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Direct observation of a positive spin polarization at the (111) surface of magnetite
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We report direct experimental evidence showing that the spin polarization P at the surface of clean Fe;04(111)
is positive at the Fermi level Er as measured using a spin-polarized metastable helium beam [He(23S)] and a
bulk Fe;O4(111) single crystal under high magnetic fields of up to 4 T. Density functional theory calculations
confirm this surprising result, which has significant implications for the incorporation of magnetite in spintronic
device applications. We also find that passivation of the surface with hydrogen does not enhance P(EF), unlike
for the Fe;04(001) surface, where a marked increase is observed.
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The spin polarization at the surface of magnetite (Fe;04)
is of huge technological and fundamental importance. Pre-
dictions of half-metallic ferromagnetism (HMF) and a Curie
temperature which greatly exceeds that of other candidate
materials have led to intensive efforts to incorporate Fe; O, into
spintronic devices such as magnetic tunnel junctions.'= Its use
may circumvent the interfacial dipole problem encountered
with, for example, manganite-based devices,* and when form-
ing an interface with Fe, Fe;O,4 exhibits unusual antiferromag-
netic exchange coupling.’ Additionally, at temperatures below
~125 K, Fe;04 undergoes a unique structural transformation
known as the Verwey transition.®’” The (111) surface of Fe;0,
is in particular noted for its many technological applications®
and interesting polar nature,” however, it is still lacking a
detailed understanding. Here we report data that show the
spin polarization at the surface of Fe;O4(111) to be positive,
as measured using a spin-polarized metastable helium beam.
This result is unexpected given that the bulk spin polarization
of magnetite is predicted to be —100%. However, it goes some
way toward explaining the poor performance of Fe;O4-based
devices while also revealing significant insight into the surface
electronic structure of magnetite.

The [111] crystal direction of Fe;O4 consists of repeating
units of six atomic planes of either O>~ anions or Fe3* and
Fe?* cations located at tetrahedral or octadedral sites in an
inverse spinel structure. The stacking sequence of these planes
has been defined in the literature as Fe;, O1, Feoe1, O2, Feye,
and Fe, as depicted in Fig. 1(b). Structural analysis using
scanning tunneling microscopy'®!" and density functional
theory (DFT) calculations'? has shown that Fe; is the most
stable surface termination with a strong relaxation in the [111]
direction (the “regular” termination). Further spin-polarized
photoemission spectroscopy (SPPES) experiments by Dedkov
et al. measured the spin polarization at the Fermi level P(EF)
to be —80% at the surface of Fe;O04(111) films prepared by
the in situ oxidation of epitaxial Fe(110). This was taken as
evidence for a HMF state!3'* with spin waves at the surface,
suggested as causing a reduction in P(EF) from its intrinsic
bulk value. However, the effects of surface stoichiometry and
reconstruction were not discussed in detail.

In the experiments reported here, we have used a beam
of electron-spin-polarized helium atoms prepared in the
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PACS number(s): 75.70.Rf, 73.20.At, 75.47.Lx, 79.20.Rf

metastable 23S state which has an energy of 19.82 eV. The
deexcitation cross section for He(22S) atoms is extremely
large, preventing any penetration of the beam below the
outermost surface. This is in contrast to photoemission where
even low-energy UV photons (hv = 21.2 eV) generate photo-
electrons that originate from below the topmost layer. When
approaching to within ~2-5 A of the surface, deexcitation
of He(2S) atoms takes place via the two-stage mechanism
of resonant ionization (RI) followed by Auger neutralization
(AN), resulting in the emission of a surface electron [see
Fig. 1(a)]. Detecting the spin-dependent energy distribution of
these ejected electrons therefore allows an extremely surface
sensitive probe of the spin-split density of states (DOS) and
consequently P(EFp).

In determining P (EF), corrections due to the Fermi velocity
and spin relaxation times may be neglected, yielding the
simple definition P(Eg) = (ny —ny)/(n4 +ny), where ny |
are densities of state at Ep for majority and minority spins,
respectively.!> Here, a superconducting magnet was used to
apply fields of up to 4 T to the sample during measurements.
Therefore, to probe P(EF), the sample current induced by
electron emission I4(1;) for He(23S) atom spin magnetic
moments aligned parallel (antiparallel) to the applied magnetic
field H was measured as a function of sample bias Vg
[see Fig. 1(a)].!®!” Then, as outlined in Ref. 18, the spin
asymmetryA, defined as

Iy(Vs) — I,(Vs)
Li(Vs) + 1,(Vs)'

gives a direct measure of the spin polarization at the Fermi
level where A(Vs max) & —P(Eg). The opposite polarity of the
two parameters derives from the dynamics of the AN process
in which the surface electron neutralizing the He™(1s) hole
must have a spin opposite to the Het ion. The high-energy
cutoff Vs max occurs when the sample current due to He(235)
deexcitation falls to zero and arises when both electrons
involved in the AN process originate from the Fermi level
of the substrate.

Naturally grown single crystals of Fe;O4(100) and
Fe;04(111) were prepared in a UHV chamber with a base
pressure of <1 x 1078 Pa following established procedures.
After degassing the bulk crystal, a clean (100) surface was

A(Vs) = (1)
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FIG. 1. (Color online) (a) Schematic of He(22S) deexcitation at
the surface of Fe;O, and the sample current method used to obtain
the spin asymmetry, A. (b) Schematic of the surface structure of
Fe-terminated Fe;O4(111) which corresponds to the most stable
or “regular” termination. Fe,, and Fe, layers represent tetrahedrally
and octahedrally coordinated Fe atoms, respectively. Two O sites are
present at the surface: O1A, where the O atoms bonds with three
Fe,. atoms, and O1B, where two Fe, bonds and one Fe,, bond are
formed. (c) Spin asymmetry as a function of magnetic field for a clean
Fe;04(111) surface showing saturation at around 0.9 T (Vs =8V,
T =83 K).

obtained using several cycles of Ne™ sputtering for 15 min
(1 keV), followed by annealing at 300 °C for 15 min in
an O, environment of Po, ~ 3 X 10~* Pa. This produced a
surface that was free from contamination within the limits
of Auger electron spectroscopy, and which displayed a low-
energy electron diffraction (LEED) pattern corresponding to
the expected (v/2 x +/2)R45° reconstruction. Following this
initial cleaning procedure, the O, annealing step alone was
sufficient to repeatedly produce the desired clean surface. The
preparation of the (111) surface followed the same procedure
except that an annealing temperature of 550 °C was used
and that, prior to each experiment, several sputter and anneal
cycles were necessary to obtain a sharp hexagonal LEED
pattern, which in this case indicated a (2 x 2) reconstruction.
Hydrogen-terminated surfaces were prepared using a home-
made atomic hydrogen source to achieve saturation.'8

Figure 1(c) shows the dependence of the spin asymmetry
on the applied magnetic field for an Fe;O4(111) surface at
83 K. A saturates just before 1 T and then plateaus, consistent
with the Fe;O,4 saturation magnetization of ~0.9 T. A similar
trend was also observed at temperatures up to 298 K, although
the magnitude of the asymmetry monotonically decreased
slightly with increasing temperature. Previous measurements
for Fe;04(001) thin films showed a gradual increase in A
at fields greater than 1 T due to the presence of antiphase
boundaries'® which prevent true saturation'® and are absent
for the single crystals used here. The dependence of the
measured sample current on Vg for clean Fe;O04(111) is shown
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FIG. 2. (Color online) (a) The dependence of the sample current,
induced by He(23S) deexcitation, on applied sample voltage for
clean Fe;04(111) (uoH =4 T, T =298 K). A clear difference
in signal is observed for He(23S) spins aligned parallel (1) and
antiparallel (| ) to the applied field direction. Vg .« occurs when the
measured sample current due to He(22S) deexcitation falls to zero.
The corresponding spin asymmetry is shown in (b), along with that
for the hydrogen-terminated surface. Hydrogen adsorption has little
effect on the spin asymmetry unlike for the (001) surface, (c), where
a drastic enhancement is observed.

in Fig. 2(a). In these spectra, corrections due to a small photon
contribution!” and He(23S)-induced desorption of positive
ions?® have been made. The corresponding spin asymmetry is
shown in Fig. 2(b), where it is clear that on approaching Vs max.,
A rapidly decreases to <—20%. This directly indicates that the
spin polarization for the Feyy termination of Fe;O4(111) is
positive at the Fermi level. Hydrogen termination has little
effect on the asymmetry, resulting in a small shift toward
a more positive value. For comparison, Fig. 2(c) shows
the spin asymmetry for a clean and hydrogen-terminated
Fe;04(001) surface. Here, the spin asymmetry of the clean
surface is very slightly positive and is greatly enhanced after
the adsorption of hydrogen to >50%. This pronounced effect,
obtained using a single crystal Fe;04(001) sample, confirms
our previous measurements of A for Fe304(001) thin films'8-?!
and is well understood based on knowledge of the modified
Fe(B)-terminated (001) surface.??>*

The result of a positive spin polarization for the (111) sur-
face is altogether more surprising and for further understanding
we have conducted DFT calculations using the Vienna ab
initio simulation package.”> A fully relaxed 17-layer slab
consisting of six Feyy, five Fey, and six O layers was used
to represent the surface with a vacuum region of 16.4 A.
Tests showed that increasing the vacuum gap and/or number
of atomic layers in the slab produced consistent results to
those presented. Both sides of the slab were terminated with
Fe1 atoms to represent the experimentally prepared surface.
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FIG. 3. (Color online) LDOS of Fe, atoms located (a) subsur-
face and (b) at the surface of the most stable structure, as depicted
in Fig. 1(b). Majority spin-up states that are empty in the bulk are
partially filled at the surface leading to a positive spin polarization at
the Fermi level, Er. Hydrogen adsorption has little effect on surface
Fe atoms as shown in (c). (d) and (e) show equivalent LDOS for
Feo; atoms at clean and hydrogen-terminated Fe;04(111) surfaces,
respectively.

Figures 3(a) and 3(b) show spin-resolved local DOS (LDOS)
calculations for Fey atoms located below the surface and
in the terminating layer, respectively. It is clear that majority
spin-up states that are empty in the bulk become partially
occupied at the surface, leading to a sharp peak and positive
spin polarization at Er. Empty 3d,> states overwhelmingly
contribute to this modification.?® Qualitatively, these changes
originate from the reduced valency of Fey,; atoms which are
only bonded to three O ions at the surface as opposed to four
in the bulk. The extra charge associated with this reduced
coordination partially occupies the Fey majority band as
the minority band is already filled, leading to a positive spin
polarization at Er as we observe experimentally. It should be
noted that the LDOS results presented in Fig. 3 do not change
significantly when the on-site Coulomb interaction term +U
is considered.?®

For hydrogen termination, DFT calculations show that
adsorption is energetically favored at O atoms in the outermost
Ol layer that are otherwise only bonded to Fe,y atoms
[identified in Fig. 1(b) as Ol1A]. Atoms at the alternative
O1B site have two bonds to bulklike Fe,; atoms in the
layer below and one bond to a surface Fe atom which,
as discussed above, is itself uncompensated. The partial
charge saturation arising from this O1B-Fe,; bond yields
a positive spin polarization and results in a lack of surface
states. In contrast, surface states are present at the O1A site,
meaning that hydrogen preferentially adsorbs to these atoms
and consequently has little affect on the terminating Fe
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FIG. 4. (Color online) Maps of spin density in planes representing
side ([110]) and top ([001]) views of clean and hydrogen-terminated
Fe;04(111) surfaces [see Fig. 1(b)]. The [001] planes are located 1 A
above the outermost Fe; layer, as indicated by horizontal dashed
lines in (a) and (c). The diagonal lines in (b) and (d) correspond to
the [110] planes shown in (a) and (c). Fe, and Fey; atoms are
represented by green and blue circles, respectively, O atoms by red
triangles, and H atoms by gray circles. A darker blue (red) color
indicates more dominant majority (minority) spin states.

layer, as shown in the LDOS of Fig. 3(c). The slight reduction
in the magnitude of the spin asymmetry that is observed in
Fig. 2(b) is due to the modification of the DOS of the outermost
Fe,c atoms as seen in Figs. 3(d) and 3(e), which show that
hydrogen termination increases the minority states at Ep. It
is also clear from the LDOS results of Fig. 3 that coupling
between atomic magnetic moments in the tetrahedral and
octahedral sublattices is antiparallel. This results in a change in
the polarity of the spin polarization at the surface depending on
the terminating sublattice and gives rise to the ferrimagnetism
of F€3 04 .

To visually summarize the above deductions, spin density
maps along the [110] and [001] directions of Fe-terminated
Fe;O4(111) are shown in Fig. 4 for clean and hydrogen-
adsorbed surfaces. Calculations incorporating DOS from
—0.5eV to Ef are displayed with the (001) planes in Figs. 3(b)
and 3(d) located at 1 A above the outermost Fey layer. It
is clear from these plots that in the region around Ef, the
spin polarization at the vacuum side is positive supporting
our experimental observation. Hydrogen termination leads
to a small reduction in the magnitude of the positive spin
polarization, effectively “opening up” the outermost Feq
layer so that incoming He(23S) atoms are able to access these
electronic states. This in turn leads to the observed reduction
in the magnitude of the spin asymmetry.

Our results indicate that the spin polarization at the most
stable termination of Fe3O4(111) is positive and >20% at
Er. This is opposite in polarity to the values measured by
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previous photoemission experiments, which yielded —80% for
P(Eg).">* Yet the two results are not contradictory, arising
instead from the different penetration depths of the probe
beams used in each study. The surface sensitivity of He(2S)
atoms ensures that only electronic states of the outermost
Fe1 layer contribute to the measured signal. In contrast, UV
photoemission will yield a signal that is averaged over the DOS
of several atomic layers including octahedrally coordinated Fe
layers below the surface which have a spin polarization much
closer to the bulk value that is predicted to be —100%. Hence,
taking a value for P(Eg) as measured by photoemission to be
an “intrinsic” parameter is flawed and more consideration of
the drastic changes in electronic structure that can occur at
a surface is needed. In contrast, our results suggest that the
stable (001) and (111) surfaces of Fe;04 do have an intrinsic
spin polarity which differs greatly from the bulk. This has
significant consequences in terms of device applications as
one of the motivating factors for the use of Fe;0y is its high
spin polarization. We note here that our experiments were
performed with naturally grown single crystals so that there
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is no question as to the quality of the prepared surface which
may not be the case for thin film samples.

In summary, we have measured a strong positive spin polar-
ization at the stable Fey-terminated surface of Fe;O4(111).
This unexpected finding could explain the reduced magnetore-
sistance and lack of reproducibility observed with spintronic
devices based on this crystallographic orientation. A more
promising route to taking advantage of the natural properties
of Fe;O4 may be to use the (001) orientation as at this
surface P(Er) may be greatly enhanced through, for example,
passivation with hydrogen. Revealing such drastic changes in
the surface electronic structure of Fe;O,4 also suggests that
other ferrimagnetic compound crystal surfaces require further
investigation.
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