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Abstract The first-principle was employed to study the
six possible models for the Fe;04(110) surface, namely the
AB-terminated surface (AB model), the AB-terminated with
Fe, vacancy (AB-Fe, vac model), the AB-terminated with
Fep vacancy (AB-Feg vac model), the B-terminated surface
(B model), the B-terminated surface with Feg vacancy
(B-Fep vac model) and the B-terminated surface with O va-
cancy (B-O vac model). The stability, the electronic struc-
ture and the magnetic properties of the six surface models
were also calculated. The results predict that the B-O vac
model is more stable than other types of surface models. The
half-metallic property remain in the AB and B models, while
the other four surface models exhibit metallic properties. At
the same time, the AB, AB-Fe, vac, AB-Fegvac, B and the
B-Feg vac models have ferrimagnetic properties, while the
B-O vac model has antiferromagnetic property.

Keywords density functional theory, surface, electron
density of states, magnetic properties

PACS numbers 71.15.Mb, 73.20.At, 74.25.Ha, 75.70.Rf

1 Introduction

In recent years, the surface structures and related physical
properties of metal oxides have attracted more and more
attentions for their potential applications. The thin films of
the transition metal oxides have a wide range of technologi-
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cal applications in giant magneto-resistive (GMR) devices
[1], catalysis [2] and spin valves [3] etc. Fe;0,is a strongly
correlated transition metal oxide, which is ferrimagnetic and
the transition temperature is 7.= 851 K [4]. Bulk Fe;0, has
a cubic inverse-spinel structure at room temperature where
the O*" anions form an fec lattice, one-third of the Fe ions
(Fe’) occupy the tetrahedral interstices (A sites), and the
other two-thirds of the Fe ions (half Fe’" and half Fe*") are
located in the octahedral interstices (B sites) [5—7]. The (110)
surface layer of Fe;04can be described by two pairs of al-
ternating atomic sublayers. Within a pair, one sublayer is
composed of Fe, (the A-site Fe cations), Feg (the B-site Fe
cations) and O atoms, and the other sublayer is composed of
Feg (the B-site Fe cations) and O atoms. The two sublayers
are called AB-layer and B-layer, respectively. Based on the
two structures of the sublayer, six models of the Fe;0,4(110)
surface will emerge immediately: (1) AB model: the surface
is terminated with AB-layer. (2) AB-Fe, vac model: the sur-
face is the AB-layer with half of Fe, vacancies. (3) AB-Fep
vac model: the surface is the AB-layer with half of Feg va-
cancies. (4) B model: the surface is terminated with B-layer.
(5) B-Fep vac model: the surface is the B-layer with half of
Fep vacancies. (6) B-O vac model: the surface is the B-layer
with one O atom vacancy per surface.

In this paper, we investigated the proposed six models of
Fe;04 (110) surface in detail. Using first-principles method
we calculated the stabilities and their electronic structures,
respectively. Calculations show interesting results of atomic
relaxations near surfaces, which provide new information on
the low-index faces of Fe;O4

2 Methodology

The calculations were performed in the framework of den-
sity functional theory (DFT) within the generalized gradient
approximation (GGA96). We employed the full potential
linearized augmented plane wave (FPLAPW) method as
implemented in the Wien2k package [8] and the self-inter-
action corrected (SIC) LDA+U calculations with the electron
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electron correlation, at the same time, the spin-orbit cou-
pling was taken into account to supplement the generalized
gradient approximation (GGA) results. In this LDA+U (SIC)
method, the strong correlation between localized d-electrons
is explicitly taken into account through the screened effec-
tive electron-electron interaction parameter U.g =U—J with
U and J denoting the Coulomb and exchange integral, re-
spectively. We used the value of U= 0.50 Ry (6.800 eV) and
J=10.12 Ry (1.632 eV), which is to say U= 0.38 Ry (5.168
eV). The plane-wave cut off energy is 340 eV. In the atomic
sphere regions, the basic set consists of spherical harmonics
with azimuthal quantum number / <X 10, and non-spherical
contributions of the charge density and potential with / < 5,
and the charge density was Fourier expanded up to Gy, = 14.
For the Brillouin zone integration, we used 200 k-points in
the whole first Brillouin zone (30 k points in the irreducible
part of the surface Brillouin zone) [5]. This set of parameters

assures a total energy convergence of 3.0 X 1075eV per atom.

All the chosen parameters are consistent during the calcula-
tions.

3 Surface calculations

The Fe;04 (110) surface is simulated by a symmetric surface
supercell containing five AB and four to six B layers de-
pending on the structure model [12]. The vacuum between
the periodic slabs amounts to 10 A. The outermost 2—4 lay-
ers are fully relaxed and the interlayer atoms are fixed.

By relaxation calculations, we find that the outermost
surface atoms of the six Fe;04 (110) surface models are al-
ways found to be O atoms, which can be seen in Table 2.
This might be due to the fact that the outermost atoms allow
O anions, which attract more valence electrons than the Fe
cations, to spread out the electron clouds into the vacuum to
reduce the kinetic energy and accordingly to lower the sys-
tems’ energy [5]. The magnetic moments of the ideal and
relaxed structures for the six surface models with respect to
the bulk magnetic moments are listed in Table 1. The mag-
netic moments of the ideal surface structures are enhanced
due to the surface effects, which for the relaxed surface
structures, the magnetic moments of the AB, AB-Feg vac,
and B models are reduced when the atomic relaxation is
allowed to take place.

Table 1 The changes in magnetic moments (positive for increase and
negative for decrease) of the five ferrimagnetic surface models in the ideal
and relaxed structures compared to the bulk magnetic moments. The units
are (4 per surface area.

Models AB AB-Feu AB-Fep B B-Fep
vac vac vac
Ideal +1.28 +1.12 +1.61 +2.3 +0.47
Relaxed -0.36 +0.28 -0.36 -0.27 +0.24

In the AB model, the surface is terminated with Fe,, Fep
and O atoms. We have calculated the magnetic moment for
Fea (=3.37 up) and Fep (3.58 ugp) in the bulk Fe;O, which
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Table 2 Optimized results of the interlayer relaxations for the six surface
models in terms of absolute distance (A), the values between t and | are the
distance between the relaxed layers from the outermost surface to the inter-
layer.

AB AB-Fey AB-Feg B B-Fep B-O
vac vac vac vac
40 40 20 40 o o
t t t t t t
0.24 0.36 0.18 0.67 0.28 1.02
' ' ' ! ' '
2Fe, Fe, 20 2Fep (0} 2Feg
t t t t t t
0.12 0.52 0.54 0.42 0.14 0.26
! ! | ' ' !
2Feg Feg (B-layer) 2Fe, 2Fe, o 20
t t t t t t
0.28 0.08 0.22 0.06 0.59 0.04
! ! | ' ' !
2Feg  2Fep (AB-layer) 3Fep 2Fep 3Fep  2Fep
t t t t t t
0.30 0.17 0.54 0.31 0.34 0.25
! ! ' ' ' !
20 Feg (B-layer) 20 40 2Fe, 20
t t t t t
0.67 0.43 0.34 0.15 0.04
! ! | ' !
20 [0) 20 30 2 Fey

are in agreement with the experimental values —3.50 g [8]
and 3.60 ¢g [9]. The magnetic moments of Fe, and Fepin
the outermost surface for the relaxed AB model are —3.08 up
and 3.17 ug, which are smaller than the corresponding val-
ues in the bulk Fe;0,4. A more interesting result in the relaxa-
tion calculations is that the outmost AB-layer that is split into
three layers with the O atoms being the outermost surface
atoms, the two Fe, atoms situate at the second sub-layer and
the two Fep atoms situate at the third sub-layer. The distance
of the outermost surface O atoms layers and the Fe, atoms
in the sub-layer is 0.18 A. At the same time, the B-layer next
to the surface AB-layer also split into three layers with two
Fep atoms and two O atoms move outward, but the moving
distance of the two Fep atoms is larger than the two O atoms
and the other two O atoms almost have not moved. The op-
timized results of the distance between the layers are listed
in Table 2.

In the AB-Fe, vac model, the surface is the AB model
with half monolayer of Fe,. After full relaxation the out-
ermost AB-Fe, vac layer also split into three layers with the
O atoms being the outermost surface atoms, which is similar
to the AB model. The Fe, atom situated at the second
sub-layer and two Feg atoms of the first layer move under-
neath the Fep of the second layer. The distance of the outer-
most O atoms layers and the Fe, atoms in the sub-layer is
0.21 A. At the same time, the B-layer next to the surface
AB-layer split into three layers with two Fep atoms and one
O atom move outward, and the other three O still situate at
the original position. The magnetic moments of Fe, and Feg
in the outermost surface layer are about 0.5up and 0.06 up
less than those in the bulk, which are —3.37 ug and 3.58 ug.

In the AB-Feg vac model, the surface is the AB model
with a half monolayer of Feg The results of the relaxations
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are similar to the above two models. Both of the outermost
surface layer and the second layer split into the three
sub-layers. However, the difference is that the two Fep at-
oms of the second layer move into the same layer with the
Feg atom of the first layer. The distance of the outermost
surface O atom layers and the O atoms in the sub-layer is
0.12 A, which is smaller than the other surface models. The
magnetic moments of Fe, and Fep in the outermost layer are
reduced to —2.87 g and 3.52 ug compared to the value
—3.37 ug and 3.58 up of bulk Fe;0,

In the B model, the surface is terminated Feg and O atoms.

The outermost surface layer splits into two sub-layers and
the second layer is split into three sub-layers. The sequence
is 40-2Feg—2Fe —2Fez—40. The distance of the outermost
O atom layers and the Feg atoms in the sub-layer is 0.53 A.

In the B-Feg vac model, the surface is the B model with
half monolayer of Feg. After relaxation we find that three O
atoms of the outermost surface move outward while one O
atom relaxes inward. The distance of the outermost surface
O atom layers and the next O atom layer is 0.33 A. At the
same time, the Feg atoms of the first layer and the second
layer move into the same layer. One O atom of the second
layer moves inward the bulk and the other three O atoms
still remain at the original position. The magnetic moment of
Fe, in the model is —3.61 ug, which is larger than —3.37 up
of the bulk. The magnetic moment of Feg in the B-Feg vac
model is 3.30 up, which is smaller than 3.58 ug of the bulk.

In the B-O vac model, the surface is the B model with
one O atom vacancy per surface. The magnetic moment of
the Fea and Fegin the outermost surface layer are —3.16 up
and 3.28 up. At the same time, we find that one O atom of
the first layer relaxes outward the vacuum and the other two
O atoms move inward the bulk. The distance of the outer-
most surface O atom layers and the Fep atoms in the
sub-layer is 0.89 A, which is the largest of the six models.
The sequence of the relaxed slab is O—2Feg—20—-2Feg—40—
2Fes—20 and the interlayer distance of the relaxed surface
structure is listed in Table 2.

We find that the relaxation effect plays an important role
in the change of atom magnetic moments of Fe;O4 (110)
surface by investigating the six surface models with relaxa-
tions.

To compare the relative stabilities of the six Fe;O4(110)
surface models, we calculated the surface free energy o of
Fe;04(110) surface according to the following formula [10]:

o-=(Esurface _NFe/uFe _Noﬂo)/.zA (1)

Here, Egyface i the total energy of the slab, which is the re-
sulting DFT energy of the slab for 0 K. u. and g are the
chemical potentials of Fe and O in the slab, respectively. In
addition, Nr, and Ny are the numbers of the Fe and O atoms
in the slab. A4 is the surface area of the Fe;O4(110) surface
cell. The total chemical potential of the elemental Fe and O
is in equilibrium with that of bulk FesOy4: #tpe. 0, (puik) = 34re

+44q. Accordingly, Eq. (1) becomes

0= |:Esurfacc _E Fc/ch3O4(bulk)
4 2
+(§NF6 —No jﬂo}/(zA)

The surface free energy depends now only on the oxygen
level. The upper and lower limits of i are obtained by pre-
venting the gas phase O from condensing on the sample and
O atoms in the slab from leaving the sample, respectively.
The lower boundary and the upper boundary for o will be
called the O-poor limit and the O-rich limit. Therefore, the
range of the O chemical potential is [11, 12]:

AHP < po—pg" <0 3)

where AH; is the 0 K formation heat of bulk Fe;O,4, which is
taken to be —2.968 eV. The O chemical potential is refer-
enced with respect to the total energy of an oxygen mole-

— _ 888 _ _ total
cule. Aup = o=t =Ho —(1/2)Eq ™. The surface free
energy of the six Fe;0,4 (110) surface models as a function of

oxygen chemical potential according to Eq. (2) are given in
Fig. 1.
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Fig. 1 Surface energies of Fe;04(110) as a function of the chemical po-

tential of oxygen for the six surface models.

First, the surface energies of the AB-Fe, vac and AB-Fep
vac models are independent of the chemical potential, while
the surface energies of the AB, B, B-Feg vac and B-O vac
models are linearly dependent on the oxygen chemical po-
tential. With the increase of the oxygen chemical potential,
the free energies of the B, B-Feg vac and B-O vac models
decrease, while that of the AB model increases. As we all
know, a surface with a large surface energy is in a rather
unfavorable state. From Fig. 1, we can see that the B-O vac
surface model has the lowest surface energy over the whole
range. That is to say, the B-O vac surface model appears to
be more stable than other surface models, which is the most
probable surface structure among the supposed six surface
models.

Second, the B, B-Feg vac and B-O vac surface models are



more stable than the AB, AB-Fe, vac and AB-Feg vac sur-
faces at higher oxygen levels because they have relatively
lower free energies. According to Fig. 1, the AB model is
relatively more stable compared to the B and B-Feg vac
models in an O-poor atmosphere. As the oxygen chemical
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otential u,—u&" increases, the B and B-Fep vac surfaces
gradually become stable. We also find that the AB-Fe, vac
and AB-Feg vac surfaces are less stable than the other sur-
faces over the whole allowable range for they have relatively
larger free energies.
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Fig. 2 Density of states for (a) the bulk Fe;O4; (b) the Fe;O4 (110)-AB Surface; (¢) the Fe;04(110)-AB Fes vac Surface; (d) the Fe;O4
(110)-AB Feg vac surface; (e) the Fe;O4 (110)-B surface; (f) the Fe;04(110)-B Feg vac surface; (g) the Fe;O,4 (110)-B O vac surface. (dark
solid: spin-up states; red dashed: spin-down states; dotted: the Fermi level)
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4 Electronic structure calculations

In order to further investigate the magnetic properties of the
six surface models for Fe;O, (110) surface, we also give the
total density of states (DOS) of the bulk Fe;O4 and the six
proposed models for the Fe;O4 (110) surface in Fig. 2. As
shown in Fig. 2, the plotted energy range is from —5 eV to 5
eV. Because the DOS distribution near the Fermi level
determines the magnetic properties, we concentrate our at-
tentions on the DOS in the vicinity of the Fermi level, which
is set to zero. In the bulk, Fe;O, shows a half-metallic be-
havior with a band gap in the majority-spin channel of
approximately 0.5 eV and 100 % spin polarization due to the
ty, states of FeB at Er in the majority-spin channel. On the
other hand, we notice that in the vicinity of the Fermi level
the total spin-up and the spin-down DOS are obviously split
off for the AB, AB-Fe, vac, AB-Feg vac, B and B-Fep vac
surface models. At the same time, we find that there exist
antiferromagnetic interactions between the atoms in the sur-
face cells by calculation of the magnetic moment and the
total magnetic moment of the surface cell is not equal to
zero, which indicates that the above five possible surfaces
all have ferrimagnetic properties. From Fig. 2 (g), we can
see that the DOS of the spin-up and spin-down electrons
have the same shape, which demonstrates that the B-O vac
surface has antiferromagnetic properties.

On the other hand, we also find that for the AB model, the
energy gap in the spin-down subbands is opened, and the
spin-up total DOS is continuous in the vicinity of the Fermi
level. The spin-up subbands exhibit metallic properties and
the spin-down subbands insulator properties. The gap of the
spin-down band is about 1.74 eV. The metal and insulator
behaviors coexist in the AB-terminated surface, which
shows that the half-metallic property remains in the AB
model. In the B model, the spin-up subbands show insulator
properties and the spin-down subbands show metallic prop-
erties. The gap of the spin-down band is about 0.76 eV. That
is to say, the B-terminated surface is also a half-metallic
magnet.

For the AB-Fe, vac, AB-Feg vac, B-Feg vac and B-O vac
models, both of the spin-up and the spin-down DOS cross
the Fermi level, therefore the four surfaces have metallic
properties, which are different from the properties of the
bulk F€304'

structures of Fe;O4 (110) surface. The stability, the electronic
structure and the magnetic properties of the six surface
models were also calculated. The results predict that the B-O
vac surface model is the most stable structure among the six
possible models. The AB and B models have half-metallic
property, while the other four surface models exhibit metal-
lic properties. From the DOS plot, it is found that the AB,
AB-Fe, vac, AB-Feg vac, B, and the B-Feg vac surface
models have ferrimagnetic properties, and the B-O vac
model has antiferromagnetic property, which are different
from the properties in the bulk Fe;O4 To our best knowledge,
it is the first time to predict the possible structure for Fe;0,
(110) surface in theory and lack of results in experiment. So
we look forward to further experimental results.
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5 Summary and conclusions

Using the DFT theory, we investigated the six possible

References

1. Wolf S. A., Awschalom D. D., Buhrman R. A., et al., Science, 2001,
294: 1488
2. Noguera C., Physics and Chemistry at Oxide Surfaces, Cambridge:
Cambridge University Press, 1996
3. van Dijken S., Fain X., Watts S. M., and Coey J. M. D., Phys. Rev.
B, 2004, 70: 052409
4. Dedkov Y. S., Fonin M., Vyalikh D. V., et al., Phys. Rev. B, 2004, 70:
073405
5. Cheng C., Phys. Rev. B, 2005, 71: 052401
6. Ahdjoudj J., Martinsky C., Miont C., et al., Surf. Sci., 1999, 443:
133
7. Rakhecha V. C. and Satya Murthy N. S., J. Phys. C, 1978, 11: 4389
8. Blaha P., Schwarz K., Madsen G. K. H., et al., University of Tech-
nology, 2002; Improved and updated Unix version of the original
copyrighted Wiencode, which was published by Blaha P., Schwarz
K., Sorantin P., and Trickey S. B., Comput. Phys. Commun., 1990,
59:399
9. Fonin M., Pentcheva R., Dedkov S., et al., Phys. Rev. B, 2005, 72:
104436
10. Reuter K. and Scheffler M., Phys. Rev. B, 2001, 65: 035406
11. LiuL. M., Wang S. Q., and Ye H. Q., Acta Mater, 2004, 52: 3681
12. Pentcheva R., Wendler F., Meyerheim H. L., et al., Phys. Rev. Lett.,
2005, 94: 126101



	First-principle studies on the electronic structure of Fe3O4
	© Higher Education Press and Springer-Verlag 2007
	Introduction
	2  Methodology
	3  Surface calculations
	4  Electronic structure calculations
	Summary and conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
    /CHS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


