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Structure and magnetic properties of the FgO,4(001) surface: Ab initio studies
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First-principles calculations are employed to study four frequently proposed surface models for the
Fe;0,(001) surface, i.e., thé-terminated surfacéA mode), the A-terminated surface with Fe vacan@-vac
mode), the B-terminated surfacéB mode), and theB-terminated surface with O vacanéB-vac model.
However, calculations have revealed that the outmost surface Fe atoms of the four surface models are all from
the B-type layers, i.e., thé-site Fe atoms which were originally situated at the surface, according to the ideal
bulk-terminated positions for th& and A-vac models moved underneath the n&type layer following
relaxation processes. Magnetic degradation of the four surface models is demonstrated to be mainly due to
atomic relaxations. The half-metallic property remains in Bhand B-vac models but destroyed in tiAeand
A-vac models. The relative stability of the four surface models is also discussed.
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Thin films of ferrites have technological importance aswork of spin-polarized density functional thedriLhe pro-
catalysts, anticorrosives, and magnetic devices. In particulaposed generalized gradient approximation by Perdew and
magnetite, as a half-metallic material, is an attractive candiwang is used for the nonlocal correction to a purely local
date for applications in spin electronics and magneto recordreatment of the exchange-correlation potential and energy.
ing. In applications of magnetite in thin magnetic films the The single-particle Kohn-Sham equatibrasse solved using
morphology of the layers as well as the structure and comthe plane-wave-based Vienra initio simulation program
position of the surface are crucial factors for the functional-(vAsp) developed at the Institut flir Material Physik of the
ity. In this respect, knowledge of the surface structure on atuniversitat Wien’ The interactions between the ions and va-
atomic scale is important for understanding the electromaglence electrons are described by the projector augmented-
netic behavior of FgO, thin films. Despite this fact there is wave metho8lin the implementation of Kresse and JoulSert.
still a lot of controversy on the termination and the structureThe numbers of treated valence electrons are 8 and 6 for Fe
of the (001) surface of FgO,.13 We have usedhb initio  and O atoms, respectively. The energy cutoff for the plane-
methods to study thé01) surface properties of F®,. Cal- wave basis is 400 eV in all calculations. The
culations show interesting results of atomic relaxations neakonkhorst-Pack® method of samplind points is used for
surfaces which are beyond the conventional conjectures arttie Brillouin-zone integration.
also provide information on how the degradation of magnetic The calculated lattice constants,) for the cubic bulk
properties on the surface arises. Fe;0, is 8.308 A and thes parameter is 0.0044; they com-

Bulk Fe;0,4 has a cubic inverse-spinel structure at roompare well with the experimental valuésof 8.394 A and
temperature where the?Oanions form a fcc lattice, one- 0.0048. Here thek-point set used corresponds to the
third of the Fe iongFe*") occupy the tetrahedral interstices Monkhost-Pack parametef§ 6 6) for the cubic unit cell
(A siteg, and the other two-thirds of the Fe iofisalf F€*  which consists of 24 Fe atoms and 32 O atoms. The calcu-
and half Fé") are located in the octahedral interstic® lated local moments for tha-site andB-site Fe atoms in the
siteg. Seen from th¢001) face of the crystal, the bulk unit pulk Fe,0, are 3.335 (minority spin and 3.5Qz (Majority
cell can be described by four pairs of alternating atomicspin), repsectively, which compare well with the previous
sublayers, which are shifted in the plane of the layer withcalculationst?
respect to each other. Within a pair, one sublayer is com- All surface systems are simulated by periodic slabs sepa-
posed of theA-site F€* cations and the other sublayer is rated by vacuum. A thickness of at least 11.4 A, i.e., 11
composed of thé-site Fé*, Fe** cations, and & anions. interlayer spacings between atomic layers along the
Up to date, a significant number of attempts has been undere,0,(001) direction, for vacuum is used in the simulations.
taken to understand the structural Changes taking place at t|7$3|ab Consisting of nine atomic p|anes was used in the ini-
Fe30,4(001) surface. However, the experimental results untiltjal siumlation and a thicker slab consisting of 17 atomic
now have not led to a consistent determination of the atomiglanes was used to check the convergence in the thickness of
arrangement of the surface layer. the slabs. Exactly the same sizes of supercells were used for

In the present study, we performedh initio calculations  the four surface models in the two sets of calculations. The
to investigate the structural and magnetic properties of foutests showed that the atomic displacments for atoms near the
frequently proposed R®,(001) surface models, i.e., the surface can be described quite well using the thin slabs.
A-terminated surfacéA mode), the B-terminated surfac€B  However, the atomic relaxation actually goes down quite
mode), and theA-vac andB-vac models. Thé-vac modelis deep into the slab, i.e., at least six atomic layers when
the A model with an ordered array of tetrahedral Fe vacancounted from the surfacésee Fig. 3. The relative energy
cies (half monolayer of Feand theB-vac model is theB  changes, as due to using slabs of different thickness, are not
model with one O vacancy péK2 X +2) surface. similar for the four models either; they are much larger for

The total energy of systems is determined in the framethe A and A-vac models than for th8 and B-vac models.
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@ EB Model A-vac

0.0 -- Oxygen

034 -- Oxygen

043 -- Feqct (B)

048 -- Oxygen

058 - Fegeqr (A)

128 - Fegetr (A) FIG. 1. The calculated relaxed structure of the
A-vac model. For details please see the text.
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Unless otherwise specified, the presented results are from tliace) A-type layer is around 1.2 A. This is much smaller than
calculations using the thick slabs. Thepoint set used in  2.08 A, the interlayer distance of the nearest-neigt#btype
the supercells is defined by the Monkhorst-Pack parametettayers in the bulk.
(6 6 2 corresponding to the same densitykopoints in the In the lateral direction the distances between O atoms
lateral direction as in the bulk and somewhat higher densityear the surface in th& andA-vac models can deviate from
in the film-growing direction. Relaxation processes are acthat of the bulk value, i.e., 2.94 A, as shown in Fig. 1. In the
complished by moving atoms to the positions at which allA model, the O-O distance of 1-2 and 7-8 is 3.4 A while that
atomic forces are smaller than 0.02 eV/A. of 4-5is 3.2 A. In theA-vac model the O-O distances, when
The calculated atomic structures of thevac andB-vac ~ compared to those in th& model, can be even larger, e.g.,
models are presented in Figs. 1 and 2. Only atoms from th#éhat of 7-8, due to the submergédsite Fe, or smaller, e.g.,
first two (B-vacg) or three(A-vac) atomic layergatomic lay-  that of 1-2, due to the Fe vacancy. In general, the O-O dis-
ers according to the bulk structure, i.e., thetype and tances across the atomic chains Afite Fe were found
B-type layer$ are shown in the figures. The lateral positionslarger than that in the bulk while those acr@ssite Fe were
of the atoms are plotted according to the calculated relaxedmaller. Similar conclusions can be drawn for tBeand
structures and the coordinates perpendicular to the surfad&vac models.
(hereafter denoted as taalirection are written explicitly in In the B-vac model, one notices that the interlayer dis-
the figures and schematically displayed by using differentance between the surfaBesite Fe layer and the nedtsite
sizes of symbols foA-site Fe and different degrees of dark- Fe layer is only 0.8 A. The same result was also found in the
ness for oxygen atoms. The zero of thdirection coordinate B model. Similar to theA and A-vac models, the surface
is chosen to be at the position of the outmost surface atom&-type layer also split into three layers with O atoms being
The squares with dashed borders correspond to(t{f2 the outmost surface atoms. In the lateral direction the dis-
X \2)R45° surface cell. tances between O atoms can deviate much from that in the
The most surprising results in the relaxation calculationoulk due to the presence of O vacancy, e.g., the O-O dis-
are that the outmost Fe atoms in the four considered surfadances of 1-2 and 7-1U in Fig. 2. In the B model, the O-O
models were all found to be tH&site ones. This possibility —distance of 1-2 and 7-&ee Fig. 1 for the whereabouts of the
has never been conjectured in the previous studies dP atom denoated a9 & about 3.5 A. The O vacancy in the
Fe;0,(001) surface structure. In fact, thetype Fe atoms in  B-vac model can be chosen to be different from the present
the A and A-vac models which were originally, according to one, e.g., the vacancy can be due to the absence of the O
the ideal bulk-terminated positions, situated at the outmos@tom 3 in Fig. 2 instead. However, it was found that this
positions moved underneath the n&type layer following ~ alternative choice is abod.5 eV)/(v2x2) higher in en-
relaxation processes. Simulations using slabs of both thickergy than the present one.
nesses have led to similar results in this respect. The surface In the present study we have found that the atomic relax-
B-type layer which consists of botB-site Fe and O atoms ation plays an important role in degradation of the surface
further splits into three layers and some of the O atoms bemagnetic properties. To demonstrate this, we shall present
come the outmost surface atoms. For the four surface modelbe calculated results of the four surface models in the ideal
considered here, the outmost surface atoms are always foustructures, i.e., the bulk-terminated structures without atomic
to be O atoms. This might be due to the fact that being théelaxation, and compare them with those of the relaxed ones.
outmost atoms allows O anions, which attract more valencélowever, first we shall make a guess at how the surface
electrons than the Fe cations, to spread out electron cloudsagnetic properties of the ideal surface structures can be
into the vacuum to reduce kinetic energy and accordinglydifferent from the bulk by assuming that the O atoms in the
lower the systems’ energy. The interlayer distance betweesystems have a strong tendency to stay &sa@ions. In bulk
the surface O layer and the secofwunted from the sur- FeO, everyA-site F€* cation provides?1 electrons to each
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of the four O atoms bonded tetrahedrally to it while everythe A-vac, B, and B-vac models, even the surface O atoms
B-site Fe cation, which is half B& and half Fé*, provides were observed to have non-negligible local moments of
gx %zl% electrons to each of the six O atoms bonded octaaround 0.4g. However, the enhancement of surface mag-
hedrally to it. Every O atom in the bulk @, is bonded to  netic moments was either reversed to degradation or much
three B-site Fe and oneé\-site Fe which, according to the reduced when atomic relaxation was allowed to take place
previous counting, makes it an*Oanion. (Table ).

In the A model, considering a\s‘Ex y2)R45° surface cell In the relaxedA andA-vac models, the local moments for
henceforth, the missing bonds for atoms near the surface cdhe submergedi-site Fe atoms are about @3 and 0.2«
be easily identified from the idea-Hterminated surface. They less than that in the bulk. However, the local moments for the
include four O atoms for the two surfadesite Fe atoms SurfaceB-site Fe are also reduced which results in a total of
(4% 32), four O atoms for the four surfacB-site Fe atoms Slight magnetic degradation on the surface for fhenodel
(4x ), and fourB-site Fe atoms for the four surface O @nd almost no surface magnetic degradation for Aheac
atoms (4><1%). To keep the oxygen in the system ag-O model. The Iateral_-plane ave_rage_d electron dlstr_lbu_tlon for
anions, there are still three electrons to be distributed amon{j'€ Avac model is shown in Fig. 3 with the indicated
the surface Fe atoms. If the three electrons are distributegdiréction positions of the idedbulklike) and the relaxed
only on the two surfacé-site Fe atoms, the spin moment of A-site andB-site atoms. The magnetic polarizations of the
the minority-spin electrons is reducéas thed orbital for the ~ OUtMOst surface layer for the four relaxed models were all
A-site Fé* cations is already half filladand the surface has found to be corresponding to the majority spin as in the

more magnetic moments than that of the bulk. Another pos'€/@x€dA and A-vac models the outmost surface Fe atoms

sibility is that the three electrons are distributed not only on®'€ theB-site Fe atoms. In the relaxd&ivac model, the local
the two surfacéd-site Fe atoms but also on the four surface

B-site Fe atoms. The resulting effect will depend on how the Lo L L
three electrons are distributed among these six Fe atoms ar
the enhancement of the magnetic moment is lowered when i

is compared to the previously discussed case. A similar dis.—
cussion can be applied to the other three surface models an%
all are found to have larger magnetic moments than that 01“;
the bulk.

Qualitatively similar results were indeed obtained in our
calculations for the four surface models in the ideal struc-o
tures as listed in Table I. The magnetic moments of the ideal€
surface structures are enhanced due to surface effects and f"E
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TABLE I. The changes in magnetic momer{ositive for in- %
crease and negative for decrelaskthe four surface models in the
ideal and relaxed structures with respect to the calculated bulk mag-
netic moments. The units age; per (vV2X \2) surface area.

BA A BB A B A B A

A A-vac B B-vac o
FIG. 3. The lateral-plane averaged electron distribution for the
Ideal +0.4 +2.0 +2.9 +2.4 relaxedA-vac model. “up” and “dn” represent the majority-spin and
Relaxed ~11 +0.1 -36 -18 minority-spin electrons, respectively. The ideal and relaxed atomic

positions for theA-site andB-site Fe are also indicated.
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moments for the surfac®-site Fe atoms which are not 80 80

around the O vacancynumbers 1 and 4 in Fig.)2were
found to be about 085 lower than that in the bulk while
those for the other two surfadg@site Fe atomgnumbers 2
and 3 in Fig. 2 remain roughly the same as that in the bulk.
In the relaxedB model, all four surfac®-site Fe atoms have
moments about 08 lower than that of the bullB-site Fe.
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Overall, the relaxation effect is the major reason why the !
magnetic properties of these four surface models are de :
graded. 20 : 20

The half-metallic property of the bulk E®, remains for 5! =

the B and B-vac models. For thé-vac model, there is no - 5.: E .
longer a gap in the density of states for the majority-spin el | | , ©
electrons and the system is transferred to a normal metal du 0_3 25 ) 15 1 05 0'50

to the surface structure. For tllemodel, although the gap in

the density of states for the majority-spin electrons is still

thel’e, the Ferm| Ievel |S |Ocated at abOUt 01 eV beIOW the FIG. 4. Surface free energy of the four surface models. The

lower edge of the gap, which makes it also a normal metalgotted vertical lines indicate the allowed range of the oxygen
Determination of the relative stability for the four surface chemical potential following the same approach as that of Reuter

models is more complicated than expected as different comand SchefflefRef. 13.

positions are involved. Reuter and Scheffidrave proposed

a scheme for this by considering a system, e.g., the . .
Fe,0,(001) surface, in equilibrium with an oxygen atmo- of Reuter and Scheffler, a possible method of convertigg

sphere. The most stable surface composition is the one thtéf, pressurdat a fixed temperatujer temperaturéat a fixed

o i essurgwas also proposed.
minimizes the surface free energyT, P): We have used the same approach as proposed by Reuter

O chemical potential (eV)

1 and Scheffler to obtain the surface energy of the four models
YT,P)= ZA[GS'ab(T,P,NFe, No) = Negure(T,P) with respect toug as presented in Fig. 4. The high oxygen
composition ofB and B-vac models is, as expected, more

= Nouo(T,P)] (1) stable in an O-rich atmosphere. According to this scheme,

the A andA-vac models are relatively less stable compared to
the B and B-vac models in the allowegg range.

In conclustion, we have shown that tllesite Fe atoms
prefer to stay underneath tliesite Fe atoms in all the four
surface models we considered. The degradation of magnetic
nbroperties on the surfaces was demonstrated to be due to

rESpeCrt]'VbeI}II'(“Fe tanq IMtO ar(? not Tr(‘jepengent 'f. there is .atomic relaxations and th& and A-vac models were found
enough bulk material to act as a thermodynamic reservoit,, v o longer half metallic.

i.e., 3updT,P)+4uc(T,P) :gE‘%‘},4(T, P), wheregEg;'g4 is the
Gibbs free energy of the bulk E@,. The surface free energy =~ The author gratefully acknowledges G. Kresse for invalu-
depends now only on the oxygen chemical potential. Theble discussions. This work was supported by the National
upper and lower limits ofug are obtained by preventing gas Science Council of Taiwan. The computer resources were
phase O from condensing on the sample and O atoms in thgartly provided by the ISUAL project and the National Cen-

slab from leaving the sample, respectively. In the discussioter for High-Performance Computing in HsinChu, Taiwan.

if the surface system is modeled by a slab with two equiva
lent surfaces and is the area of the surface unit ceB$?is
the Gibbs free energy of the slallg and N, are the num-
bers of Fe and O atoms in the supercell, while, and g
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