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Spin polarization of the Fe304(100) surface is enhanced by B adsorption through the

opening of the spin-up band gap.
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The spin polarization of magnetite Fe;O, is significantly reduced at its surfaces, which is unfavorable for
the development of spintronic devices based on this material. In order to enhance the surface spin
polarization, the Fe;04(100) surface is modified here through the adsorption of boron (B) atoms and
investigated by density functional theory (DFT) calculations. We find for the bulk-terminated and cation-
redistributed surfaces that a band gap is opened in the spin-up electronic states due to the formation of a
strong bond between the B atom and a surface oxygen atom, i.e., B adsorption induces half-metallicity at
the Fe304(100) surface. Besides the surface Fe and O atoms, the adsorbed B atoms have a considerable
density of -100% spin-polarized electronic states at the Fermi level, which might provide a means to

improving the efficiency of spin injection in spintronic devices.

I. Introduction

Half-metallic materials have huge potential in spintronic applications due to an extreme spin polarization at
the Fermi level (Pgr=100% or -100%). Half-metallicity has theoretically been predicted to occur in the
bulk of magnetite Fe;0, ' and was recently characterized, through femtosecond spin excitation, by a long
demagnetization time that is two orders of magnitude higher than for Ni.> Another advantage of Fe;0y is its
exceptionally high Curie temperature of 860 K.' Instead of conventional ferromagnetic metals (e.g. Fe, Co,

Ni, etc.), Fe;O4 is now widely investigated as a magnetic substrate for the injection of spin-polarized
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current into nonmagnetic materials. For example, magnetic tunnel heterojunctions have been fabricated
through thermal evaporation of DITPY on an Fe;0, (111) thin film,® whilst layers of Algs,* C60,” FePc °
and C¢Hg ” have been successfully deposited onto Fe;0, (111) and (100) surfaces. Nanoparticles of Fe;O,
have also been used as a magnetic core in core-shell structures wrapped with polymethylmethacrylate
(PMMA),* oleic acid,” polyaniline,'® gold,"" and single-walled carbon nanotubes.'? Practical spintronic
devices naturally require the presence of at least one interface, however, it has been conclusively shown
that the half-metallicity is not maintained at the surface of Fe;O,. Reduced Pgg values of —(55£10)% (Fonin
et al. 13) and —40% (Tobin et al. 14) have been observed for the Fe;0,(100) surface at room temperature
using spin-resolved photoemission spectroscopy (SPPES) and reproduced by theoretical calculations using
density functional theory (DFT).">'® Therefore, an improvement in the surface spin polarization is crucial

for the development of Fe;O4-based spintronic devices.

To this end, an enhancement in Pgr has been observed for the H-adsorbed Fe;O4(100) surface using spin-
polarized metastable deexcitation spectroscopy (SPMDS) and SPPES.'”"” DFT calculations confirm that
half-metallicity is recovered through quenching of oxygen dangling bonds at the surface.'>" Recently, the
adsorption of carbon has also been theoretically predicted to recover half-metallicity at the Fe;O,(100)
surface with a wider spin-up band gap than for H-adsorption.”” However, extremely high temperatures
(>3500°C) are needed to deposit atomic carbon making this system very difficult to realize experimentally.
In similarity with C atoms, B atoms form strong bonds with surface O atoms but the temperature required
for atomic B adsorption is much lower than for C, hence, a B-adsorbed surface should be easier to achieve
experimentally. In this study, we have investigated the B-adsorbed Fe;04(100) surface by DFT calculations,
and compared the corresponding result with that of the H-adsorbed and C-adsorbed Fe;0,(100) surface.
Our calculations predict that the half-metallicity can also be induced or recovered by B adsorption with a
spin-up gap wider than that for H adsorption and very close to that for C adsorption. Adsorbed H atoms
have no electronic density at the Fermi level. On the contrary, adsorbed C and B atoms have some
electronic density of states (DOS) with -100% Pgg, where the Fermi level DOS of the adsorbed B atom is
larger than that of the adsorbed C atom. This might be helpful to improve the efficiency of spin injection in

spintronic devices.
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II. Calculation methods

All calculations were performed within the framework of DFT using a plane-wave basis set, as
implemented in the Vienna ab initio simulation package (VASP).””?' The calculation model and parameters
are similar to those in our previous study of H adsorption on the Fe;0,(100) surface."” Exchange-
correlation interactions are described by the Perdew-Burke-Ernzerhof-generalized gradient approximation
(GGA).” The projector-augmented wave method is used to represent the electron-ion interaction.”** The
Brillouin-zone integration is calculated with a 4x4x1 k-point grid using the Monkhorst-Pack method.*® All
calculations are spin-polarized with a 400 eV plane-wave energy cutoff. A reconstructed substrate is used

with a (\/5 %2 ) R45° unit cell, which has been observed by low energy electron diffraction (LEED)"*'® ag

well as scanning tunneling microscopy (STM) ?’ and reproduced by DFT calculations.'*'**® The surface is
represented by a 13-layer slab with both sides terminated by octahedral Fe(B) atoms, which is energetically
more favorable than a surface terminated by tetrahedral Fe(A) atoms.**° The vacuum region is as large as
17.5 A. B atoms are adsorbed on the topmost and bottom-most surfaces. All adsorbed and substrate atoms

are relaxed until the force on each atom is less than 0.01 eV/ A.

III. Results and Discussion

For the Fe(B)-terminated Fe;O4(100) surface, there are two kinds of surface oxygen atom, denoted by O1
(with no tetrahedral Fe(A) neighbor) and O2 (with an Fe(A) neighbor) in the following text. As for H and C
atoms, B atoms preferentially bond to O1 atoms with an adsorption energy (-5.761 eV) that is significantly

larger than for H adsorption (-3.096 eV), and slightly larger than for C adsorption (-5.509 eV). Here, the

adsorption energy is defined as E , = (E

2BI Fey0,(100) — Eclean—Fe304(lOO) —nE,)/n, where n is the number

E

of adsorbed B atoms, and E clean—Fe0, (100)

0B/ Fes0,(100) * and E, are the total energies of the B-adsorbed

surface, the clean Fe;0,4(100) surface and a free B atom, respectively. Strong chemisorption leads to a tilted
geometry of the B-O1 bond with a tilting angle of 57.9° from the surface normal, and a short bond length of
1.303 A (Table 1). The green and red spheres in Fig. 3 represent Fe(B) and O atoms located at the topmost

layer of the substrate with gray, brown and purple spheres indicating the respective positions of adsorbed H,
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C and B atoms. B adsorption leads to an acute angle of Fe(B)-O1-B bond formation (72°) that is much less
than the more obtuse Fe(B)-O1-H bond (122.6°) formed upon H adsorption. This difference in the
adsorption geometry is caused by the demand of total energy minimization for each adsorption. Chemical
adsorption also induces considerable surface modification, which can be observed from the change in
distance between nearest neighboring atoms such as for O1-O1, 02-02, Fe(B)-O1, Fe(B)-Fe(B), etc. (see
Table 1). Such modification results in an increase of the total energy of the Fe;0,(100) surface, which is

obviously larger for B adsorption (+1.121 eV) than for H adsorption (+0.609 eV). The surface modification

E

clean—Fe;0,(100) is the total

energy is calculated as F

surf

(E

mod-Fe;0,(100)

Y/ n, where Emod,pe3o4<100)

energy of the modified Fe;O4(100) surface which has the same geometric structure as the adsorbed system.
On the other hand, the total energy is decreased by the adsorbate-substrate interaction and the adsorbate-
adsorbate interaction. The nearest B-B distance and Fe(B)-B distance will be smaller for a geometry with
an obtuse Fe(B)-O1-B angle than for those with a more acute angle, indicating stronger adsorbate-adsorbate
and adsorbate-substrate interactions. Our calculation shows that for a B-adsorbed surface, the decrease in
energy due to the B-B interaction (-1.844 eV) is considerable and enough to compensate for the increase in

energy caused by the large surface modification (+1.121 eV). Here, the B-B interaction energy is calculated
as E, , =(E ,—nE,)/n, where E , is the total energy of the adsorbates considering a set of n-

adsorbed B atoms with the same geometric structure of the adsorption system. As shown in Table 1, the
nearest Fe(B)-B distance (2.266 A) has the same value as for Fe(B)-O1 at the geometry with an acute
Fe(B)-O1-B angle, indicating that the Fe(B)-B interaction can not be negligible and will furthermore induce
a considerable decrease of the total energy. As for H adsorption, the H-H and Fe(B)-H interactions are
much weaker than for B-B and Fe(B)-B. The total energy will not be significantly reduced even when
considering the same geometry as for B adsorption because of the smaller atomic radius and number of
valence electrons of H. Therefore, H preferentially adsorbs with a geometry leading to an obtuse Fe(B)-O1-
H bond angle as this arrangement results in a smaller surface modification. In contrast, the large increase
(+1.812 eV) in the total energy of the Fe;04(100) surface for C adsorption is mediated mainly by the large
C-substrate interaction energy (-6.240 eV) and not the small C-C interaction energy (-1.081 eV). Here, the

direct interaction energy between adsorbate and substrate is calculated as
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E

I ey A Dl wa —E,, ,, » which has excluded effects due to surface
modification and adsorbate-adsorbate interactions. As for B adsorption, the large C-substrate interaction

induces an acute angle of Fe(B)-O1-C (82.5°C).

Figure 1 shows the spin-resolved band structure and total DOS of the B-adsorbed Fe;04(100) surface. A
band gap is opened in the spin-up electronic states by B adsorption (left panel) leading to a surface that
becomes half-metallic with -100% spin polarization of electronic states at the Fermi level (right panel).

. . 5
Previous studies'™"

show that H and C adsorption also result in an opening of the spin-up gap and a
recovery of the half-metallicity of the Fe;O4(100) surface. However, in comparison with H adsorption,
there are some obvious superior aspects of B adsorption. The first one is the energy range of the available
half-metallic states. The band gap (Agpin.up) Of spin-up electronic states (0.74 eV) is larger than for the H-
adsorbed surface (0.65 eV) and closer to that of the bulk (0.87 eV). The energy interval (Agg.ygm) from the
Fermi level to the valence band maximum (VBM) is also wider for the B-adsorbed surface (0.37 eV) than
for the H-adsorbed one (0.25 eV). All the spin-up surface state bands (SSB) that are present at the clean
Fe;04(100) surface'” have been removed by the strong chemisorption of B atoms. In contrast, half of the

SSB remain at the H-adsorbed Fe;0,4(100) surface,'” resulting in a narrower spin-up band gap. C-adsorption

is also superior to H adsorption in terms of the spin-up band gap (0.73 eV).

Strong interaction between B and the substrate is reflected in the local DOS (Fig. 2). Peaks at -9.4, -8.0 and
-7.6 eV in the O1 atom DOS (2" panel of Fig. 2) are apparently induced by the adsorbed B atom through s-
s and s-p hybridization. The induced peaks can also be observed in the Fe(B) atom DOS at the same energy
positions (bottom panel of Fig. 2). A similar phenomenon occurs in the Fe(B) atom DOS for the H-
adsorbed surface and has been attributed to a donation-redistribution mechanism, that is, electrons are
donated from the adsorbate (H atom) to the O1 atom and then redistributed to the Fe(B) atom via the O1-
Fe(B) bond."” Here, the density of the induced peaks in the Fe(B) atom DOS for the B-adsorbed Fe;O,
surface is found to be 1.5 times larger than for the H-adsorbed surface. The increase of the density is caused
by an additional donation process through the direct interaction between Fe(B) and B atoms. For the H-
adsorbed surface, the interaction between Fe(B) and H atoms might be negligible due to the length of

Fe(B)-H bond (2.762 10\) and the small atomic radius of the H atom. Besides the induced states at deep
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levels, the electronic states of B-2p overlap with those of O1-2p and Fe(B)-3d in a wide energy range
below the Fermi level (Fig. 2), indicating significant p-p and p-d hybridization. Consequently, all SSB are

removed by the strong B-substrate interaction and a spin-up gap is opened to recover the half-metallicity.

Magnetite films are being investigated as magnetic electrodes for the injection of spin-polarized current
into nonmagnetic materials such as organic films in spintronic devices.”” In this sense, it is important to
have more atoms which could provide spin-polarized states with a high density and large Pgg. Fig. 3 shows
the spin density of the topmost surface for clean, H-adsorbed, C-adsorbed and B-adsorbed Fe;0,(100)
surfaces. Considering the energy resolution of experiments that probe the surface DOS, the spin density is
integrated from -0.5 eV to the Fermi level. The isosurface plotted with yellow and blue represents positive
and negative spin density, respectively. For the clean Fe;0,(100) surface (Fig. 3(a)), the spin density is
positive in all surface O1 and O2 atoms as well as in the d,,.,, orbital of Fe(B) atoms. Negative spin density
can only be observed in the d./d,, orbital of Fe(B) atoms. Therefore, due to the dominant positive density,
the spin density integrated over the entire area of the topmost surface is greatly decreased, corresponding
well to the reduced Pgp observed expelrim<entally.13’14 For the H-adsorbed Fe;04(100) surface (Fig. 3(b)), the
spin density is still positive in all O1 and O2 atoms, however, with a lower density in Ol atoms. This is due
to the fact that spin-up SSB with charge density of Ol atoms along [110] directions have been shifted to a
deeper level by the formation of H-O1 bonds."> The positive spin density in the d,y.y, orbital of Fe(B)
becomes insignificant also due to the removal of half of the SSB. The dominant spin density of Fe(B) is
negative and arises from the d,, orbital. The density increase in the d,, orbital is caused by the enhancement
of the Fe(B)-Fe(B) interaction, indicated by a 0.35 A decrease of the distance between Fe(B)-Fe(B) atoms
due to H adsorption. For the C-adsorbed and B-adsorbed Fe;0,(100) surfaces (Fig. 3(c) and (d)), the spin
density is negative not only in Fe(B) atoms but also in all Ol and O2 atoms because all spin-up SSB have
been removed by the strength of C or B adsorption. Another important characteristic is that no spin density
can be observed in the adsorbed H atoms (Fig. 3(b)) since there are no electronic states around the Fermi
level. In contrast, a significant negative spin density appears in the adsorbed B atoms (Fig. 3(d)),
corresponding to the prominent spin-down peak in the local DOS around the Fermi level (top panel of Fig.
2). Therefore, besides a wider spin-up gap, B adsorption is superior to H adsorption as it results in a larger

number of spin-polarized atoms and a higher density with -100% Pgg. The density of the adsorbed B atoms
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with -100% Pgg is even larger than for the C-adsorbed surface (Fig. 3(c)). So, in addition to being easier to
realize experimentally, B adsorption is superior to C adsorption as it leads to a larger density of fully spin

polarized (P=-100%) electronic states.

Recently, Bliem et al. proposed that Fe;O4(100) has a subsurface cation vacancy (SCV), as determined
using a combination of quantitative low-energy electron diffraction (LEED), scanning tunneling
microscopy (STM) and DFT calculations.” Here, the effect of B adsorption on surface spin polarization is
furthermore investigated based on this SCV structure. The SCV structure is formed by replacing two Fe(B)

atoms from the third layer by an interstitial Fe atom, denoted by Fe(int), with tetrahedral coordination in the

second layer— a net removal of one cation per \/5 X \/5 unit cell.’!

Therefore, there are only two O1 atoms
due to the appearance of the Fe(int) atom in the second layer. This modification yields an adsorption energy
for a B atom of -5.657 eV which is slightly smaller than for the Fe;0,(100) surface without the SCV (-
5.761 eV). The B-O1 bond is also tilted with a tilting angle of 28.3° from the surface normal and a short
bond length of 1.270 A. In similarity to the B-adsorbed Fe;0,4(100) surface without the vacancy, a band gap

(0.78 eV) is opened in the spin-up electronic states for the SCV structure (left panel in Fig. 4) and the spin

polarization at the Fermi level is -100% (right panel in Fig. 4).

Calculations including the on-site Coulomb interaction (U) term for treating strong electron-correlation
effects has proven to be successful in the prediction of the SCV structure of the Fe;0,(100) surface.”’ In
this study, we also conducted the calculation with the GGA+U method with U= 3.8 eV. Compared with
the GGA calculation, GGA+U yields a slight increase in the B-O1 bond length by 0.002 A and decreases
the B-Fe(B) bond length by 0.045 A. The tilting angle of B-O1 decreases by 1.8°. The above means that
the variation of geometric structure related to the adsorbate is insignificant. Similar behavior has been
observed for the C-adsorbed Fe;0,4(100) surface.”® Using the GGA+U method, the adsorption energy (-
5.323 eV) is smaller than when using the GGA method, whereas the gap in the spin-up electronic states
(1.99 eV) is obviously enlarged (left panel in Fig. 5a). A gap is also opened for the spin-down electronic
states (middle panel in Fig. 5a) with six bands located at an energy just below the Fermi level. The spin
density integrated from -0.5 eV to the Fermi level (Fig. 5b) is negative for all atoms on the topmost surface,

as for B-adsorbed Fe;04(100) surface without the SCVs. The main difference is the orbital contributed to
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the spin density. For the B-adsorbed SCV Fe3;0,4(100) structure, the orbitals are d,, /d,, of Fe(B), p,/p, of O1,
p. of O2 and p,/p, of O3 (surface oxygen atoms with an Fe(int) neighbor). Consequently, both the GGA and
GGA+U calculations show that the enhancement of the spin polarization of the Fe;0,(100) surface through

B adsorption is not changed by the SCV structure.

IV. Conclusion

Surface modification through B adsorption on the Fe304(100) surface has been investigated using DFT
calculations for the bulk-terminated and cation-redistributed surfaces. In both cases, the degree of spin
polarization of the Fe304(100) surface is enhanced by B adsorption through the opening of the spin-up
band gap and recovery of half-metallicity. The B-modified Fe;0,(100) surface should lead to superior spin
injection into nonmagnetic materials due to the appearance of a wide spin-up band gap, the large total
number of spin-polarized atoms, and the high density of states around the Fermi level with a spin

polarization of Pgg =-100%.
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Clean Fe;O, H/ Fe;0, C/ Fe;0, B/ Fe;0,
E.g (€V) - -3.096 -5.509 -5.761
Euum (€V) - -0.293 -1.081 -1.844
Equr (eV) - +0.609 +1.812 +1.121
Eppaus (€V) - -3.412 -6.240 -5.038
Aspinup (€V) - 0.65 0.73 0.74
Agr.vem (€V) - 0.25 0.40 0.37
dres)ree) (A) 2917 2.560 2.451 2.551
dor.o (A) 2.457 2.503 2912 2.875
dor.o2 (A) 2.600 2.861 2.946 2.862
dor-re) (A) 1.956 2.116 2.327 2.266
e (A) - 2.762 2.479 2.266
dorm (A) - 0.970 1.210 1.303
dyim (A) - 1.836 2.292 1.695
On-01 () - 56.3 18.1 57.9
Bpe@)-01.M ) - 122.6 82.5 72.0

Table 1. Calculated values for the adsorption energy (E,q), adsorbate-adsorbate energy (Ey.m), surface
modification energy (Eg,f), adsorbate-substrate energy (En.qwp), band gap and energy interval from the
Fermi level (Ef) to the valence band maximum (VBM) of spin-up electronic states, the nearest distance of
neighboring atoms, the tilting angle of adsorbate-O1 bonds from the surface normal, and the angle between

Fe(B)-O1-M atoms for clean, H-adsorbed, C-adsorbed and B-adsorbed Fe;O4(100) surfaces.
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Fig. 1 Band structure (left and middle panels) and total density of states (DOS) (right panel) for the B-
adsorbed Fe;0,4(100) surface. Black and red lines represent spin-up and spin-down electronic states,

respectively.
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Fig. 2. Local density of states (LDOS) of Fe(B), O2, O1 and adsorbed B atoms. Black and red lines

represent spin-up and spin-down electronic states, respectively.
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Fig. 3. Spin density of the topmost surface integrated from -0.5 eV to the Fermi level. (a) clean Fe;0,4(100),
(b) H-adsorbed Fe;04(100), (¢) C-adsorbed Fe;04(100) and (d) B-adsorbed Fe;0,4(100). The isosurfaces are
all plotted with 0.005 eV/A®. Yellow and blue colors represent positive and negative spin density,
respectively. Green and red spheres represent the positions of Fe(B) and O atoms located at the topmost
layer of the substrate. Gray, brown and purple spheres show the positions of adsorbed of H, C and B atoms,

respectively. For ease of viewing, atomic positions are shifted above the surface.

14



Physical Chemistry Chemical Physics Page 16 of 16

Energy (eV)

Fig. 4. Band structure (left and middle panels) and total density of states (DOS) (right panel) for B-
adsorbed Fe;0,4(100) incorporating the SCV structure using the GGA method. Black and red lines represent

spin-up and spin-down electronic states, respectively.

Energy (eV)

Fig. 5. Band structure (a) and spin density (b) integrated from -0.5 eV to the Fermi level for the B-adsorbed
SCV Fe;04(100) structure using the GGA+U method. Black and red lines in (a) represent spin-up and spin-
down electronic states, respectively. Blue color in (b) represents negative spin density. Red and green sticks

represent Fe-O bonds. The second layer is also shown in (b) to display the position of Fe(int) atoms.
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