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CHAPTER

SEVEN

MECS studies of Fe(110) and
magnetite

In the previous chapter, a semi-classical model was introduced to describe the
de-excitation of doubly excited He atoms in front of spin-polarized surfaces. Us-
ing this free-atom model, the local spin polarization of Ni(110) and its depen-
dence on temperature was determined and a behaviour typical to ferromagnetic
surfaces has been found. Furthermore, the predicted high negative degree of po-
larization of Ni was confirmed. In this chapter, MECS will be used to study other
ferromagnetic surfaces, namely Fe(110), which has been studied extensively be-
fore by many techniques [1,25–27,50,75,101,105] and half-metallic Fe3O4(111), a
material with potential application in spintronics.

As previously mentioned in chapter 4, the problem of the spin polarization
of Fe(110) has raised a good deal of interest because of the possibility of a nega-
tive polarization of the electrons which spill out in the vacuum region above the
surface [74, 105]. The value of the Fe(110) surface spin polarization is a matter of
controversy as well [50,75,101,105]. Different mechanisms affecting the observed
spin polarization were proposed, like the spin-filter effect in the case of emission
of secondary electrons or of one-electron capture [7]. It is not clear whether the
local top-layer DOS at the position of the ion, or a DOS somewhere in between
the top layer and the ion is the right choice for interpreting the experimental
results [58].

Half-metallic ferromagnets like Fe3O4 have aroused a high interest in recent
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70 MECS studies of Fe(110) and magnetite

years due to possible applications as spin-filters in the field of spintronics [106].
For magnetite, only the minority electrons occupy states at the Fermi level, while
for the majority electrons the Fermi energy falls in a gap in their DOS. The
metallic conductivity of the minority band and the semiconducting behaviour
of the majority band have been theoretically predicted more than two decades
ago [107]. The experimental effort to convincingly verify the associated high
spin polarization of half-metals is still ongoing [5,6,108–110]. Many experiments
have been affected by problems with the stoichiometry and quality of the sam-
ples, and these problems still prove to be difficult to overcome [111, 112].

In this chapter, the spin polarization and its dependence on temperature as
obtained with MECS will be presented for Fe(110) and Fe3O4(111) surfaces, and
a comparison with available experimental results and theoretical predictions will
be made. Further, the structural transition affecting Fe3O4(111) films grown on a
Fe single crystal substrate will be investigated.

7.1 Surface spin polarization of Fe(110)

In this section, results obtained by MECS on the surface spin polarization of
the Fe(110) surface will be presented. As mentioned previously, the problem of
spin polarization of Fe surfaces is still attracting attention, as, for example, the-
ory predicts a (large) negative polarization in the above-surface region [74, 105].
Experimentally, this prediction proved to be difficult to confirm: most of the re-
sults on the polarization of Fe surfaces show positive values, with only a few
findings of a (small) negative polarization [101, 105]. Most of the measurements
find a polarization close to the bulk polarization of Fe of around 30% [7, 75, 76].
In the case of emission of low-energy electrons, an enhancement of the polariza-
tion is observed up to 70% [7], which may be explained by the spin-filter effect
(by spin-filtering is understood here either the spin-dependent scattering of elec-
trons [113] or the spin-dependent electron loss to the solid [7,25,79]). The wealth
of information available for Fe surfaces was the motivation to investigate the
polarization of Fe(110) with MECS for benchmarking reasons. Therefore, it was
of interest to us to check the results we obtain with MECS against the available
theoretical and experimental work.

The procedure employed to probe the spin polarization of Fe(110) with MECS
is identical to the one used for Ni(110) (see chapters 5, 6). We have used 20, 50
and 100 eV He2+ ions impinging on the surface under 20◦ incidence. In Fig. 7.1 is
shown a series of KLL Auger spectra resulting from 100 eV He2+ ions impinging
under 20◦ on Fe(110), as function of the temperature of the crystal. Due to exper-
imental limitations, the Curie temperature of (bulk) iron TC = 1044 K, could
not be reached. The maximum reachable temperature was 800 K. The trend
in the temperature evolution of the spectra is similar to the one observed for
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Figure 7.1: KLL Auger spectra from 100 eV He2+ ions impinging on Fe(110) under 20◦
incidence, for different temperatures of the target.

Ni(110) (see Fig. 5.3), but the magnitude of the overall effect is smaller. This be-
haviour is to be expected, as the polarization of Fe is lower than the one of Ni
and from Fig. 5.4 is seen that the changes in the triplet-to-singlet ratio, AT/AS,
are weaker for lower polarizations. The spectra shown in Fig. 7.1 were fitted
with two Gaussians in order to extract the triplet-to-singlet ratio, and, using the
free-atom model outlined in chapter 5, the spin polarization of the Fe(110) sur-
face was determined as function of the surface temperature. The polarization of
Fe(110) was found with ECS to be positive (see chapter 4). Fig. 7.2 shows the
surface spin polarization of Fe(110) as function of temperature, obtained with
20, 50 and 100 eV He2+ ions with an incident angle of 20◦. The room temper-
ature polarization is about 40 ± 5%. This value is higher than, but in general
agreement with previous measurements using spin-polarized electron scatter-
ing [75,76,114], where values of approx. 30% have been found for the band spin
polarization of Fe(110).

The temperature dependence of the spin polarization for ferromagnetic ma-
terials follows, for lower temperatures, a Bloch law (1 − b T3/2). Since the tem-
perature range of our measurements did not extend up to the Curie temperature,
we could not check the critical behaviour. The Bloch law fit in the range 0.3− 0.6
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Figure 7.2: Surface spin polarization of Fe(110), obtained from a) 20 eV b) 50 eV and c) 100
eV He2+ ions under 20◦ incidence. The solid curves are fits with a Bloch law (1− b T3/2).

T/TC yielded the b coefficients listed in table 7.1. These coefficients are in con-
cordance with the expected enhancement at the surface, of about 3 times the bulk
Fe coefficient, which was found experimentally to be 9.3 × 10−6 K−3/2 [97].

Table 7.1: b-coefficients from fits to P(T) of Fig. 7.2

He2+ energy b [10−5 K−1] b/bbulk

20 eV 2.7 ± 0.5 2.9

50 eV 2.6 ± 0.6 2.8

100 eV 2.9 ± 0.5 3.1
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7.2 Investigation of Fe3O4(111) with MECS

Half-metals are a class of ferromagnets with a peculiar band structure in which
either only the spin-up or spin-down electrons are conducting. For either major-
ity or minority electrons they behave like normal metals with a Fermi surface,
while the opposite spin orientation has a band-gap at the Fermi level and does
not contribute to the conduction. Therefore, half-metals are 100% spin-polarized.
This characteristic makes them excellent candidates for use in spin-valve devices.

Magnetite, Fe3O4, was the first known magnetic material, but its high spin
polarization has been only recently investigated. On basis of electronic struc-
ture calculations, magnetite has been predicted to be half-metallic [107], but the
experimental investigation of the spin polarization in Fe3O4 has proved chal-
lenging due to issues with the stoichiometry and surface roughness. The struc-
tural phase diagram of iron oxides is rich and there are fairly narrow ranges in
temperature and pressure in which stoichiometric magnetite is stable [115]. Fur-
thermore, the growth conditions are influenced by the choice of the substrate, Fe
thin films or Fe single crystals.

7.2.1 Structure and growth of Fe3O4(111) �lms

Magnetite crystallizes in the cubic inverse spinel structure, where the oxygen
anions form a close-packed fcc sublattice with octahedrally and tetrahedrally
coordinated Fe2+ and Fe3+ cations located in the interstitial sites [116]. Fig. 7.3
shows the structure of the Fe3O4(111) surface. The hexagonally close-packed
oxygen layers form a cubic ABC stacking sequence. Between the oxygen planes
tetrahedrally and octahedrally coordinated Fe atoms are located. The Fe3O4(111)
surface unit cell has a lattice constant of 5.96 Å(white hexagon in Fig. 7.3 (b)),
while the oxygen sublattice constant is 2.98 Å(black hexagon in Fig. 7.3 (b)). The
distance between two equivalent Fe3O4(111) surface terminations is 4.85 Å.

The preparation of well-defined Fe3O4 surfaces is challenging and depends
critically on the choice of parameters like the substrate temperature, the oxy-
gen partial pressure and exposure time. There is the possibility of coexistence
of different iron oxides and surface structures in the same film [115] which can
affect the spin polarization of the material. Therefore, although a verified growth
recipe is used, the identification of the structure and stoichiometry of the oxide
film is crucial. STM measurements, combined with additional information from
AES and LEIS, provide an excellent tool for the characterization of the thin films.

The Fe3O4(111) films used in this work were grown in an UHV system with
a base pressure of 10−10 mbar by exposing an Fe(110) single crystal to 1500 L
(Langmuir) of O2 ( 750 s at 2 × 10−6 torr). The Fe(110) substrate was kept at a
temperature of 525 K, and post-annealed to 575 K. Using this recipe, the films are
expected to have a thickness of about 40 Å [5]. Fig. 7.4 shows a topographical
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Figure 7.3: Side-view (a) and top-view (b) of the Fe3O4 crystallographic structure (from
[116]).

500 × 500 Å2 and a spectroscopical STM image of the obtained films1(by spec-
troscopical image is meant a current map at a constant tip-surface voltage, with
the feedback of the STM tip turned off). The STM images show large, atomically
flat terraces with dimensions in the order of 50 Å. The interplanar distance be-
tween two adjacent terraces is 4.8 Å, corresponding to the expected values for
a Fe3O4(111) surface. A few terraces display a peculiar behaviour, because they
appear ’noisy’ in the STM images (encircled in white in Fig. 7.4, left). These
islands appear dark in the spectroscopic image (Fig. 7.4, right), and the I(V)
curve measured above these images shows a semiconducting behaviour, while
the rest of the surface of the film shows a metallic behaviour in the spectroscopi-
cal measurements, as seen in Fig. 7.5. This metallic behaviour is specific to mag-
netite, because Fe3O4 is the only iron oxide to display a metallic conductivity.
The ’noisy’ islands are probably FeO, as the oxidation of iron starts with the for-

1The STM measurements were done in the Experimental Solid State Physics II, Radboud Univer-
siteit Nijmegen. Dr. G. Mariş and prof. dr. S. Speller are gratefully acknowledged for the measure-
ment and interpretation of the STM results.
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Figure 7.4: Topographical (left) and spectroscopical (right) map of a Fe3O4(111) film.

mation of a FeO layer, which grows further to Fe3O4 after additional exposure to
oxygen [108, 115, 117]. The overall coverage with FeO is ≤ 10%. The stoichiom-
etry of the films was checked with AES and LEIS. The Auger O(510 eV)/Fe(651
eV) peak ratio was 3.35, a value close to, but slightly lower than 3.5, as expected
for pure magnetite [118].

Figure 7.5: Semiconducting I-V curve measured over a noisy island and metallic I-V curve
measured over a point from the smooth surface of the Fe3O4(111) film.
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Figure 7.6: Schematic representation of the DOS of Fe3O4.

7.2.2 Spin polarization of Fe3O4(111)

Magnetite is a so-called type II half-metal, with localized conduction electrons.
It has narrow d bands, and the carriers are localized, forming polarons with low
mobility and high effective mass. The conduction in Fe3O4 is by hopping, with
a resistivity of 10 mΩ cm (much higher than the conductivity of a normal metal)
[119]. Magnetite has a high magnetic ordering temperature of TC = 860 K. It
is a ferrimagnet with the moments of the Fe3+ at the tetrahedral sites aligned
antiparallel to the moments of Fe2+ and Fe3+ at the octahedral sites. As seen
from the schematic density of states of magnetite shown in Fig. 7.6, the minority
electrons are the only ones present at the Fermi level, therefore magnetite has a
spin polarization of −100%.

Fe3O4 undergoes a structural and charge-ordering transition at 120 K (Ver-
wey transition), and below this temperature it becomes progressively insulating.
Due to the Verwey transition, the polarization of magnetite cannot be measured
by low-temperatures methods, like ones using superconducting tunnel junctions
[120] or point-contact Andreev reflection [121]. By measuring the magnetoresis-
tance in tunnel junctions, values of the spin polarization as high as −72% could
be deduced [122]. From spin-polarized photoemission measurements, a value of
P of −80% has been found [5].

We have investigated the surface spin polarization of Fe3O4(111) with MECS,
using 20, 50 and 100 eV He2+ ions under 20◦ incidence. The Fe3O4(111) films
were grown using the procedure described in section 7.2.1. The temperature
range in which the film was studied was 300 − 650 K. The magnetite film could
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Figure 7.7: Spin polarization of Fe3O4(111) obtained with a) 20 eV, b) 50 eV and c) 100 eV
He2+ ions. Solid curves are fits with a Bloch law (1 − b T3/2).

not be heated above 650 K due to an irreversible structural phase transition to
FeO which occurs for magnetite grown on Fe single crystals [117]. This struc-
tural transition will be discussed in detail in the following section. Our MECS
results for the spin polarization of Fe3O4(111) are shown in Fig. 7.7 as function
of the temperature of the film. The value of the spin polarization obtained at
room temperature is −87 ± 3%, for the case of 20 eV ions. Taking into account
that the surface has islands of FeO, as seen with STM, covering ∼ 10% of the
surface, the real value of the polarization should be even higher. The sign of the
polarization was determined to be negative by an ECS measurement with He+

ions. For 50 and 100 eV He2+ ions, it is observed just as for Ni(110) (see chap-
ter 6) that the spin polarization seems to be lower than for 20 eV. The solid curves
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Table 7.2: b-coefficients from fits to P(T) of Fig. 7.7

He2+ energy b [10−5 K−1] b/bbulk

20 eV 1.7 ± 0.4 1.4

50 eV 1.9 ± 0.5 1.6

100 eV 2.0 ± 0.7 1.6

in Fig. 7.7 are fits with a Bloch law, (1 − b T3/2), in the range 0.35 − 0.65 T/TC.
The b coefficients obtained from the fit are listed in table 7.2. These b coefficients
for the surface exceed the bulk one (b = 1.2 × 10−5 K−3/2 [123]) by less than a
factor of 2. The decrease of the spin polarization with increasing temperature is
slower than expected for a ferromagnetic surface, for which one expects an en-
hancement in the b coefficient between 2 and 3. It is also slower than the linear
decrease of the long-range polarization, measured by Alvarado on a rough mag-
netite surface [124]. The behaviour that we observe could be due to a different
behaviour of the two magnetic sub-lattices in magnetite, but this matter is still
under investigation.

Fig. 7.7 shows a relation between the spin polarization and the projectile ki-
netic energy similar to the one observed for Ni(110). For a systematic study, the

Figure 7.8: Room-temperature spin polarization of Fe3O4(111) as function of the distance
along the surface between the first and second electron capture.



7.2 Investigation of Fe3O4(111) with MECS 79

triplet-to-singlet peak ratio AT/AS has been measured at a fixed He2+ energy as
function of the incidence angle. Using the concepts of image charge, energy gain
and neutralization distances from the COB model, the incidence angle could be
related to a distance along the surface between the first and the second electron
capture by the impinging ions (as detailed in chapter 6). Fig. 7.8 shows the room-
temperature spin polarization of Fe3O4(111) as function of this distance along the
surface, obtained by using 50 eV He2+ ions. The observed dependence is quite
similar to the one seen in Ni(110), with an estimated correlation length of 16 a.u..

7.2.3 Structural phase transition in Fe3O4

The oxidation of iron surfaces usually starts with the formation of FeO, which
upon additional exposure to oxygen grows to either Fe2O3 or Fe3O4, depending
on the choice of oxidation parameters [5, 6, 115, 117, 125]. For Fe3O4 formed by
oxidizing an iron single crystal, at elevated temperatures the Fe from the sub-
strate can diffuse through the oxide film and transform the magnetite film into
FeO [117, 126], as shown in Fig. 7.9. The temperature at which this transforma-
tion starts is 650 K, and seems to be completed at about 850 K.

We investigated with MECS the structural phase transition of Fe3O4 into FeO,
by exploiting the fact that this transition is also a magnetic one. Magnetite is a
ferrimagnet, while wustite (FeO) is an antiferromagnet below its Neel tempera-

Figure 7.9: Thermal behaviour of iron oxides as obtained by Auger spectroscopy (adapted
from ref. [117]).
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Figure 7.10: Transformation of Fe3O4(111) (•) grown on Fe(110) single crystal into FeO
(�).

ture of 198 K. A Fe3O4(111) film was heated above the temperature of 650 K, up
to 800 K, and subsequently cooled down to room temperature. The surface spin
polarization measured with MECS, using 20 eV He2+ ions under 20◦ incidence,
is shown in Fig. 7.10. Upon heating the magnetite film, the surface spin polar-
ization gradually decreases until a temperature of ∼ 650 K is reached, where the
polarization decreases abruptly to almost zero at ∼ 750 K. No further changes
are observed in the polarization value for heating up to 800 K and subsequent
cooling to room temperature, a sign that the magnetite has been transformed
to FeO. The stoichiometry corresponding to FeO has been confirmed indepen-
dently with LEIS.

An interesting result is the apparent small, but non-vanishing polarization
observed in the FeO film. Busch et al. observed a positive spin polarization of
∼ 10% for secondary electrons emitted from a FeO thin film upon proton scat-
tering [125], and a small negative polarization upon further oxidation of the FeO
layer. It was proposed that this result may be due to a small magnetic moment
present at the FeO surface due to an incomplete compensation of the magnetic
sublattices [127]. Koike et al. [114] suggested that a ferromagnetic surface layer
would exist on FeO(111), based on an observed negative spin polarization of
−5% of secondary electrons excited by a 2 keV electron beam. Kim et al. gave
a different interpretation, attributing the observed negative polarization to the
formation of Fe3O4 islands in parts of the FeO film [108], a result supported by
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the observations of Busch et al. [125].
We couldn’t determine the sign of the polarization observed from FeO, mea-

surements done with ECS were inconclusive due to the small signal. As LEIS
measurements confirmed that the film formed upon heating magnetite above
650 K is indeed FeO, and taking into account the results of Busch et al., the spin
polarization is probably positive.

Conclusions

In this chapter, MECS with He∗∗ was used to study the spin polarization of
Fe(110) and Fe3O4(111) surfaces. The Fe(110) surface was interesting for us to
study due to the wealth of information already available for this surface [1, 25–
27, 50, 75, 101, 105]. In this respect, we could compare results obtained by MECS
with other studies and therefore use the Fe(110) as a benchmark surface, as for
the case of the Ni(110) surface.

Fe3O4 is interesting to study due to its predicted half-metallic electronic struc-
ture [107]. Magnetite has therefore a spin polarization of −100%. Indeed, with
MECS we found a surface spin polarization of Fe3O4(111) of ∼ −87%, in line
with recent experimental findings [5, 6, 108–110]. The main reason for the long
time gap (of almost two decades) between the theoretical prediction of the half-
metal-licity of magnetite and the experimental confirmation have been difficul-
ties in growing good quality stoichiometric Fe3O4 films. For example, in our
case, the magnetite films grown on a Fe single crystal are affected by a structural
phase transition at elevated temperatures, transforming magnetite into FeO. This
phase transition could be studied with MECS as well, due to the fact that it
is accompanied by a magnetic transition, from ferrimagnetic magnetite to anti-
ferromagnetic FeO.






