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First-principles investigations of the electronic structure and magnetocrystalline anisotropy
in strained magnetite Fe3O4
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The electronic structure and magnetocrystalline anisotropy energy of strained fcc Fe3O4 have been studied
by using the linear muffin-tin orbital method within density functional theory. A uniaxial strain applied along
the @001# direction of the magnetite is considered. It is found that the applied strain would initially reduce the
calculated band gap of the majority spin and then turn the half-metallic behavior in the cubic limit into the
normal metallic state at high in-plane strains of21.3% and 2.1%. The calculated fourth-order anisotropy
constantK1 of cubic Fe3O4 is in fair agreement with the experimental value. The magnitude ofK1 appears to
be suppressed under large extensive lateral strains. The second order uniaxial anisotropy constantKout is
positive for extensive in-plane strains and is negative for compressive in-plane strains. The positive value of
Kout minus the shape anisotropy indicates that an Fe3O4 film under an extensive in-plane strain larger than
0.2% would show the perpendicular magnetization, in good agreement with recent experiments on Fe3O4 films
on MgO~100! and CoO~100!. Interestingly, site decomposition shows that theA- andB-site Fe atoms in the
strained magnetite have comparable anisotropy energies but with the opposite signs, while the oxygen’s
contribution is negligible. This implies that under an extensive lateral strain, theB-site irons would favor
perpendicular magnetization while theA-site irons would prefer an in-plane magnetization. The totalKout is
dictated by that of theB-site irons due to their number being twice that of theA-site irons.

DOI: 10.1103/PhysRevB.65.094429 PACS number~s!: 75.50.2y, 71.20.2b, 75.30.Gw
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I. INTRODUCTION

Magnetite (Fe3O4) is the earliest discovered magn
~;1500 B.C.!. It crystallizes in the inverse cubic spine
structure (Fd3m) above the so-called Verwey transition tem
perature~120 K!. As shown in Fig. 1, the oxygen atoms for
in the close-packed face-centered-cubic~fcc! lattices with the
iron atoms occupying the interstitial positions.1 Each cubic
spinel cell contains eight interpenetrating oxygen fcc ce
The tetrahedralA sites, occupied by one-third of the iro
atoms, form a diamond structure. The remaining Fe ato
are located at the octahedralB sites with the nearest-neighbo
atoms lined up as strings along six different@110# directions.
The ferromagnetic moments on theA andB sites align anti-
parallel to each other, thereby forming a ferrimagnet with
saturation magnetic moment of;4mB ~Bohr magneton! per
formula unit ~fu!.2,3 There are a few known half-metalli
materials which combine full spin polarization with high C
rie temperatures~.300 K! such as the manganese perov
kites, the spinel Fe3O4, CrO2, and several Heusler com
pounds~e.g., PtMnSb!. As a half-metallic material, Fe3O4

shows normal metallic behavior in the minority spin, wh
at the same time there is a gap of;0.5 eV in the majority
spin at the Fermi level. From an itinerant point of view, t
high conductivity ~;250 V21 cm21! ~Ref. 2! of the high-
temperature phase is a natural consequence of the par
filled 3d band of theB-site Fe atoms.4,5 The Verwey transi-
tion to the low-temperature phase, which is characterized
a metal-insulator transition accompanied with a structu
change from cubic to monoclinic,1,6,7 is presumably a conse
0163-1829/2002/65~9!/094429~9!/$20.00 65 0944
.

s

a

-

lly

y
l

quence of a band splitting caused by electron correlati
and/or electron-phonon interactions.8 Whereas in the ionic
model the high-temperature conductivity is assumed to co
from the electron hopping between the Fe31 and Fe21 ions
in the octahedralB-site strings, while the Verwey transition i
interpreted as an order-disorder transformation on theB-site
Fe ions.1 Though extensive studies of magnetite with cons
erable effort have been carried out over the past 50 ye

FIG. 1. Crystal structure of Fe3O4 . Big balls denote oxygen
atoms, small dark balls denoteA-site ~tetrahedral! iron atoms, and
small light balls denoteB-site ~octahedral! iron atoms.
©2002 The American Physical Society29-1
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HORNG-TAY JENG AND G. Y. GUO PHYSICAL REVIEW B65 094429
~see, e.g., Refs. 9–11 and references therein!, the Verwey
transition remains a challenging problem to be solved.
cause of the interesting electronic, magnetic, and trans
properties as well as the potential industrial applications
magnetic multilayer devices, magnetite has still attrac
much attention in recent years.12–24

The continuous improvement of deposition techniques
the last decade has made it possible to prepare artificial
ered structures including not only metallic but also oxi
magnetic thin films and multilayers. By growing in the for
of thin films, the interesting magnetic and electronic prop
ties of magnetite could possibly be manipulated. For en
ing a good epitaxy, ultrathin magnetic structures are co
monly composed of magnetic and nonmagnetic layers
are chosen for their compatible lattice parameters. Fe3O4
thin films have been prepared on MgO single-crystal s
strates, which are ideal templates for cubic oxide spinels
cause of the close lattice matches, by molecular-beam
taxy ~MBE! or other deposition techniques.13,14,18,22,23

Several other substrates for growing Fe3O4 thin films, such
as NiO,12,15 CoO,19 Pt,17,20,21and Mn3O4,24 have also been
reported. However, lattice mismatches of even a few perc
in growing thin films on various substrates are unavoidab
The lattice mismatch strains could induce significant effe
on the magnetocrystalline anisotropy, on the easy direc
of magnetization, and even on the band structure.

The band structure of the high-temperature conduc
phase of magnetite has been calculated self-consiste
within the framework of the local-spin-density approxim
tion ~LSDA! by the augmented plane-wave~APW! method,4

the augmented spherical-wave~ASW! method,5,25 and also
the linear muffin-tin orbital~LMTO! method.26 These calcu-
lations all give a consistent half-metallic result for the cub
phase. Although there are basic differences between the
erant electron and localized ionic models, band structure
culations give a magnetic moment of 4mB /f.u., which is
exactly the same as given by the ionic model. On the ot
hand, experiments such as photoemissions,17,27,28 spin-
polarized photoelectron spectra,29 and neutron diffraction30

and also recent neutron diffuse scattering16 and resonant
x-ray scattering31 all suggest that the itinerant electron mod
is perhaps more adequate than the localized electron mo

The magnetocrystalline anisotropy energy, which ari
mainly from the spin-orbit coupling correction to the Ham
tonian, is a very small correction to the magnetic ener
There have been many measurements on magnetic an
ropy constants for both the high- and low-temperature pha
of magnetite.32–34 Recent experiments on the anisotropy
magnetite are focused on, for example, transport, non
ichiometric, or doping effects.3,11,18,35–37Because of the large
amount of computing requirements, reliable anisotropy c
culations are possible only in recent years.38–41Although the
magnetic anisotropy has been investigated experimen
for a long time, there is, to our knowledge, no availab
theoretical result for magnetite yet. This is certainly rela
to the difficulties of dealing with the large lattice cell of th
spinel structures as well as of calculating the very small
ergy differences between different magnetization orientati
with a sufficient accuracy. It is the purpose of this work
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investigate the influences of the lattice mismatch strains
the electronic structure and on the magnetocrystalline ani
ropy energy of Fe3O4 from first principles.

The rest of this paper is organized as follows. In the n
section, we briefly summarize the magnetocrystalline anis
ropy theory, the band structure method used, and comp
tional details. The calculated electronic structure and m
netic anisotropy energies of both the cubic phase
strained structures are presented and discussed in deta
Sec. III. The conclusions are given in Sec. IV.

II. THEORY AND COMPUTATIONAL DETAILS

Let us consider a magnetite thin film in high-temperatu
fcc phase on a given substrate with a close lattice ma
within a few percent. Lattice strains are subsequently
duced in the magnetite thin film by the lattice mismatch
the interface. In this paper, we focus on the effects of th
lattice mismatch strains on the electronic and magnetism
the magnetite thin film only. Thus we neglect the effects
surface and interface though they can affect the electro
structure and also contribute to the magnetic anisotropy. T
is equivalent to considering a strained infinite Fe3O4 crystal.
It is expected that the results of the present theoretical
culations could be applied to thick magnetite films of a fe
nanometers and would help to better understand the im
tant effects of the strains in the magnetite films of all thic
ness since there is no previous theoretical work yet. Unde
applied uniaxial strain along the@001# ~normal! direction of
Fe3O4 thin film, the fcc lattice is reduced to the body
centered-tetragonal~bct! lattice of a lower symmetry. By
varying thec/a ratio with the volume of unit cell unchanged
the corresponding in-plane~lateral! strain „«5@&/(c/a)#1/3

21… of desired percentage can thus be produced.
For a cubic crystal bearing a uniaxial strain along t

@001# direction, the perturbed energy is given by~e.g., Ref.
41!

DE5K1~bx
2by

21by
2bz

21bz
2bx

2!2Koutbz
2, ~1!

wherebx ,by ,bz are the direction cosines of the magnetiz
tion relative to the crystalline axes, andKout and K1 are,
respectively, the second- and fourth-order anisotropy c
stants in the spin-orbit coupling. Consider the three dir
tions @100#, @001#, and @110# of magnetization. The corre
sponding total energies are, respectively,

E@100#5E0 , ~2!

E@001#5E02Kout, ~3!

E@110#5E01
K1

4
, ~4!

whereE0 is the unperturbed energy. Therefore the anisotro
constants can be expressed by

Kout5E@100#2E@001# , ~5!

K154~E@110#2E@100#!. ~6!
9-2
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FIRST-PRINCIPLES INVESTIGATIONS OF THE . . . PHYSICAL REVIEW B 65 094429
We first performed all-electron self-consistent electro
structure calculations for each considered strain by using
well-established LMTO method.42 Theseab initio calcula-
tions are based on local-spin-density functional theory w
Vosko-Wilk-Nusair~VWN! parametrization of local densit
exchange-correlation energy potential.43 All the scalar-
relativistic terms—namely, Darwin and mass-veloc
corrections—were included in these calculations. In the
bic structure, the positions of theA-site Fe atoms in the mag
netite are6(1/8,1/8,1/8)a, while for B-site Fe atoms, they
are (0,0,1/2)a, (1/4,0,3/4)a, (0,1/4,3/4)a, and (1/4,3/4,0)a.
The oxygen atoms are located at6(u11/4,u11/4,u
11/4)a, 6(u11/4,2u,2u)a, 6(2u,u11/4,2u)a, and
6(2u,2u,u11/4)a. Here the experimental lattice consta
a58.39 Å515.86a0 ~Bohr radius! and parameter u
50.0048 were used.44 The atomic sphere radius of 2.662a0
from the bulk Fe was used for both theA- and B-site Fe
atoms. The remaining space of the unit cell is occupied
the oxygen spheres with a radius of 2.5a0 . The basis func-
tions used in the calculations were thes, p, andd muffin-tin
orbitals. The analytic tetrahedron method was used to
form the Brillouin-zone~BZ! integrations.45 The number ofk
points over the irreducible wedge~IW! used in the self-
consistent calculations was about 600 over 1/16 of the bo
centered-tetragonal BZ. The total energy convergence
within 1025 eV/f.u. both with respect to the self-consiste
iterations and to the number ofk points used.

Because of the shear size of the unit cell of the magne
and the smallness of the magnetic anisotropy energy,
extremely time consuming to obtain an accurate s
consistent total energy for each magnetization directi
Therefore, as in many previous calculations,38,40,41,46,47we
used the so-called force theorem38 to calculate the magneto
crystalline anisotropy energy, as described below. After
self-consistent calculation for each strain considered,
used the resultant self-consistent potential and performed
fully relativistic ~i.e., including the spin-orbit coupling! band
structure calculation once for each of the@100#, @001#, and
@110# magnetization orientations. The treatment of the sp
orbit coupling has already been described by Anderse42

The magnetocrystalline anisotropy was obtained as the
ference in the eigenvalue sums between the two magne
tion directions considered. There have been sev
investigations46,48,49examining theoretically and numericall
the validity of the force theorem. It was found that the for
theorem is a good approximation to the fully self-consist
total-energy calculation of the anisotropy energy in seco
order in the spin-orbit coupling~i.e., the anisotropy energy in
a system with a symmetry lower than the cubic one!. Earlier
numerical calculations48 also showed that the force theore
is a good approximation to the anisotropy energy in fou
order in the spin-orbit coupling~i.e., the cubic fourth-order
anisotropy constant!, though recent analytical calculations49

indicated that the cubic fourth-order anisotropy const
might not be reliably given by the force theorem. As a res
the force theorem has been used in many magnetocrysta
anisotropy energy calculations38,40,41,46,47because of much
less computational effort needed. For the magnetocrysta
anisotropy energy calculations, the number ofk points over
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the IW used was approximately 1200 over 2/16 BZ for t
@100#, @110#, and @001# orientations. The calculated out-o
plane anisotropy constantKout is well converged~within
1024 eV/f.u.! with respect to the number ofk points used.
Because of the numerical difficulties of achieving an ac
racy well within 1025 eV in the anisotropy energy calcula
tions, the calculatedK1 in high extensive in-plane strain re
gime ~.2.8%! somehow oscillates considerably with th
number ofk points used. Nonetheless, the calculatedK1 in
the other regions converged to within 20%. Furthermore,
overall trend of the cubic anisotropy constantK1 as a func-
tion of strain reported below should be reliable.

III. RESULTS AND DISCUSSION

A. Electronic structure of the cubic phase

Let us first summarize the results for the high-temperat
cubic phase~unstrained! of magnetite before discussing th
effects of the lattice mismatch strains. The self-consist
~scalar-relativistic! band structure and density of stat
~DOS! of the cubic fcc Fe3O4 are shown in Figs. 2 and 3
respectively. For comparisons with the strained bct Fe3O4 of
a lower symmetry, the band structure of the cubic Fe3O4
along the symmetry lines in the bct Brillouin zone are a
shown in the lower panels of Fig. 2. As can be seen in
figures, the present results are consistent with previousab
initio calculations,4,5,25,26though the computational method
used are quite different. The most pronounced feature of
electronic structure is that magnetite would be a half-meta
material with conductivity resulting only from the partiall
filled minority-spin Fe(B) 3d band. This band is dominate
by three off-axial 3d-t2g orbitals~Fig. 2!, which is consistent
with the geometry of the spinel structure depicted in Fig
that the conductingB-site strings are along the six off-axia
@110# directions. For the majority spin, the Fe(B) 3d-eg
band, which is characterized by insignificant overlaps
tween axialeg orbitals of the nearest Fe(B) neighbors, is
0.14 eV below the Fermi level with relatively narrow ban
width. This results in an insulating majority spin with a ban
gap of 0.54 eV at the Fermi level, being in the same orde
magnitude as that of many semiconductors. As shown in
3, DOS for the majority and minority spins are asymmet
near the Fermi level, resulting from the antiparallel magne
coupling betweenA- andB-site Fe atoms.

The spin magnetic moments of the cubic magnetite ca
lated scalar relativistically in the present and previous cal
lations are listed in Table I. Since the magnitudes of
calculated magnetic moments depend slightly on the cho
of the muffin-tin sphere radii, they are different in the diffe
ent calculations. Nonetheless, for theA-site Fe atoms, the
spin moment ranging from 3.4mB to 3.7mB from different
band calculations is in rather good agreement with the
perimental moment of 3.8mB .30 Note that the value from the
localized ionic model would be 5mB . Because of the half-
metallic character of the scalar-relativistic band structure,
total magnetic moment is, as it should be, an integer
4mB /f.u. Table I also lists the spin and orbital magnetic m
ments calculated fully relativistically for the@001# magneti-
zation. Clearly, the effect of the spin-orbit coupling is sm
9-3
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HORNG-TAY JENG AND G. Y. GUO PHYSICAL REVIEW B65 094429
and hence affects the spin magnetic moments only sligh
The calculated orbital magnetic moments on both theA- and
B-site Fe atoms are smaller than that of bulk iron.48 The fully
relativistic band structure is nearly identical to that obtain
by superposing the majority-and minority-spin band str
tures ~Fig. 2! and hence is not shown. Note that no ful
relativistic spin-polarized band structure calculation for ma
netite has been reported. We are not aware of any meas
ment of the orbital magnetic moments in the magnetite
ther.

B. Electronic structure under strain

We considered both the positive~extensive! and the nega-
tive ~compressive! lateral strains in the~001! plane of Fe3O4

FIG. 2. Band structure of cubic Fe3O4 along the fcc symmetry
lines ~upper panels! and along the bct symmetry lines~lower pan-
els!. The Fermi level is at zero energy.
09442
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with the cell volume unchanged, in view of magnetite~001!
films grown on various substrates such as Mn3O4, NiO,
MgO, and CoO with lattice mismatches of23.2%,20.69%,
0.36%, and 1.6%, respectively. For simplicity, strain will a

FIG. 3. Spin-decomposed densities of states for unstrained c
Fe3O4 . A and B indicate Fe(A) and Fe(B) 3d dominant bands,
respectively. The Fermi level is at zero energy.

TABLE I. Total and site-decomposed spin magnetic mome
(Ms) in cubic Fe3O4 from the present and previous calculation
Also listed are total and site-decomposed spin (Ms

r) and orbital
(Mo

r ) magnetic moments for@001# magnetization calculated fully
relativistically from the present work.

Atom
Ms

r

(mB)
Mo

r

(mB)
Ms

(mB)

Fe(A) 23.67a ~31!

23.46b

23.37c

23.40 20.021 23.41d

Fe(B) 3.67a ~32!

3.57b

3.63c

3.49 0.037 3.49d

O 0.09a ~34!

0.10b

0.01c

0.10 0.000 0.11d

Outer 20.03a

region 20.09b

0.07c

Total 3.99 0.05 4.00 /Fe3O4

aReference 4.
bReference 26.
cReference 5.
dThis work.
9-4
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FIRST-PRINCIPLES INVESTIGATIONS OF THE . . . PHYSICAL REVIEW B 65 094429
ways be referred to the elastic lateral strain in the rest of
paper unless stated otherwise.

To illustrate the effects of the strains on the electro
structure, the energy bands of Fe3O4 under lateral strains o
23.1% and of 3.6% along the symmetry lines in the b
Brillouin zone are plotted in the upper and lower panels
Fig. 4, respectively. As compared with the cubic ene
bands along the bct symmetry lines plotted in the lower p
els of Fig. 2, the most visible change is in the majority-sp
Fe(B) 3d-eg band near the Fermi level and the minority-sp
Fe(B) 3d-eg band between 1 and 2.5 eV. For these ban
not only the band dispersion, but also the bandwidth va
quite a lot. Interestingly, other bands remain more or l

FIG. 4. Band structure of Fe3O4 under lateral strains of23.1%
~upper panels! and of 3.6%~lower panels!. The Fermi level is at
zero energy.
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unchanged. For the majority spin, the width of the Fe(B)
3d-eg band becomes larger under strain, especially near
G point. At both strains, the band top at theG point already
exceeds the Fermi level and almost touches the lower e
of the upperA-site 3d-eg band. For the minority spin, al
band edges, as shown in Fig. 4, already overlap and for
large conduction band for both the strains. Figure 5 is a cl
comparison of the DOS near the Fermi level under stra
Note that the horizontal scales are different for the majo
and minority spins, and the vertical scales of the major
Fe(B) d-t2g and minority Fe(B) d-eg and O 2p panels are
10 times smaller than the other panels. For the minority s
the DOS of the conducting Fe(B) 3d-t2g band at the Fermi
level is slightly reduced under either strain, whereas the D
at the Fermi level for both the Fe(B) 3d-eg and O 2p bands
are slightly reduced for the negative strain and increased
the positive strain. It can also be seen that the conduc
Fe(B) 3d band hybridizes with O 2p orbitals by about 10%
at the Fermi level. For the majority spin, the insulating ba
gap is closed by the broadening of the Fe(B) 3d-eg and O
2p bands under both strains~Fig. 5!.

It is obvious from the above discussion that an insulat
metal transition would occur in the majority spin as the str
is increased. This is demonstrated in Fig. 6 where we plot
majority-spin band edges of the lowerB-site 3d band along
with the upperA-site 3d band as a function of strain. Fo
high compressive~«,21.3%! and high extensive~«.2.1%!
strains, the upper edge of the broadeningB-site 3d
band would go above the Fermi level. As a result, the h
metallic behavior would turn into a normal metal state

FIG. 5. Orbital-decomposed densities of states near the Fe
level for strained Fe3O4 . The dotted, solid, and dashed curves i
dicate the density of states per formula unit under lateral strain
23.1%, 0.0%, and 3.6%, respectively.
9-5
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HORNG-TAY JENG AND G. Y. GUO PHYSICAL REVIEW B65 094429
these high-strain regimes. Since Fe3O4 thin films on a
Mn3O4 substrate could suffer a strong compressive strain
23.2%, which is larger than the critical strain of21.3%, a
normal metal behavior would be expected for these film
Another interesting feature is that as the magnitude of ei
kind of strains increases, there are slightly charge tran
from the oxygen and theA-site Fe atoms to theB-site Fe
atoms. However, there is no abrupt increase in the cha
transfer across the critical strains of21.3% and 2.1%.

Let us now turn to the effects of the strains on magnet
in magnetite. In the small strain region (21.3%,«
,2.1%), the total spin moment is a constant of 4mB /f.u.
However, in this region the size of the spin moments for b
the A- and B-site Fe atoms is reduced slightly as the str
increases. Accompanied by the transformation from a h
metallic to a normal metal state under high strains, Fe3O4
shows a small reduction in the total magnetic moment. T
total and site-decomposed orbital magnetic moments for
@001# magnetization as a function of strain are displayed
Fig. 7. Remarkably, the total orbital moment increases s
stantially as the strain goes from the negative to posi
values. Clearly, this is due to the monotonical increase of
Fe(B) orbital moments. These changes of the orbital m
ments under the strains are closely related to that of the m
netocrystalline anisotropy energies, as will be discusse
the next subsection.

C. Anisotropy constants versus strain

The calculated cubic anisotropy constantK1 ~solid circle!
of the magnetite as a function of strain is shown in Fig. 8~a!.
The magnitude ofK1 decreases from24.73105 erg/cm3 for
a strain of 23.1% to 21.33105 erg/cm3 for a strain of
2.8%. The negative values ofK1 imply that for all the con-
sidered strains the@110# orientation rather than the@100#
orientation within the layers is the preferred magnetizat
direction for an Fe3O4 film. Under symmetry considerations
the negative value ofK1 in the cubic limit also indicates tha

FIG. 6. Majority-spin band edges of Fe3O4 near the Fermi level
as a function of the lateral strain. The zero energy is the Fermi le
The lines are a guide to the eye only.
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@111#, @110#, and@001# are, respectively, the easy, intermed
ate, and hard directions of magnetization of the fcc Fe3O4.
This is in agreement with the experiments22 that the four
equivalent@111# directions are the magnetic easy axes of
bulk Fe3O4 at room temperature. The vanishingK1 in the
high-positive-strain limit indicates that in the transformati
from the cubic to the uniaxial symmetry, it is somehow su
pressed by the supposedly unrelated uniaxial anisotropy
to the uniaxial strains. This suppression ofK1 has been re-
cently observed in epitaxial fcc Co~110! films on Cu~110!.50

l.

FIG. 7. Total and site-decomposed orbital magnetic mome
for @001# magnetization of Fe3O4 as a function of the lateral strain
The lines are a guide to the eye only.

FIG. 8. The fourth-order anisotropy constantK1 ~a! and the
out-of-plane anisotropy constantKout ~b! as a function of the latera
strain in the~001! plane of Fe3O4 . The lines are a guide to the ey
only. The arrows in~a! indicate the experimentalK1 value at 300 K
and 0 K ~see text!. The arrows in~b! indicate the possible strain
values if an Fe3O4 film is grown on Mn3O4 , NiO, MgO, and CoO
substrates, respectively.
9-6
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FIRST-PRINCIPLES INVESTIGATIONS OF THE . . . PHYSICAL REVIEW B 65 094429
In zero strain, the calculatedK1 equals 23.1
3105 erg/cm3 ~214 meV/f.u.!, which is of the same sign
and of the same order of magnitude as the experime
value of 21.13105 erg/cm3 at 300 K for the high-
temperature phase.2 The experimentalK1 for the unstrained
Fe3O4 at 300 K as well as theK1 at 0 K estimated by ex-
trapolation as discussed below, are indicated in Fig. 8~a!. The
measured dependence of theK1 on temperatureT ~Refs. 34
and 35! shows thatK1 is positive below the Verwey transi
tion temperature~;120 K!. As temperature increases,K1

decreases into negative values rapidly until it reaches
minimum value at about 230 K. Meanwhile, in the hig
temperature regime (T.270 K), K1 increases about linearl
with temperature. Since the bending ofK1 in the low-
temperature region is caused by the Verwey transition,
could extrapolateK1 linearly from the high-temperature (T
>300 K) region towards zero temperature in order to eva
ate theK1 at 0 K for the high-temperature cubic phase
Fe3O4. The value ofK1 at 0 K thus estimated is abou
22.73105 erg/cm3,34,35 being in good agreement with th
calculatedK1 . The anisotropy constantK1 is a very small
quantity and is the most difficult quantity to calculate. T
good agreement between the experimentalK1 and the calcu-
lated cubicK1 could be fortuitous. We have also calculat
the anisotropy energies with 18 empty spheres included~4 in
positions 16c of space groupFd3m, 2 in the positions 8b,
and 12 in the positions 48f with x51/4! for the cubic and
some strained cases. Although including empty sphere
the calculations enhances the magnitudes ofK1 , they are
still of the same sign and of the same order of magnitude
the experimentalK1 . Also, the trend with respect to strain
remains unchanged.

The calculated out-of-plane anisotropy constantKout
~solid circle! as a function of strain is shown in Fig. 8~b!. The
corresponding strains for Mn3O4, NiO, MgO, and CoO sub-
strates are also indicated in the figure. TheKout increases
monotonically from negative to positive strains with th
magnitude in the extensive strain regime being slightly lar
than that in the compressive strain regime. TheKout curve
shows more or less piecewise linearities in the str
intervals: ,20.5%,20.5%–2%, and.2%. Neglecting the
shape anisotropy, the negative values ofKout for the negative
strains indicate that a Fe3O4 thin film on a substrate with a
smaller lattice constant such as Mn3O4 and NiO would pre-
fer an in-plane magnetization. On the other hand, for
Fe3O4 film on a substrate of larger lattice constant such
MgO and CoO, the positiveKout implies that the out-of-plane
magnetization orientation would be preferred. The shape
isotropy energy for a magnetite film is about 1
3106 erg/cm3 ~Ref. 37! and always prefers an in-plane ma
netization. The shape anisotropy energy should be almo
constant since the magnetization is nearly independent o
film strain and is plotted as the horizontal dashed line in F
8~b!. This means that the strained magnetite film, havin
Kout above this dashed line, would prefer the perpendicu
magnetization. Figure 8~b! suggests that an Fe3O4 film
under an extensive strain greater than 0.2% would exh
the perpendicular magnetization. This is in agreem
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with the recent observation of an out-of-plane mome
distribution in Fe3O4 films on MgO ~0.36%! substrates by
conversion electron Mo¨ssbauer spectroscopy22,37 ~CEMS!
and in Fe3O4 /MgO superlattices by ferromagnetic resonan
~FMR!.51 In particular, the preliminary FMR measurements51

suggest that theKout of Fe3O4 ~<60 Å!/MgO superlattices is
in the same order of magnitude as the theoretical value.
perpendicular magnetization has also been found in Fe3O4
films on CoO~1.59%! substrates.52

The strain-induced magnetocrystalline anisotropy in
magnetic film is often estimated by the corresponding b
magnetostriction coefficient~e.g.,l100! and elastic constant
~e.g.,C11 andC12!. Also shown in Fig. 8~b! is the anisotropy
constantKout8 as a function of strain« ~dotted line! estimated
using these bulk constants at room temperature2 via

Kout8 52
9

2
~C112C12!l100«. ~7!

Figure 8~b! shows that the estimatedKout8 is in qualitative
agreement with the results of theab initio calculations~solid
circles!. However, it is about 4 times smaller in magnitud
than the theoreticalKout @Fig. 8~b!#. The discrepancy is partly
due to the use of room-temperaturel100 and C11 and C12,
and partly, we believe, due to the fact that the strain-indu
anisotropy might not be accurately derived from the bu
magnetostriction constant. In particular, the latter rea
could well be the major origin of theanomalousmagnetic
behavior observed by CEMS in Fe3O4 films on MgO
substrates.22,37 Figure 8~b! indicates that the estimatedKout8
plus the shape anisotropy would predict an in-plane mag
tization for these films, in contradiction to the CEMS resul
On the other hand, the calculatedKout plus the shape anisot
ropy would suggest the perpendicular magnetization
Fe3O4 films on MgO substrates, in agreement with t
experiments.22,37

To gain insight into the source of theKout, we plot in Fig.
9~a! the site-decomposed anisotropy energies between@100#
and@001# directions of magnetization as a function of stra
The partial contributions to the anisotropy energy were
tained as the differences in the site-decomposed eigenv
sums between@100# and @001# magnetization directions ac
cording to the force theorem. Interestingly, Fig. 9~a! shows
that the contributions from an Fe(A) atom and an Fe(B)
atom have about the same size but are opposite in sign
spite the rather different electronic structures near the Fe
level for these two kinds of iron atoms~Figs. 2 and 3!. As
can be expected, the contribution from an oxygen atom
small @Fig. 9~a!#. Since theB-site iron atoms are twice a
many as theA-site iron atoms, the sign of theKout is deter-
mined by the anisotropy of the Fe(B) atoms and the value is
approximately equal to half of the sum of the Fe(B) anisot-
ropy energies. It has been demonstrated that because th
bital magnetic moment and the magnetocrystalline anis
ropy energy are both due to the spin-orbit coupling, they
intimately connected.53 In particular, the easy axis is alon
the direction in which the orbital moment has the larg
value. To see possible correlations between the anisotr
energy and orbital moment anisotropy in magnetite, we d
9-7
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play the site-decomposed orbital moment anisotropies
tween the@001# and @100# directions of magnetization as
function of strain in Fig. 9~b!. It is clear that all the site-
decomposed orbital moment anisotropies agree with the
decomposed anisotropy energies in sign~see Fig. 9!: i.e., in
the direction in which the orbital moment is larger, the e
ergy is lower. The orbital moment anisotropy of the oxyg
atoms~diamonds! is again negligibly small.

IV. CONCLUSIONS

We have calculated the electronic structure and magn
crystalline anisotropy energies of the magnetite (Fe3O4) un-
der both compressive and extensive uniaxial strains al
@001# direction from first principles by using the LMTO
method. The calculated band structure of the unstrained
magnetite is compatible with the publishedab initio
calculations.4,5,25,26The calculated cubic anisotropy consta

FIG. 9. Site-decomposed anisotropy energies between the@100#
and@001# directions of magnetization for Fe3O4 as a function of the
lateral strain~a! and site-decomposed orbital moment anisotro
between@001# and@100# directions as a function of the lateral stra
~b!.
n

m

i,
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K1 is also in fair agreement with experiments.34,35 It is found
that the uniaxial strains have significant effects on both
electronic structure and magnetocrystalline anisotropy
magnetite. In particular, as the uniaxial strain is applied,
insulating band gap of the majority spin is reduced due to
broadening of theB-site Fe 3d band. The half-metallic be
havior of the cubic magnetite eventually turns into norm
metal behavior in the high-strain regimes~«.2.1%,
«,21.3%!, accompanied by a small reduction of the to
magnetic moment from an integer value of 4mB /f.u.

The increasing extensive lateral strain would not only
duce a perpendicular magnetocrystalline anisotropy~the
positiveKout!, but also somehow suppress the seemingly
related cubic anisotropyK1 . The compressive lateral strain
would cause an in-plane magnetocrystalline anisotropy.
calculated anisotropy constantKout depends monotonically
on the lateral strain. The theoretical results for the extens
lateral strains are in overall good agreement with recent m
netic anisotropy measurements on Fe3O4 films on MgO and
CoO substrates.22,37,51,52Interestingly, the contributions from
an Fe(A) atom and an Fe(B) atom to the uniaxial anisotrop
have about the same size, but are opposite in sign, while
contribution from an oxygen atom is small. However, t
sign of the uniaxial anisotropy is determined by the anis
ropy of the Fe(B) atoms, since theB-site iron atoms are
twice as many as theA-site iron atoms. It is also found tha
the sign of each site-decomposed anisotropy energy foll
the sign of the corresponding site-decomposed orbital
ment anisotropy. This suggests that one could use exp
ments such as element-specific x-ray magnetic circular
chroism, which can determine the orbital mome
anisotropy,54 to determine the magnetocrystalline anisotro
of magnetite films.
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