile of the beam spot on
sample was measured by Rutherford backscattering.
maximum coverage of the surface was one57Co per magne-
tite surface unit cell (0.83930.839 nm2). More details about
the soft-landing deposition facility can be foun
elsewhere.30,31This method for deposition of probe atoms o
surfaces was previously successfully used, for instance
the study of the self-diffusion of111Ag probe atoms on
Ag~100! surfaces.32 After the soft-landing deposition of the
probe 57Co ions the sample was brought backin situ to the
MBE system.

Two samples were prepared for the MES investigation
the soft-landing facility. The Fe3O4 surface of sample 1 wa
studied at room temperaturein situ inside the MBE chamber
as prepared@Fe3O4/1 spectrum, Fig. 1~a!# and after anneal-
ing for 30 min at 250 °C@Fe3O4/2 spectrum, Fig. 1~b!#. Sub-
sequently, after the deposition of 6-nm MgO on sample 1
250 °C, a MES spectrum was obtainedin situ @Fig. 1~c!# for
studying the Fe3O4 /MgO interface. This spectrum is ident
cal to the Fe3O4 /MgO/1 spectrum@Fig. 2~a!# obtainedex
situ for the same Fe3O4 /MgO sample, apart from the highe
line broadening for thein situ measurement. For this samp
also a Fe3O4 /MgO/2 spectrum was obtained at 130 K@Fig.
2~b!#.

In order to study the Fe3O4 /CoO interface, after soft
7-2



a
s
a

n
gO
w
f 3
e
m
in

ac

be

e
t

e

the
ue
in

face
-

he
he

°C,
ge

is-
the
-

ple
ral

on
sly
om
a
ed

s
obe
was

EMISSION MÖSSBAUER SPECTROSCOPY STUDY OF . . . PHYSICAL REVIEW B 68, 165407 ~2003!
landing of 57Co probe atoms, a 3-nm CoO film was grown
250 °C on the Fe3O4 surface of sample 2. The CoO film wa
covered by a 6-nm MgO film in order to prevent the oxid
tion of CoO in air. For this sample we obtainedex situMES
spectra, Fe3O4 /CoO/1 at room temperature@Fig. 3~a!# and
Fe3O4 /CoO/2 at 130 K@Fig. 3~b!#.

The MgO and CoO films were deposited at growth co
ditions necessary to obtain stoichiometric CoO and M
films.33 These conditions are the same as that for the gro
of Fe3O4 except that a somewhat higher growth rate o
nm/min is used. The radioactivity of sample 1 and sampl
were 60mCi and 30mCi, respectively. The mass 57 bea
contained 30% of57Fe due to the presence of natural iron
the soft-landing system.

The MBE system was equipped with a sample holder f
ing a beryllium window for performingin situ MES investi-
gations. A transducer with a moving single-line Mo¨ssbauer
absorber made of Na4

57Fe(CN)6•10H2O ~95% enriched!
was mounted outside the MBE chamber in front of the
ryllium window. Vibrations, emanating from the MBE
pumping systems producing some line broadening for thin
situ MES measurements, can be detected by comparing
spectra shown in Figs. 1~c! and 2~a! takenin situ andex situ,
respectively.

During and after the growth of the Fe3O4 film we ob-
served a (A23A2)R45° surface reconstruction in th

FIG. 1. Emission Mo¨ssbauer spectra measuredin situ at room
temperature for57Co probe atoms soft landed at the~a! Fe3O4(100)
surface,~b! Fe3O4(100) surface after annealing at 250 °C, and~c!
Fe3O4 /MgO interface.
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RHEED image. This reconstruction can be recognized by
appearance of half-order diffraction lines in the zeroth La
zone. The additional diffraction lines have been observed
other studies and are considered a fingerprint of the sur
reconstruction.12,34 The additional half-order lines disap
peared after the soft landing of the probe atoms on the Fe3O4
surface, as a 131 surface structure was observed in t
RHEED image. It was for this surface condition that t
MES spectrum Fe3O4/1 was collected@Fig. 1~a!#. After-
wards, when the sample was annealed for 30 min at 250
we observed that starting at 150 °C the RHEED ima
changed back to the original (A23A2)R45° reconstruction
and remained so after the annealing. The spectrum Fe3O4/2
was collected for this surface condition@Fig. 1~b!#.

We performed additional experiments to check if the d
appearance of the surface reconstruction is caused by
deposition of 57Co atoms with 5-eV energy. After prepara
tion of a Fe3O4(100) surface in the standard way, the sam
was left at room temperature in the UHV chamber for seve
days. The only RHEED image we observed was of a (A2
3A2)R45° surface. Afterwards, natural Fe was deposited
the surface at RT and the RHEED image was continuou
monitored. The thermal energy of the Fe atoms coming fr
the effusion cell was 0.1 eV (1200 °C). At about 20% of
monolayer Fe coverage, the RHEED image transform
from (A23A2)R45° surface to 131 and the deposition wa
stopped. The 20% coverage is comparable with the pr
atoms coverage of the soft-landing samples. The sample

FIG. 2. Emission Mo¨ssbauer spectra measuredex situfor 57Co
probe atoms present at the Fe3O4 /MgO interface at~a! 295 K and
~b! 130 K.
7-3
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L. A. KALEV, P. SCHURER, AND L. NIESEN PHYSICAL REVIEW B68, 165407 ~2003!
left in UHV conditions for a day and then heated up. T
RHEED image transformed back to (A23A2)R45° at
150 °C. This experiment showed that the change in the
face structure is not caused by the somewhat higher en
of the soft-landed probe atoms. It is worth mentioning th
surface structure transformation to 331 ~Refs. 12,35! or 4
31 ~Ref. 36! has been observed due to diffusion of M
atoms to the Fe3O4(100) film surface from the MgO sub
strate after annealing at temperatures above 700 K. Th
results show that the surface symmetry as observed
RHEED can be changed if additional atoms are introdu
~or added! to the surface.

Another sample identical to sample 1 was prepared w
activity ten times smaller than sample 1 and 70% of57Fe in

FIG. 3. Emission Mo¨ssbauer spectra measuredex situfor 57Co
probe atoms present at the Fe3O4 /CoO interface at~a! 295 K and
~b! 130 K.
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the radioactive beam. The Mo¨ssbauer measurements on the
two samples produced identical spectra, leading to the c
clusion that we can neglect interactions between the pr
atoms.

The Mössbauer spectra were processed by a nonlin
least-squares fitting routine. Fits with a varying number
magnetic sextets~components! were attempted. Reasonab
fits to the experimental spectra were obtained by a tw
component model. Allowing a Gaussian distribution of t
magnetic hyperfine field with standard deviations-Bh f
around an average value,Bh f gave appreciable values o
s-Bh f only for the fit of spectrum Fe3O4/1, wheres-Bh f ,S
53.1 T ands-Bh f ,B51.3 T. The fitting to the other spectr
produceds-Bh f ,S ands-Bh f ,B less than 0.1 T. Therefore, a
the spectra except the spectrum Fe3O4/1 were fitted with
Lorentzian line shape. The experimental Lorentzian l
width Gexp was obtained after careful examination of th
different sources of line broadening such as absorber th
ness effects, vibrations in the MBE chamber for thein situ
measurements, and vibrations in the cryostat for the lo
temperature measurements. The values ofGexp for the in
situ, ex situat RT, andex situat 130 K measurements wer
0.80, 0.48, and 0.63 mm/s, respectively. For the sake of c
ity only the additional line broadeningDG5G tot2Gexp for
every particular spectrum is presented in Tables I and II. T
area ratior 5I2/(I11I3) was used as a fitting parameter
each sextetI1:I2:I3:I3:I2:I1. This parameter depends o
the orientation anglew between the magnetic hyperfine fie
and the g-ray direction via the relation r 5sin2w/(1
1cos2w). For in-plane moment alignmentr 51, and for a
perpendicular moment alignmentr 50.

All the fit results are summarized in Tables I and II f
sample 1 and sample 2, respectively. More sophisticated
cessing of the spectra was not attempted because of the
tistical quality of the spectra.

III. ANALYSIS AND DISCUSSION

The room-temperature hyperfine parameters for b
magnetite, as reported in the literature are scattered wi
not so narrow intervals.26,37,38As reference data we adopt ou
conversion electron Mo¨ssbauer spectroscopy measureme
for a fully 57Fe enriched 20-nm-thick Fe3O4 film grown on
MgO~100! at the same conditions as the soft-landi
samples. At 295 K we have measuredBh f ,A548.4 T and
TABLE I. Hyperfine parameters derived from the Mo¨ssbauer spectra of sample 1. The isomer shiftsd are relative toa-Fe at RT. The
intensitiesw, the hyperfine fieldsBh f , the additional line broadeningDG, and the area ratiosr of the two componentsS andB are shown.
The statistical errors are given in the parentheses.

Spectrum Temperature ComponentS ComponentB
name wS dS Bh f ,S DGS r S wB dB Bh f ,B DGB r B

~K! ~%! ~mm/s! ~T! ~mm/s! ~%! ~mm/s! ~T! ~mm/s!

Fe3O4/1 295 60~3! 0.84~3! 35.0~2! 1.07~8! 0.92~6! 40~2! 0.44~2! 43.0~2! 0.51~5! 0.77~5!

Fe3O4/2 295 30~3! 0.71~1! 41.1~2! 1.01~6! 0.79~5! 70~2! 0.63~1! 44.8~1! 0.63~5! 0.80~5!

Fe3O4 /MgO/1 295 28~3! 0.66~1! 42.7~2! 0.43~5! 0.66~4! 72~2! 0.64~1! 45.5~1! 0.09~4! 0.62~4!

Fe3O4 /MgO/2 130 25~3! 0.53~1! 50.0~1! 0.24~4! 0.56~4! 75~2! 0.74~1! 47.0~1! 0.05~4! 0.59~4!
7-4
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TABLE II. Hyperfine parameters derived from the Mo¨ssbauer spectra of sample 2. The isomer shiftsd are relative toa-Fe at RT. The
intensitiesw, the hyperfine fieldsBh f , the additional line broadeningDG, and the area ratiosr of the two componentsS andB are shown.
The statistical errors are given in the brackets.

Spectrum Temperature ComponentB1 ComponentB2
name wB1 dB1 Bh f ,B1 DGB1 r B1 wB2 dB2 Bh f ,B2 DGB2 r B2

~K! ~%! ~mm/s! ~T! ~mm/s! ~%! ~mm/s! ~T! ~mm/s!

Fe3O4 /CoO/1 295 52~2! 0.50~1! 47.1~1! 0.26~2! 0.83~4! 48~2! 0.62~1! 43.6~1! 0.21~2! 0.91~4!

Fe3O4 /CoO/2 130 75~2! 0.59~1! 50.6~3! 0.20~4! 0.87~4! 25~3! 0.75~1! 46.1~1! 0.17~4! 0.89~5!
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Bh f ,B545.3 T and isomer shiftsdA50.28 mm/s anddB

50.64 mm/s for the hyperfine parameters of theA and B
sites, respectively. The same sample was measured al
140 K. At this temperature we have observed an increas
0.10 mm/s in the isomer shift and 2.4 T in the hyperfine fi
of the B-site component.

As we mentioned in the Introduction, the type of reco
struction critically depends on the sample preparation
tory. Our magnetite films were prepared at the same gro
conditions as the ones reported in Refs. 14 and 15, whe
half-filled A-site surface termination was established. The
fore, we can expect that the (A23A2)R45° surface symme
try of our Fe3O4 films corresponds to a half-filledA-site
surface termination. The isomer shift data of our measu
ment on the magnetite surface after the soft landing~Table I!
shows values greater thandA50.28 mm/s, indicating tha
there are no Fe31 probe atoms onA sites. If the magnetite
surface wereB-site terminated then after the soft landing t
probe atoms would occupy the surfaceA sites. This would be
the easiest way for surface autocompensation. The fact
we do not observe probe atoms onA sites further supports
our assumption that the as-prepared magnetite surfac
A-site terminated.

Figure 1~a! shows the Fe3O4/1 spectrum acquired from
the Fe3O4(100) surface after soft-landing of the probe atom
The spectrum has been fitted with two componentsS andB.
The broad component in the spectrum has isomer shiftdS
50.84 mm/s. A component with isomer shift ofd
51.00 mm/s was found in bulk magnetite measured at 4.
and ascribed to a Fe21 charge state.39 A second-order
Doppler-shift reduction of about 0.20 mm/s expected in
isomer shift at RT gives a 0.80 mm/s value for the isom
shift for the Fe21 ions at RT. Therefore, we will interpret th
value ofdS as originating from Fe21 ions. The other compo
nentB has valuesdB50.44 mm/s andBh f ,B543 T. On the
basis of the isomer shift we will ascribe this component
Fe31. A component withd50.39 mm/s andBh f550 T has
been observed in nonstoichiometric magnetite and has b
interpreted as arising from Fe31 ions.26,27

The values ofs-Bh f for the two componentsS andB are
3.1 T and 1.6 T, respectively. These broad distributions of
magnetic hyperfine field show that the probe atoms h
different atomic environments. As remarked by Noguera21

surface diffraction patterns exhibit 131 symmetry if no or-
dering on the surface takes place. Therefore, the 131 sur-
face symmetry as observed in the RHEED image is not
to a bulk surface termination but due to the missing surf
16540
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order. The RHEED and the MES observations appare
show that the probe atoms are positioned on the surface
disordered manner. The absence of the 2.51 charge state, as
shown by the MES, leads to the conclusion that these at
are isolated from the electron-exchange process that exis
the bulk part of the magnetite film.

A quite unexpected evolution of the surface structure
observed after the annealing of the sample. The recover
the (A23A2)R45° surface structure is a clear indication th
atomic ordering took place during the annealing. T
Fe3O4/2 spectrum acquired after annealing at 250 °C
shown in Fig. 1~b!.

The origin of the components observed in the Fe3O4/2
@Fig. 1~b!# and Fe3O4 /MgO/1 @Fig. 2~a!# spectra becomes
clear after comparative analysis of these two spectra.
isomer shifts of the components in the two spectra are eq
within the experimental error, to the isomer shift ofB sites’
bulk magnetite, 0.64 mm/s, except the somewhat hig
value of 0.71 mm/s of componentS in the Fe3O4/2 spectrum.
Therefore, we can ascribe these components to a Fe2.51

charge state. The hyperfine field of componentB in the
Fe3O4 /MgO/1 spectrum is equal to the hyperfine field
45.5 T observed in bulk magnetite. Therefore, this com
nent originates from probe atoms below the surface havin
bulklike B-site atomic environment. TheBh f ,S value of com-
ponentS can be understood by considering the supertra
ferred hyperfine field~STHF! contribution to the magnetic
hyperfine field. This contribution results from the transfer
electronic spin density from an ion to another via an int
mediate ion in a process similar to that of magne
superexchange.40 In magnetite and substituted magnetite
this transfer is from theA-site ion via the oxygen ion to the
B-site ion. In this way, any ion substitution of iron on a
A-site or a missingA-site ion can be observed in the Mo¨ss-
bauer spectrum as a reduction ofBh f ,B .

An A-site substitution by Mg produces a reduction
Bh f ,B by 1.3 T.41 At the Fe3O4 /MgO interface theB-site ions
will have two A-site nearest neighbors less than that in
bulk Fe3O4. This will amount to a reduction of 2.6 T in th
STHF contribution to the total hyperfine field for compone
S in the Fe3O4 /MgO/1 spectrum. Subtracting the 2.6
STHF contribution from the bulk hyperfine field of 45.5
gives 42.9 T, which is consistent with the experimental va
of 42.7 T.

In summary, we associate componentS with probe atoms
in the B-site planes at the surface or at the interface a
componentB with the probe atoms located in theB-site
7-5
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planes closely below the surface of the MgO interface. T
intensities of the two componentsS and B in the Fe3O4/2,
Fe3O4 /MgO/1, and Fe3O4 /MgO/2 spectra are constan
within the experimental error~see Table I!. This indicates
that the probe atoms conserve their atomic positions after
annealing at 250 °C and during the growth of the MgO fil
From the recovery of the surface reconstruction at 150 °C
infer that the surface atoms are quite mobile during the
nealing at 250 °C. It may seem surprising that the pro
atoms are able to reachB layers below the surface. We reca
however, that the probe atoms are still Co21 ions when they
diffuse, which means that they will try to reach their pr
ferred thermodynamically stable positions at theB sites. The
corresponding chemical driving force must be respons
for this diffusion below the surface.

The additional broadening of 1.01 mm/s and 0.63 mm/s
the linewidths of theS and B components, respectively, i
Fe3O4/2 spectrum could be either due to a distribution of t
hyperfine parameters reflecting a different atomic envir
ment of the probe atoms or due to spin-relaxation effe
Actually, both effects could be expected. Surface relaxa
of a half-filledA-site surface terminated Fe3O4(100) surfaces
was reported in the literature.14,15 The first four interlayer
spacings are relaxed by214%, 257%, 219%, and129%
of the respective bulk values. This surface relaxation s
stantially modifies Fe-O distances and Fe(A)-site-O-Fe
(B)-site angles, which will result in a variation of the hype
fine parameters and also in a variation of the superexcha
interaction between the iron ions onA andB sites. Together
with the reduced number of magnetic neighbors, the la
effect could lead to enhanced fluctuation rates. The incre
of Bh f ,S and Bh f ,B by 1.6 T and 0.7 T, respectively, afte
deposition of MgO on the Fe3O4 surface provides evidenc
for the fact that the additional line broadening in the Fe3O4/2
spectrum is to a great extent due to spin-relaxation effec

The Mössbauer spectrum of the Fe3O4 /MgO interface at
130 K is shown in Fig. 2~b!. The hyperfine parameters o
componentB are as expected for bulk magnetite at this te
perature. The isomer shift of componentS is 0.53 mm/s.
Extrapolating this value to RT by taking into account t
second-order Doppler shift observed in bulk magnetite gi
a value of 0.43 mm/s. As was discussed above, this iso
shift corresponds to a Fe31 charge state. This behavior of th
S component suggests that at 130 K the iron ions at
interface do not take part in the electron-exchange proc
Apparently, the interface presents a potential barrier for th
carriers. The reason for this potential barrier is probably
presence of divalentB-site Mg neighbors of the FeB-site
interface atoms, similar to what is observed for C
substituted Fe3O4 ~see below!.

It was suggested that the small TMR effect observed
Fe3O4 /MgO/Fe3O4 tunnel junctions is caused by a rando
spin orientation7 or spin fluctuations6 close to the
Fe3O4 /MgO interface. Spin orientation of 29(5)° out of the
film plane was deduced from the area ratio parameterr of the
Fe3O4 /MgO/1 spectrum in the way described in Sec. II. Th
spin orientation is close to a spin orientation of 35.3°, wh
would be produced by a random spin orientation. On
other hand the Mo¨ssbauer measurements on thicker fully e
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riched Fe3O4 films also produce an average out-of-pla
angle of 30° due to the presence of antiphase boundaries
strong antiferromagnetic interactions.42,43The small value of
DGB50.09(5) mm/s and the bulklike hyperfine paramete
of componentB strongly suggest that the spins locat
closely below the Fe3O4 /MgO interface do not behave dif
ferent from the bulk of the layer. However, the decrease
DGS , from 0.43 to 0.24 mm/s, when going from 295 K
130 K provides evidence for the fact that at RT the interfa
spins fluctuate on a time scale comparable to the time w
dow of the Mössbauer measurement. This is in agreem
with the Monte Carlo simulation results of Srinitiwarawon
and Gehring4 They reported reduced surface RT magneti
tion as a result of the reduced number of magnetic neighb
at the Fe3O4(100) surface.

The spectra measured for the Fe3O4 /CoO interface at RT
and at 130 K are shown in Fig. 3. The isomer shift of co
ponentB2 in the two spectra follows the expected values
Fe2.51 for the respective temperatures. ComponentB1 shows
isomer shift valuesdB1 in between those for Fe2.51 and Fe31

in bulk magnetite. Similar results have been reported by
Graveet al.37 and Persoonset al.44 in their Mössbauer study
on cobalt substituted magnetite (CoxFe32xO4). Briefly, De
Graveet al. have resolved two iron sites in thex,0.4 sub-
stitution range. One due to Fe2.51 ions, which is involved in
an electron exchange similar to that taking place in nons
stituted magnetite and one with a formal charge of Fe2.71.
The latter is caused by the presence of Co21 ions on nearest-
neighborB sites, which hinders the electron-exchange p
cess. The authors also observed a relative increase in
Fe2.51 intensity with an increase of the temperature and th
found that at high temperatures all theB-site iron ions are
involved in the electron-exchange process. We have sh
above, in our measurements on the Fe3O4 surface and the
Fe3O4 /MgO interface that raising the sample temperature
250 °C is accompanied by a diffusion of the Co probe ato
to B-site positions below the surface. We recall that the C
layer was grown at 250 °C on the Fe3O4 film. Therefore, it is
to be expected that Co atoms diffuse in the magnetite fi
during the deposition of CoO and form a cobalt substitu
magnetite layer between the Fe3O4 and CoO films. We at-
tribute componentB1 to iron B-site ions with CoB-sites
nearest neighbors in this layer, and componentB2 to regular
iron B sites with only FeB-site nearest neighbors. The in
crease of the intensitywB1 between 295 K and 130 K~Table
II ! cannot be caused by further diffusion of Co ions belo
the Fe3O4 /CoO interface. Instead, we attribute this increa
to a suppression of the electron-exchange process at
temperatures, as it was observed in bulk CoxFe32xO4. In
Ref. 44 a linear relationship between the isomer shift and
cobalt contentx in CoxFe32xO4 single crystals was estab
lished. Based on this relationship we can roughly estim
the cobalt content of the cobalt substituted magnetite laye
be x50.560.1.

IV. SUMMARY AND CONCLUSIONS

We present an experiment where57Co probe atoms have
been used in an emission Mo¨ssbauer spectroscopy study
7-6
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surfaces and interfaces. In particular, we present here a s
of the Fe3O4(100) surface and Fe3O4 /MgO and Fe3O4 /CoO
interfaces.

Two magnetite films were grown under conditions whe
a half-filled A-site termination at the surface is expecte
During and after the growth of the Fe3O4 film we observed
from RHEED a (A23A2)R45° surface symmetry. Depos
tion of 57Co probe atoms changed the surface symmetry
131. The change is due to a disordered arrangemen
probe atoms at the Fe3O4(100) surface. The EMS study o
the surface shows that the Fe probe ions at the magn
surface are in 21 and 31 charge states, isolated from th
electron-exchange process. After annealing at 250 °C
(A23A2)R45° surface symmetry is recovered. The EM
shows that about one-third of the probe atoms remain at
surface, the rest diffuse intoB sites below the surface. Afte
the annealing all probe atoms participate in the electr
exchange process. Structural relaxation of the first four
face layers and the reduced number of magnetic neighbo
the surface are responsible for the observed enhanced
tuations of the spins at and close to the surface.

Deposition of a MgO layer on the magnetite film large
removes the structural relaxation. As a result the fluctua
of the spins at the Fe3O4 /MgO interface is significantly re-
duced, although it is still present on the time scale of
er
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Mössbauer measurement (;100 ns) due to the reduce
number of magnetic neighbors at the interface. At 130 K
probe atoms at the Fe3O4 /MgO interface are found to be in
a Fe31 charge state. The presence of divalent Mg neighb
of the B-site Fe ions might create a potential barrier at t
interface which at 130 K isolates the interface probe ato
from the electron exchange. In contrast, the spins loca
closely below the interface do not behave different from
bulk of the layer. If the small TMR effect in
Fe3O4 /MgO/Fe3O4 tunnel junctions has an interface orig
it should be associated with the very first monolayer at
interface.

Diffusion of Co into the Fe3O4 film was observed after
deposition of CoO on top of the Fe3O4 film. This diffusion is
responsible for the formation of an interface cobalt sub
tuted magnetite layer (CoxFe32xO4) between the Fe3O4 and
CoO layers. We estimate the cobalt contentx of this interface
layer to be 0.560.1.
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