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57Co probe atoms were deposited on the surface gDL00) films grown on Mg@L00) substratesn situ
emission Mesbauer 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 P& and Fé" 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 f@,/MgO interface are in a Pé charge state. Deposition of CoO on a
magnetite film results in an interface that consists of a cobalt substituted magnetite layee;(G0,). We
estimate the cobalt content of this interface layer to be-@.3.
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[. INTRODUCTION The Fg0,(100) surface is considered polar in terms of
the classification introduced by Tasker for ionic or partly
Recently the growth of thin epitaxial magnetite ¢Bg) ionic material€® In the (100) direction FgO, shows a
films by means of Qassisted molecular-beam epitaxy stacking sequence of planes with opposite and equal charge
(MBE) (Refs. 1,2 has made it possible to study the proper-density. The ironA-site planes are positively charged and
ties of the magnetite film and its surface. The studies on thelanes containing the iroB-site and oxygen ions are nega-
magnetite surface were motivated by the use of magnetite asely charged. These alternately charged planes produce a
a catalyst in inorganic processesnd also by the premise dipole moment perpendicular to the surface, which results in
that the knowledge of the surface structure can be directlyhe building up of a large electrostatic energy in the material.
used in the study of R®,/MgO(100) and However, this energy will vanish if the charge on the faces of
Fe;0,/Co0(100) interface$lt is expected that a magnetite the crystal is just one-half of that of the alternating layers
possesses full spin polarization at the Fermi Iéviel.com-  (autocompensation This can be done by reconstruction of
bination with its high ferrimagnetic Mg temperaturg858  the surface. A (/§>< \/E)R45° reconstruction was first ob-
K), this material is an excellent candidate as ingredient irserved on natural single crystals by Tarrathal 1° and sub-
spin electronic devices. Surprisingly, the experiments orsequently on MBE-grown epitaxial F®, films by Voogt
Fe;0,/MgO/FeO, tunnel junctions showed a tunneling et al!! Two basic models for R©,(100) surface reconstruc-
magnetoresistand@MR) effect of only a few percefft/ It tion fulfiling the autocompensation principle were sug-
was realized that a detailed knowledge of thg@gMgO  gested:(i) a half-filled A-site surface termination aofii) a
interface is necessary for the understanding of the spinB-site surface termination with oxygen vacanciés.
polarization performance of magnetite-based tunneling de- At present, the termination of the magnetite film still re-
vices. Another class of thin-film systems where knowledgemains a controversial problerB-site surface termination of
of the interface is of great importance is that of the exchanga FeO,(100) film with an ordered array of oxygen vacan-
bias systems. An example of such a system igOzéCoO.  cies was reported by Stanlat all® A study by Chambers
This system was proposed as an ingredient in all-oxide spiet all* on a Fg0,(100) film showed that the surface was
valve device<.The exchange coupling between a ferromag-terminated by a half monolayer of tetrahedral iron. This re-
netic FgO, film and an antiferromagnetic CoO film, giving sult was supported by Mijiritskiet alX® in their low-energy
rise to exchange biasing, depends sensitively on the interfaden scattering study on a thin epitaxial 4&5(100) film.
structure of these two films. Also, surface relaxation was observéd® The top fourA-B
Magnetite has the crystal structure of an inverse spinelinterplanar spacings at the surface were found to deviate
One-third of the iron ions are located in a tetrahedral oxygerfrom their respective bulk values. It was noted that the type
environment A siteg and are in the F& charge state. The of reconstruction critically depends on the sample prepara-
other two-third of the iron ions have an octahedral oxygertion history>141®7that controls the Fe to O ratio on the
environment B siteg. The iron ions orB sites can be for- surface. Surface terminations that violate the autocompensa-
mally divided into two equal populations of Feand Fé* tion principle were also reported. Coey al® interpreted
ions. their scanning tunneling images in terms of an array éf'Fe
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and F€" ions. In a more recent scanning tunneling micros-The base pressure in the UHV chamber was 2
copy study, Mariottoet al!” observed dimers of Bé and %10 1° mbar. Before deposition, the M@@D0 substrates
Fe’™ ions. In earlier thin-film growth studies, onlyxi1 re-  were annealed for 180 min at 650 °C in an oxygen pressure
flection high-energy electron-diffractioRHEED) patterns o 1 1076 mbar. The thickness of the films was 10 nm as
had beegnzo observed,_ corresponding to . unreconstructeghfine by the RHEED oscillation during growth. During the
surfaces®?°An alternative to the reconstruction for removal growth of the films, oxygen was supplied via a leak valve at

of the surface polarity was proposed by Noguetanl?!?2 ) .
The authors claim that there always exist enough electroni distance of 10 cm f“?m the sample. Iron was supplied to
1e sample by an effusion cell. The temperature of the sub-

degrees of freedom in a material to reach charge compens . .
tion through filling of the surface electronic states on sto-Strate during growth was 250 °C. The growth rate was 2.25
ichiometric surfaces. nm/min. This procedure is known to produce stoichiometric
Mossbauer effect spectroscopVES) is a widely used Fe&0;, films of good quality’ At the end of the film deposi-
method in the study of magnetite and substituted magnetitesion the shutters in front of the iron effusion cell and the
MES makes observations on a local atomic scale and prasxygen supply were simultaneously closed. The heater of the
vides crucial information needed for a better understandingample holder was switched off and the sample was left to
of the magnetic behavior on a macroscopic scale. Emissiogool down to room temperature after a pressure of
Mossbauer spectroscofeMS), compared to other surface 107® mbar in the MBE chamber was obtained. This treat-
sensitive methOdS, haS the advantage that It can prObe S|mLH1ent iS expected to produce a ha'f-ﬂ”wsne Surface
taneously chemical, structural, and magnetic properties withermination* The sample was transferréu situ to the soft-
submonolayer sensitivity. A peculiarity of EMS on radioac- 4nging UHV chamber. After this transfer the §& surface
tive probe atoms is that the Msbauer spectrum is basically a5 checked for contaminations by Auger electron spectros-

that of the daughter nucleu$’Fe in this casg whereas the copy (AES). Only iron and oxygen peaks were found in the
site selection of the probe atoms is governed by the chemiczﬂES spectra.

properties of the parent atoms'Co). If sufficient charge For the soft-landing experiment/Co ions were created

carriers are available, the charge state of the daughter prolﬂqan ion plasma source. The source contained 2 FAC in

atom will not be different from that of a stable Fe atom. the form of CoC}. The é7Co ions were extracted from the
Above the Vefwey ter_nperatureT({:_ 122 K) magnetite plasma with an energy of 50 keV. The radioacti/€o beam
shows substantial electrical conductivity due tocaeectron | - separated from all the other masses at the Groningen
exchange betwee_n th_}Slte Iron 10ns. At. room te_mperature isotope separator and was further focused and decelerated
the electron hopping time between hesite ions is about 3 pefore entering the soft-landing UHV chamber. The probe
ns<> This is short compared to both the nuclear precession; ;s were deposited on the sample with an energy from 5

time and the lifetime of the exg:itec_i state, so that i&[\SasMo eV to at most 10 eV. The pressure in the UHV chamber
bauer spectrum only an effective iron charge state*Fés during the softlanding depositon was in the mid

observed. As a resglt, at room temperature, thesdbauer 10~ mbar range. In our preliminary soft-landing deposi-
spectrum of magnetite consists of two components, one frof)y s on test samples the profile of the beam spot on the

+ : e
the F€™ on A sites and one from the effective #¢ on B ample was measured by Rutherford backscattering. The

sites.. BquWTV . the electron exchange. i§ suppressed ang, - vimum coverage of the surface was G#€o per magne-
manifests itself in a decrease of conductivity and the appeatjq g rface unit cell (0.8390.839 nnd). More details about
ance of additional components in the Mbauer spectrum . softlanding deposition facility can be found

: : T 24,25
which alr_e asc;rlbed to f'gﬁ and Fé" ions c;n theli sm?s. elsewheré®3* This method for deposition of probe atoms on

Decoupling of some of thB-site iron ions from the electron- g, taces was previously successfully used, for instance, in
the study of the self-diffusion off''Ag probe atoms on

exchange process and"the appearance offa Eemponent
was also observed in Msbauer measurements on ”O”Sto'Ag(loo) surfaces? After the soft-landing deposition of the
probe °’Co ions the sample was brought baoksitu to the

ichiometric FgO, (Refs. 26,27 and on cobalt and lithium
MBE system.

substituted magnetite§:°

In the present study we have depoalfgdo probe atoms Two samples were prepared for the MES investigation in
by means of the soft-landing technigfien the surface of o soft-landing facility. The R, surface of sample 1 was
Fe;0,(100) thin films grown by Qassisted MBE on g gied at room temperatui situ inside the MBE chamber
MgO(100). An emission MES study was performadsituin as preparediFe;0,/1 spectrum, Fig. (8)] and after anneal-

order to characterize the surface of the magnetite film. Sub., : o ;
. g for 30 min at 250 °Q Fe;0,/2 spectrum, Fig. (b)]. Sub-
sequently, after growing MgO or CoO on top, the probe at'sequently, after the deposition of 6-nm MgO on sample 1 at

oms are present at the ;E_Ba/MgO(lOO) and 250°C, a MES spectrum was obtainiedsitu [Fig. 1(c)] for
Fe;0,/Co0(100) interfaces, respectively. An EMS study ONstudying the FgO,/MgO interface. This spectrum is identi-
these samples makes it possible to characterize the two i'&'al fo the FgO,/MgO/1 spectrumFig. 2a)] obtainedex
terfaces. situ for the same Fg,/MgO sample, apart from the higher
line broadening for thé situ measurement. For this sample
also a FgO,/MgO/2 spectrum was obtained at 130[Kig.
Magnetite films were grown by the &assisted MBE on 2(b)].
polished Mg@100) substrates with a size of X0 mm. In order to study the R©®,/CoO interface, after soft

Il. EXPERIMENT AND RESULTS
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FIG. 1. Emission Mesbauer spectra measuri@dsitu at room FIG. 2. Emission Mesbauer spectra measurxdsitufor °'Co

temperature fof’Co probe atoms soft landed at tfg Fe;0,(100) probe atoms present at the;Ba /MgO interface afa) 295 K and
surface,(b) Fe;0,(100) surface after annealing at 250 °C, dod (b) 130 K.

Fe,0,/MgO interface. RHEED image. This reconstruction can be recognized by the

appearance of half-order diffraction lines in the zeroth Laue

landing of 5TCo probe atoms, a 3-nm CoO film was grown atZzone. The additional diffraction lines have been observed in
250 °C on the Fg0, surface of sample 2. The CoO film was other studies and are considered a fingerprint of the surface
covered by a 6-nm MgO film in order to prevent the oxida-reconstructiort”** The additional half-order lines disap-
tion of CoO in air. For this sample we obtaine® situMES ~ peared after the soft landing of the probe atoms on th©ke
spectra, Fg0,/CoO/1 at room temperatuf@ig. 3a] and surface, as a X1 surface structure was observed in the
Fe;0,/Co0/2 at 130 K[Fig. 3b)]. RHEED image. It was for this surface condition that the

The MgO and CoO films were deposited at growth con-MES spectrum F,/1 was collected[Fig. 1(a)]. After-
ditions necessary to obtain stoichiometric CoO and MgOwards, when the sample was annealed for 30 min at 250 °C,
films 3 These conditions are the same as that for the growte observed that starting at 150°C the RHEED image
of Fe;O, except that a somewhat higher growth rate of 3changed back to the originak2x 2)R45° reconstruction
nm/min is used. The radioactivity of sample 1 and sample &and remained so after the annealing. The spectrus®f2
were 60uCi and 30uCi, respectively. The mass 57 beam was collected for this surface conditiRig. 1(b)].
contained 30% of’Fe due to the presence of natural iron in ~ We performed additional experiments to check if the dis-
the soft-landing system. appearance of the surface reconstruction is caused by the

The MBE system was equipped with a sample holder facdeposition of>’Co atoms with 5-eV energy. After prepara-
ing a beryllium window for performingn situ MES investi-  tion of a Fg0,(100) surface in the standard way, the sample
gations. A transducer with a moving single-line 8ébauer was left at room temperature in the UHV chamber for several
absorber made of Na®Fe(CN)-10H,0 (95% enrichel  days. The only RHEED image we observed was of\2 (
was mounted outside the MBE chamber in front of the be-x \/2)R45° surface. Afterwards, natural Fe was deposited on
rylium window. Vibrations, emanating from the MBE the surface at RT and the RHEED image was continuously
pumping systems producing some line broadening foiirthe monitored. The thermal energy of the Fe atoms coming from
situ MES measurements, can be detected by comparing thte effusion cell was 0.1 eV (1200 °C). At about 20% of a
spectra shown in Figs(d) and 2a) takenin situandex sity ~ monolayer Fe coverage, the RHEED image transformed
respectively. from (y/2x \2)R45° surface to X 1 and the deposition was

During and after the growth of the E@, film we ob-  stopped. The 20% coverage is comparable with the probe
served a (/2x2)R45° surface reconstruction in the atoms coverage of the soft-landing samples. The sample was
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the radioactive beam. The Msbauer measurements on these
two samples produced identical spectra, leading to the con-
clusion that we can neglect interactions between the probe
atoms.

The Mossbauer spectra were processed by a nonlinear
least-squares fitting routine. Fits with a varying number of
magnetic sextetscomponentswere attempted. Reasonable
fits to the experimental spectra were obtained by a two-
component model. Allowing a Gaussian distribution of the
magnetic hyperfine field with standard deviatianBy¢
around an average valu8,; gave appreciable values of
o-By; only for the fit of spectrum F€,/1, whereo-By¢ s
=3.1 T ando-By;g=1.3 T. The fitting to the other spectra
producedo-By¢ s ando-By¢ g less than 0.1 T. Therefore, all
the spectra except the spectrum;®g1 were fitted with
Lorentzian line shape. The experimental Lorentzian line
width I'ex, was obtained after careful examination of the
different sources of line broadening such as absorber thick-
ness effects, vibrations in the MBE chamber for thesitu
measurements, and vibrations in the cryostat for the low-
temperature measurements. The valued gf, for the in
situ, ex situat RT, andex situat 130 K measurements were
0.80, 0.48, and 0.63 mm/s, respectively. For the sake of clar-
ity only the additional line broadeningI"=TI";,;— "¢y, for
every particular spectrum is presented in Tables | and Il. The
) area ratior =12/(11+13) was used as a fitting parameter in
velocity [mm/s] each sextet1:12:13:13:12:11. This parameter depends on

FIG. 3. Emission Mesbauer spectra measuredsitufor 5'Co the orientation angle between the magnetic hyperfine field

probe atoms present at the;Pg /CoO interface ata) 295 K and and the y-ra_y direction via th.e relatlonr=3|n2<p/(1
(b) 130 K. +cogy). For in-plane moment alignmemt=1, and for a

perpendicular moment alignment0.

left in UHV conditions for a day and then heated up. The All the fit results are summarized in Tables | and Il for

. N sample 1 and sample 2, respectively. More sophisticated pro-
RHEED image transformed back toy2x \2)R45° at cessing of the spectra was not attempted because of the sta-

150 °C. This experiment showed that the change in the SUL=ia quality of the spectra
face structure is not caused by the somewhat higher energy '
of the soft-landed probe atoms. It is worth mentioning that
surface structure transformation tox3 (Refs. 12,35 or 4
X1 (Ref. 36 has been observed due to diffusion of Mg
atoms to the Fg,(100) film surface from the MgO sub- The room-temperature hyperfine parameters for bulk
strate after annealing at temperatures above 700 K. Thessagnetite, as reported in the literature are scattered within
results show that the surface symmetry as observed byot so narrow interval€®3"®As reference data we adopt our
RHEED can be changed if additional atoms are introduceaonversion electron Vesbauer spectroscopy measurements
(or addedl to the surface. for a fully ®’Fe enriched 20-nm-thick §©, film grown on
Another sample identical to sample 1 was prepared wittMgO(100 at the same conditions as the soft-landing

activity ten times smaller than sample 1 and 70%°®fe in  samples. At 295 K we have measurBg; ,=48.4 T and

1.00

0.98

0.96

0.94

1.00

relative transmission [%)]

0.98

0.96

0.94

I1l. ANALYSIS AND DISCUSSION

TABLE |. Hyperfine parameters derived from the B&bauer spectra of sample 1. The isomer sléiftse relative toa-Fe at RT. The
intensitiesw, the hyperfine field8,,;, the additional line broadenin§I", and the area ratiasof the two componentS andB are shown.
The statistical errors are given in the parentheses.

Spectrum Temperature Componéht ComponenB
name Wg Os Bht s Al'g rs Wpg Op Bht g Al s
(K) (%) (mm/s (M (mm/y (%) (mm/s (M (mm/y
Fe;0,/1 295 6ad3) 0.843) 35.02) 1.078) 0.926) 402 0.442) 43.02) 0.515) 0.775)
Fe;0,/2 295 3@3) 0.71(1) 41.12) 1.046) 0.795) 702 0.631) 44.81) 0.635) 0.805)
Fe;0,/MgO/1 295 283) 0.661) 42.72) 0.435) 0.664) 722 0.64(1) 45.51) 0.094) 0.624)
Fe;0,/MgO/2 130 25%3) 0.531) 50.01) 0.244) 0.564) 752 0.741) 47.01) 0.054) 0.594)
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TABLE Il. Hyperfine parameters derived from the Bkbauer spectra of sample 2. The isomer sldiftse relative ton-Fe at RT. The
intensitiesw, the hyperfine field8;, the additional line broadeningI", and the area ratiosof the two componentS andB are shown.
The statistical errors are given in the brackets.

Spectrum Temperature Componé&it ComponenB2
name Wpg1 Sg1 Bnier  Alsr M1 Wpg2 Sg2 Bnigz Alg B2
(K) (%) (mm/g (M (mm/y (%) (mm/g (M (mm/y

Fe;0,4/Co0/1 295 5R) 0.501) 47.11) 0.262) 0.834) 48(2) 0.621) 43.61) 0.212) 0.914)
Fe;0,/Co0/2 130 7%R) 0.591) 50.63) 0.204) 0.874) 25(3) 0.751) 46.11) 0.1714) 0.895)

Bhig=45.3 T and isomer shifts5,=0.28 mm/s anddgz  order. The RHEED and the MES observations apparently

=0.64 mm/s for the hyperfine parameters of theand B show that the probe atoms are positioned on the surface in a
sites, respectively. The same sample was measured also ¢igordered manner. The absence of thet2charge state, as
140 K. At this temperature we have observed an increase ghown by the MES, leads to the conclusion that these atoms
0.10 mm/s in the isomer shift and 2.4 T in the hyperfine fieldare isolated from the electron-exchange process that exists in
of the B-site component. the bulk part of the magnetite film.

As we mentioned in the Introduction, the type of recon- A quite unexpected evolution of the surface structure is
struction critically depends on the sample preparation hisebserved after the annealing of the sample. The recovery of
tory. Our magnetite films were prepared at the same growtkhe (2 \2)R45° surface structure is a clear indication that
conditions as the ones reported in Refs. 14 and 15, where g&omic ordering took place during the annealing. The
half-filled A-site surface termination was established. Therefg,0,/2 spectrum acquired after annealing at 250°C is
fore, we can expect that the/2 x y2)R45° surface symme- shown in Fig. 1b).
try of our FgO, films corresponds to a half-filled-site The origin of the components observed in the,Gg2
surface termination. The isomer shift data of our measurefFig. 1(b)] and FgO,/MgO/1 [Fig. 2(@] spectra becomes
ment on the magnetite surface after the soft landifable )  clear after comparative analysis of these two spectra. The
shows values greater thady=0.28 mm/s, indicating that isomer shifts of the components in the two spectra are equal,
there are no F€ probe atoms o sites. If the magnetite within the experimental error, to the isomer shiftBfsites’
surface werd-site terminated then after the soft landing thebulk magnetite, 0.64 mm/s, except the somewhat higher
probe atoms would occupy the surfaksites. This would be  value of 0.71 mm/s of compone8in the FgO,/2 spectrum.
the easiest way for surface autocompensation. The fact thaherefore, we can ascribe these components to &'Fe
we do not observe probe atoms érsites further supports charge state. The hyperfine field of compon@&nin the
our assumption that the as-prepared magnetite surface Fs,0,/MgO/1 spectrum is equal to the hyperfine field of
A-site terminated. 455 T observed in bulk magnetite. Therefore, this compo-

Figure Xa) shows the FgD,/1 spectrum acquired from nent originates from probe atoms below the surface having a
the Fg0,(100) surface after soft-landing of the probe atoms bulklike B-site atomic environment. THgy ¢ s value of com-
The spectrum has been fitted with two compon&#sdB.  ponentS can be understood by considering the supertrans-
The broad component in the spectrum has isomer ghift ferred hyperfine field STHP contribution to the magnetic
=0.84 mm/s. A component with isomer shift o6  hyperfine field. This contribution results from the transfer of
=1.00 mm/s was found in bulk magnetite measured at 4.2 Kelectronic spin density from an ion to another via an inter-
and ascribed to a Bé& charge statd® A second-order mediate ion in a process similar to that of magnetic
Doppler-shift reduction of about 0.20 mm/s expected in thesuperexchang®. In magnetite and substituted magnetites,
isomer shift at RT gives a 0.80 mm/s value for the isometthis transfer is from thé\-site ion via the oxygen ion to the
shift for the F&* ions at RT. Therefore, we will interpret the B-site ion. In this way, any ion substitution of iron on an
value of 85 as originating from F&" ions. The other compo- A-site or a missingA-site ion can be observed in the §&
nentB has valuessg=0.44 mm/s andB,;g=43 T. On the bauer spectrum as a reductionBy; g .
basis of the isomer shift we will ascribe this component to An A-site substitution by Mg produces a reduction of
Fe*. A component withd=0.39 mm/s and,;=50 T has By g by 1.3 T* At the FeO,/MgO interface theB-site ions
been observed in nonstoichiometric magnetite and has beemill have two A-site nearest neighbors less than that in the
interpreted as arising from Eé ions2%2 bulk Fe;O,. This will amount to a reduction of 2.6 T in the

The values ofr-B,; for the two componentSandB are  STHF contribution to the total hyperfine field for component
3.1 T and 1.6 T, respectively. These broad distributions of th& in the FgO,/MgO/1 spectrum. Subtracting the 2.6 T
magnetic hyperfine field show that the probe atoms hav&THF contribution from the bulk hyperfine field of 45.5 T
different atomic environments. As remarked by Nogiféra, gives 42.9 T, which is consistent with the experimental value
surface diffraction patterns exhibit<ll symmetry if no or- of 42.7 T.
dering on the surface takes place. Therefore, thel 1sur- In summary, we associate compon&with probe atoms
face symmetry as observed in the RHEED image is not du@é the B-site planes at the surface or at the interface and
to a bulk surface termination but due to the missing surfaceomponentB with the probe atoms located in th&-site
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planes closely below the surface of the MgO interface. Theiched FgO, films also produce an average out-of-plane
intensities of the two componengandB in the Fg0O4/2,  angle of 30° due to the presence of antiphase boundaries and
Fe;0,/MgO/1, and FgO,/MgO/2 spectra are constant strong antiferromagnetic interactioffs*> The small value of
within the experimental errofsee Table )l This indicates AT'z=0.09(5) mm/s and the bulklike hyperfine parameters
that the probe atoms conserve their atomic positions after thef componentB strongly suggest that the spins located
annealing at 250 °C and during the growth of the MgO film. closely below the Fg,/MgO interface do not behave dif-
From the recovery of the surface reconstruction at 150 °C wéerent from the bulk of the layer. However, the decrease of
infer that the surface atoms are quite mobile during the anAT' g, from 0.43 to 0.24 mm/s, when going from 295 K to
nealing at 250°C. It may seem surprising that the probei30 K provides evidence for the fact that at RT the interface
atoms are able to rea@hlayers below the surface. We recall, spins fluctuate on a time scale comparable to the time win-
however, that the probe atoms are still’Cdons when they  dow of the Msbauer measurement. This is in agreement
diffuse, which means that they will try to reach their pre-with the Monte Carlo simulation results of Srinitiwarawong
ferred thermodynamically stable positions at Bsites. The  and Gehrin§ They reported reduced surface RT magnetiza-
corresponding chemical driving force must be responsiblgion as a result of the reduced number of magnetic neighbors
for this diffusion below the surface. at the FgO,(100) surface.

The additional broadening of 1.01 mm/s and 0.63 mm/s in  The spectra measured for the;Bg/CoO interface at RT
the linewidths of theS and B components, respectively, in and at 130 K are shown in Fig. 3. The isomer shift of com-
Fe;0,/2 spectrum could be either due to a distribution of theponentB2 in the two spectra follows the expected values for
hyperfine parameters reflecting a different atomic environfe&-5* for the respective temperatures. Comporihtshows
ment of the probe atoms or due to spin-relaxation effectsisomer shift values$g; in between those for E&" and Fé*
Actually, both effects could be expected. Surface relaxationin bulk magnetite. Similar results have been reported by De
of a half-filled A-site surface terminated §®,(100) surfaces Graveet al2’ and Persoonst al** in their Mossbauer study
was reported in the literatufé:™® The first four interlayer on cobalt substituted magnetite (Ee;_,O,). Briefly, De
spacings are relaxed by14%, —57%, —19%, and+29%  Graveet al. have resolved two iron sites in the<0.4 sub-
of the respective bulk values. This surface relaxation substitution range. One due to £& ions, which is involved in
stantially modifies Fe-O distances and Ag@ite-O-Fe  an electron exchange similar to that taking place in nonsub-
(B)-site angles, which will result in a variation of the hyper- stituted magnetite and one with a formal charge of Fe
fine parameters and also in a variation of the superexchangghe latter is caused by the presence of Cions on nearest-
interaction between the iron ions @nandB sites. Together neighborB sites, which hinders the electron-exchange pro-
with the reduced number of magnetic neighbors, the lattegess. The authors also observed a relative increase in the
effect could lead to enhanced fluctuation rates. The increageg?5* intensity with an increase of the temperature and they
of Bhrs and By g by 1.6 T and 0.7 T, respectively, after found that at high temperatures all tBesite iron ions are
deposition of MgO on the R®, surface provides evidence involved in the electron-exchange process. We have shown
for the fact that the additional line broadening in thg®g2  above, in our measurements on the,®g surface and the
spectrum is to a great extent due to spin-relaxation effects.Fe,0,/MgO interface that raising the sample temperature to

The Mossbauer spectrum of the §&/MgO interface at 250 °C is accompanied by a diffusion of the Co probe atoms
130 K is shown in Fig. &). The hyperfine parameters of to B-site positions below the surface. We recall that the CoO
componenB are as expected for bulk magnetite at this tem-jayer was grown at 250 °C on the §&, film. Therefore, it is
perature. The isomer shift of componegtis 0.53 mm/s.  to be expected that Co atoms diffuse in the magnetite film
Extrapolating this value to RT by taking into account the during the deposition of CoO and form a cobalt substituted
second-order Doppler shift observed in bulk magnetite give$nagnetite layer between the & and CoO films. We at-

a value of 0.43 mm/s. As was discussed above, this isomefipute componenB1 to iron B-site ions with CoB-sites
shift corresponds to a Bé charge state. This behavior of the nearest neighbors in this layer, and comporihtto regular

S component suggests that at 130 K the iron ions at thgon B sites with only FeB-site nearest neighbors. The in-
interface do not take part in the electron-exchange procesgrease of the intensityg, between 295 K and 130 Krable
Apparently, the interface presents a potential barrier for thesg) cannot be caused by further diffusion of Co ions below
carriers. The reason for this potential barrier is probably thehe Fg0O,/Co0 interface. Instead, we attribute this increase
presence of divalenB-site Mg neighbors of the F8-site  to a suppression of the electron-exchange process at low
interface atoms, similar to what is observed for Co'temperatures, as it was observed in bulk,@g_,0,. In
substituted F¢O, (see below. Ref. 44 a linear relationship between the isomer shift and the

It was suggested that the small TMR effect observed inopalt contentx in CoFe;_,0, single crystals was estab-
Fe;0,/MgO/Fe0, tunnel junctions is caused by a random jished. Based on this relationship we can roughly estimate

spin orientatioh or spin fluctuatiord close to the the cobalt content of the cobalt substituted magnetite layer to
Fe;0,/MgO interface. Spin orientation of 29)° out of the pex=0.5+0.1.

film plane was deduced from the area ratio parantetéithe

Fe;0,/MgO/1 spectrum in the way described in Sec. Il. This IV. SUMMARY AND CONCLUSIONS

spin orientation is close to a spin orientation of 35.3°, which

would be produced by a random spin orientation. On the We present an experiment whetéCo probe atoms have
other hand the Mssbauer measurements on thicker fully en-been used in an emission &bauer spectroscopy study of
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surfaces and interfaces. In particular, we present here a stugiygssbauer measurement-(00 ns) due to the reduced
of the Fe0,(100) surface and £®,/MgO and Fg0,/CoO  number of magnetic neighbors at the interface. At 130 K the
interfaces. o N probe atoms at the E®,/MgO interface are found to be in
Two magnetite films were grown under conditions where; £+ charge state. The presence of divalent Mg neighbors
a half—ﬂlled A-site termination at the sqrface is expected. 5¢ ihe B-site Fe ions might create a potential barrier at the
During and after the growth (zf the §@, film we observed interface which at 130 K isolates the interface probe atoms
f_rom RI;|7EED a (2% \2)R45° surface symmetry. Deposi- from the electron exchange. In contrast, the spins located
tion of ‘Co probe atoms changed the surface symmetry t@|osely below the interface do not behave different from the
1X1. The change is due to a disordered arrangement fylk of the layer. If the small TMR effect in
probe atoms at the 5@,(100) surface. The EMS study of Fe,0,/MgO/Fe0, tunnel junctions has an interface origin
the surface shows that the Fe probe ions at the magnetite should be associated with the very first monolayer at the
surface are in 2 and 3+ charge states, isolated from the jnterface.
electron-exchange process. After _annealing at 250°C the piffusion of Co into the FgO, film was observed after
(V2x\2)R45° surface symmetry is recovered. The EMSdeposition of CoO on top of the §®, film. This diffusion is
shows that about one-third of the probe atoms remain at theesponsible for the formation of an interface cobalt substi-
surface, the rest diffuse int® sites below the surface. After tyted magnetite layer (GBe;_,O,) between the F©, and

the annealing all probe atoms participate in the electroncoQ layers. We estimate the cobalt contenf this interface
exchange process. Structural relaxation of the first four suayer to be 0.5:0.1.

face layers and the reduced number of magnetic neighbors at
the surface are responsible for the observed enhanced fluc-
tuations of the spins at and close to the surface.

Deposition of a MgO layer on the magnetite film largely
removes the structural relaxation. As a result the fluctuation The authors would like to acknowledge L. Venema, H. E.
of the spins at the R©®,/MgO interface is significantly re- Kielman, F. Th. ten Broek, and J. J. Smit for the technical
duced, although it is still present on the time scale of theassistance in performing the soft-landing experiment.
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