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Semiconductor-half metal transition at the Fe;04(001) surface upon hydrogen adsorption
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The adsorption of H on the magnetite (001) surface was studied with photoemission spectroscopies,
scanning tunneling microscopy, and density-functional theory. At saturation coverage the insulating
(\2 X \5)R45° reconstruction is lifted and the surface undergoes a semiconductor—half metal transition. This
transition involves subtle changes in the local geometric structure linked to an enrichment of Fe>* cations at the
surface. The ability to manipulate the electronic properties by surface engineering has important implications

for magnetite-based spintronic devices.
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I. INTRODUCTION

The Earth’s oldest permanent magnet, magnetite (Fe;0,),
continues to attract attention due to its fascinating properties.
The predicted half metallicity in the room-temperature (RT)
cubic phase' has led to significant interest in utilizing mag-
netite in spintronics applications. The fact that magnetite ex-
hibits a high Curie temperature (858 K) and similar conduc-
tivity to many semiconductors makes it particularly attractive
as an electrode in devices such as magnetic tunnel junctions.
However, experimental verification of the half metallicity
has proven problematic. Experiments using spin-polarized
photoemission have measured varying degrees of spin polar-
ization at the Fermi level (40—80 %) (Refs. 2-5) for the bulk
material, in contrast to the density-functional theory (DFT)
prediction of 100% for the bulk (RT) phase.! However, pho-
toemission is essentially a surface-sensitive technique that
can only be reliably applied to measurements of bulk elec-
tronic structure in the absence of strong surface effects, even
for high-energy photons.® The surface electronic structure of
magnetite (001), however, differs from the bulk. A small
band gap of 0.2-0.3 eV is opened by the presence of an
interesting surface reconstruction.””!" The novel (y2
X VfE)R45° surface reconstruction, where the surface unit cell
is enlarged and rotated by 45° with respect to the ideal bulk
termination, was detailed in a prior publication.’

Here we utilize surface science techniques combined with
DFT calculations to study the adsorption of atomic H on the
reconstructed Fe;0,(001) surface. At saturation coverage H
lifts the insulating (v2 X y2)R45° reconstruction and gener-
ates Fe?* in the surface layer producing a half-metallic sur-
face with structure close to the ideal (1 X 1) bulk termina-
tion.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The scanning tunneling microscopy (STM), low-energy
electron diffraction (LEED), ultraviolet (UPS), and x-ray
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photoelectron spectroscopy (XPS) data were acquired in ul-
trahigh vacuum with a base pressure of 107'0 mbar. All
STM images were taken in the constant-current mode imag-
ing empty states (Vimpe=+0.7 to +1.8 V and I
=0.15-0.3 nA) at room temperature. The surface was ex-
posed to hydrogen by backfilling the chamber with H, while
keeping a hot W filament in line-of-sight with the sample.
UPS was performed on the NIM beamline at the Center for
Advanced Microstructures and Devices (CAMD) in Baton
Rouge, LA. Angular mode data were collected with energy
resolution set to ~20 meV using 29 eV photons with a 45°
incident angle and normal-emission geometry. Energy distri-
bution curves were acquired from data integrated in *2°
angle around the surface normal. A natural Fe;04(001) crys-
tal (Commercial Crystal Laboratories) was prepared by
cycles of sputtering (1 keV, 5 wA, 10 min) and annealing
(820 K, 10 min) until a sharp (2 X V2)R45° LEED pattern
was observed. To prevent reduction in the surface, annealing
in 10° mbar O, at 820 K for 5 min was performed during
each cleaning cycle. X-ray photoelectron spectroscopy
(XPS) showed no sign of contamination other than 4 at. %
Si that is present in the mineral sample. The surface Si is
easily identified in STM (not shown) and can be avoided
during the imaging. DFT calculations were performed with
the WIEN2K code.'? Electronic correlations beyond the gen-
eralized gradient approximation'? are taken into account by
an additional on-site Coulomb repulsion term (LDA/GGA
+U) (Ref. 14) with U=5 eV and J=1 eV, similar to values
used for bulk Fe;0,.'>1® For further details see Ref. 8. The
surface is modeled by a supercell consisting of seven B and
six A layers [containing tetrahedral Fe(A)] with H adsorbed
on both sides of the slab. All coordinates of the adsorbates
and the outer two BA layers are fully relaxed.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the clean Fe;0,(001) surface as deter-
mined previously.”!® The blue (dark gray) and gold (light
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FIG. 1. (Color online) Modification of an Fe;04(001) surface

with (left) 1 and (right) 8 Hydrogen atoms per surface unit cell. O

atoms are red/large, Fe(B) are gold/gray and Fe(A) are blue/light

gray. (a) Adsorption geometry. (b) Side view showing the occupa-
tion of the minority 7,, orbitals at the Fe(B) sites (i.e., ions with

Fe?* character); electron density integrated between —1.3 eV and

Eg. (c) Total density of states (solid black line with yellow filled

area) showing the characteristics of half-metallic system. For com-

parison the DOS of the clean surface (modified B layer; black
dashed line), shows a band gap of 0.3 eV.

gray) spheres represent the Fe(A) and Fe(B) atoms that, in
the bulk, are in a tetrahedral and octahedral coordination,
respectively. A lattice distortion results in pairs of Fe(B) at-
oms relaxing perpendicular to the [110] row; this distortion
induces a small band gap at the surface,®!' see also the
dashed curves in Fig. 1(c). For a single adsorbed H atom, we
find preferential adsorption at surface oxygen without a sub-
surface Fe(A) [Fig. 1(a), left]. The adsorbate is strongly dis-
placed laterally from the atop position and the OH group is
nearly parallel to the surface [Fig. 1(b), left], leading to the
formation of an H bond (2.24 A) with the neighboring sur-
face O. In the case of full hydroxylation (Fig. 1, right) H
adatoms are found in similar tilted atop configurations. The
strong lateral relaxations at the reconstructed clean surface
[these can be as much as 0.36 A (Refs. 7 and 10)] are sig-
nificantly reduced upon saturation with atomic H to less than
0.05 A from the bulk positions.

Figure 1(b) shows the occupation of the sixth orbital of
Fe(B), i.e., only the positions with Fe>* character have a
nonvanishing electron density. Whereas the clean®!! and wa-
ter adsorbed® Fe;0,(001) surfaces have exclusively Fe** in
the surface layer, H adsorption leads to reduction to Fe?*. At
saturation of the surface oxygen sites (B-layer +8H) both the
surface and subsurface B layers are completely switched to
Fe?*; the tetrahedrally coordinated Fe atoms in the subsur-
face A layer are also converted to Fe?*. A consequence of the
enhanced Fe?* concentration is that the Fe(B)-O in-plane
bond lengths increase to 2.08—2.14 A.
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FIG. 2. (Color online) The clean Fe;0,4(001) (\EX \E)R45° sur-
face: (a) STM image (Vimple=+1.7 V, Iypne=0.14 nA) and (b)
LEED pattern (E;=90 eV). (c) and (d) Consecutive STM images
(®g~0.07 ML, 4 nmX 3.5 nm, 1.4 V, 0.14 nA) at low atomic H
coverage. The arrows mark the motion of a H-induced bright double
protrusion to a neighboring row. (¢) STM image (@~ 0.25 ML,
4x4 nm?,0.76 V, 0.21 nA). One row of Fe(B) atoms is bright and
straight (dashed blue line), an uncovered section, marked by the
green arrow, displays the characteristic Fe(B) “wiggle.” (f) LEED
pattern from the H saturated surface displaying (1 X 1) symmetry.

Figure 1(c) shows the total DOS for the H adsorbed sur-
faces. The clean surface (dashed line) shows a band gap of
0.3 eV as observed previously.®!! Adsorption of H leads to
Fe’* in the surface layer with an occupied 15, orbital in the
minority (spin-down) channel. This orbital leads to an en-
hanced density of states (DOS) at and below the Fermi level,
and a  semiconductor-half metal transition for
H/Fe;0,(001). In addition, the charge and orbital ordering
of the deeper layers is affected by the hydrogen adsorption.

To complement the DFT results, we have performed ex-
periments on a Fe;0,(001) sample with varying coverages of
atomic H. Empty states STM images of the clean surface
[Fig. 2(a)] show the characteristic undulating Fe(B) rows of
the (V2X12)R45° reconstruction along the [110]
direction;*!”-1” a LEED pattern obtained from the same sur-
face is shown in Fig. 2(b).

Two consecutive STM images recorded over the same
sample area following 3 min H exposure (H, pressure of
10”7 mbar) are shown in Figs. 2(c) and 2(d). Several bright
double protrusions situated at Fe(B) sites are observed. This
suggests that the adsorbed H atom is not directly imaged,
rather that the neighboring Fe cations (which DFT suggests
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are converted to Fe>*) have a higher contrast than those on
the clean surface. This assignment is strengthened by the
observation that the double protrusions frequently jump to
the opposite Fe(B) row and back again at room temperature,
an example of such a jump is indicated by the arrows in Figs.
2(c) and 2(d). This can be explained by hopping of the H
atom to the symmetrically equivalent O site within the unit
cell [see Fig. 1(a)], causing the Fe(B) atoms on the opposite
row to be imaged bright. The DFT predicted geometry and H
bonding are consistent with facile hydrogen hopping at room
temperature.

As the exposure to H atoms (0y) is increased the density
of the bright Fe(B) atoms increases. At @y~0.25 ML
[1 ML=1/2 the Fe(B) density] many areas show a local
ordermg_, with double protrusions spaced according to the
(V2 X V2)R45° reconstruction (data not shown). Figure 2(e)
shows the surface after 30 min of H exposure [p(H,)
=10"7 mbar]. Now only a small section of the clean Fe(B)
row is visible (green arrow). Also evident are straight rows
of bright protrusions, indicated by the dashed blue line. The
straightening of the Fe(B) rows is consistent with the DFT
prediction that the surface atoms relax back to bulk-
terminated positions following H adsorption. Upon satura-
tion coverage of atomic H (30 min, 10~ mbar) the surface
exhibits (1X1) symmetry in LEED [Fig. 2(f)], suggesting
that the (\2>< \V2)R45° reconstruction is completely lifted.
The (v 2% V2)R45° LEED pattern is recovered only after an-
nealing the sample to ~623 K (data not shown), presumably
as H leaves the surface.

In addition to structural modifications, the DFT results
suggest that adsorption of atomic H strongly affects the elec-
tronic structure of the Fe;0,4(001) surface. Figure 3(a) shows
UPS data of the reconstructed clean surface and alongside
data acquired from the H saturated surface. The position of
the chemical potential was calibrated by the Fermi edge (Ef)
of the molybdenum sample plate, in contact with the magne-
tite crystal. Normal-emission spectra from the clean surface
show states at binding energies of ~0.6, 2.8, 4, and 6 eV, in
good agreement with previous results,%2% although the fea-
tures at 4 and 6 eV are generally not resolved and commonly
appear as a single broad feature centered at ~5.5 eV. It is
important to note that the clean-surface photoemission data
inevitably represent a superposition of photons emerging
from both the (\2 X \2)R45° surface and the immediate sub-
surface layers. Since the surface layer contains only Fe’*
cations,®!! the intensity observed at 0.6 eV can be attributed
to Fe?* cations®!! in the subsurface. Saturation with H causes
a dramatic increase in spectral weight distribution near the
Fermi level and the Fermi edge is significantly enhanced.
The inset in Fig. 3(a) shows the region close to Er along with
a scaled reference spectrum collected for the molybdenum
sample plate (blue) indicating the metallic nature of the
H-adsorbed surface. In Fe;O,, features near Ey originate
from 3d-3d transitions at the Fe(B) ions with Fe*
character,?!?? therefore the data suggest that surface Fe(B)
atoms have been converted to Fe?* by the adsorption of
atomic H.

The oxidation state of near-surface Fe atoms of
Fe;0,(001) before and after H exposure was probed by
monitoring the Fe 2p region with XPS [Fig. 3(b)] in a graz-
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FIG. 3. (Color online) (a) UPS spectra (hv=29 eV, normal
emission) from the clean (black) and H-covered (red/gray)
Fe304(001) surfaces. The inset shows the region around Ep; the
blue line shows the metallic Fermi edge acquired from the molyb-
denum sample plate. (b) Fe 2p XPS spectra (Al Ka photons, emis-
sion angle at 60° from normal) from the clean (black) and
H-covered (red) Fe;04(001) surfaces. The inset magnifies the shift
in the leading edge of the Fe 2p;,, peak to lower binding energy and
indicates the expected position for Fe** and Fe3* cations.

ing exit configuration. For magnetite, which contains Fe?*
and Fe* cations in the bulk, broad Fe 2p peaks are observed
at 709 eV (Fe?*) and 711.4 eV (Fe**) plus several peaks
attributable to satellite peaks at higher binding energies.”
While the complicated nature of the Fe 2p spectra makes
quantitative analysis difficult, there is a clear shoulder
present at 709 eV, consistent with an increase in Fe2* cations.
We conclude that the H-dosed surface region has an in-
creased proportion of Fe?* cations relative to the clean sur-
face. Complementary O 1s XPS spectra (not shown) exhibit
a shoulder on the high binding energy side (~532 eV) con-
sistent with hydroxyl groups. No shift is observed in the
position of the O 1s signal from the subsurface O atoms.
These results clearly demonstrate that H adsorption on
Fe;0,(001) lifts the (V2 x \2)R45° surface reconstruction
and induces a semiconductor—half metal transition in the sur-
face region. It is interesting to note that these changes to the
structure and electronic properties are exactly those expected
if the surface were to undergo the Verwey transition, as the
bulk material does at 123 K.2*25 However, the DFT calcula-
tions, UPS and XPS data presented here indicate that the H
saturated surface contains Fe?* ions, creating a half-metallic
interface that is distinct from the bulk conducting phase,
where hopping of electrons between Fe** and Fe®* ions on
the Fe(B) sublattice is proposed.?+> On the other hand, par-
tial hydrogenation, with no H at the energetically disfavored
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position next to tetrahedral irons, leads to a surface with Fe3*
and Fe?* and may allow for electron hopping.

That the Fe;0,(001) surface can undergo a
semiconductor—half metal transition through adsorption of
atomic H provides an opportunity to solve ambiguities sur-
rounding fundamental properties of magnetite.® Recent spin-
resolved photoemission studies have found less than the ex-
pected 100% spin polarization at the Fermi level but there
has been discussion of the extent to which the surface recon-
struction of Fe;04(001) may cause spin flipping as the spin-
polarized photoelectrons are transmitted into vacuum.’™
Lifting of the surface reconstruction as demonstrated in this
work should help unambiguously resolve this critical issue.

Recent studies have highlighted the importance of inter-
face effects to the performance of ferromagnet-based spin-
tronic devices such as magnetic tunnel junctions (see, for
example, Ref. 26) In particular, devices based on magnetite
electrodes have demonstrated disappointing performance,
with the authors often citing the influence of interface effects
on the transport properties (see, for example, Refs. 27 and
28). Here we demonstrate using a simple, tractable model
system that properties related to magnetotransport at magne-
tite interfaces can be manipulated by surface engineering.
This can be used as a basis for understanding more compli-
cated, technologically relevant interfaces formed with semi-
conductors. We propose that Fe;04(001) adsorption studies
with the high-mobility organic semiconductors such as alq3,
rubrene, and pentacene, which have been shown to facilitate
spin-polarized transport over tens of nanometers,?’ represent
an exciting avenue for future study.

Finally, while water adsorption and dissociation does not
change the valence state of Fe in the surface layer,® here we
find that H adsorption enriches the surface with Fe?*. This
provides a path to engineer the reactivity of Fe;04(001) in
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catalitic and geological environments. A recent paper by
Skomurski et al.>® shows clearly that the availability of Fe**
at the Fe;0,4(001) is directly related to rate of redox reac-
tions.

IV. SUMMARY

Based on STM and LEED measurements and DFT calcu-
lations, we have demonstrated that the (\EX V2)R45° sur-
face reconstruction of Fe;0,4(001) is lifted upon adsorption
of atomic H at room temperature, leading to a surface with
(1X 1) symmetry. Valence-band photoemission data clearly
show that the structural change is accompanied by a
semiconductor—-metal transition at the surface. DFT calcula-
tions demonstrate that the modified surface possesses only
spin-down electrons at the Fermi level and therefore a half-
metallic interface is produced. The ability to tailor the inter-
face properties has exciting implications for the use of mag-
netite in technology.

While this paper was in review we became aware of work
published about the same system by Kurahashi et al.3! The
authors used a spin-polarized metastable helium-atom beam
to show that the spin polarization at the Fe;04(001) surface
is recovered by saturation coverage with atomic H, in accord
with the theoretical and experimental results described here.
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