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The electronic structure and magnetocrystalline anisotropy energy of strained;fog fir@ve 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 -6f.3% and 2.1%. The calculated fourth-order anisotropy
constantk,; of cubic FgQO, is in fair agreement with the experimental value. The magnitude,cdippears to
be suppressed under large extensive lateral strains. The second order uniaxial anisotropy kKgpsignt
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 agCrdilm under an extensive in-plane strain larger than
0.2% would show the perpendicular magnetization, in good agreement with recent experimeni® ofiliis
on MgQ(100 and Co@100). Interestingly, site decomposition shows that fheand B-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 strainBtite irons would favor
perpendicular magnetization while tiesite irons would prefer an in-plane magnetization. The titg} is
dictated by that of thé-site irons due to their number being twice that of fhsite irons.
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[. INTRODUCTION quence of a band splitting caused by electron correlations
and/or electron-phonon interactich&hereas in the ionic
Magnetite (FgO,) is the earliest discovered magnet model the high-temperature conductivity is assumed to come
(~1500 B.C). It crystallizes in the inverse cubic spinel from the electron hopping between the’Feand Fé* ions
structure (—'dgm) above the so-called Verwey transition tem- in the octahedraB-site Strings, while the Verwey transition is
perature(120 K). As shown in Fig. 1, the oxygen atoms form interpreted as an order-disorder transformation onBisite
in the close-packed face-centered-culfic) lattices with the Fe ions® Though extensive stL_jdles of magnetite with consid-
iron atoms occupying the interstitial positich€ach cubic ~ erable effort have been carried out over the past 50 years
spinel cell contains eight interpenetrating oxygen fcc cells.
The tetrahedralA sites, occupied by one-third of the iron
atoms, form a diamond structure. The remaining Fe atoms
are located at the octahedBakites with the nearest-neighbor
atoms lined up as strings along six differ¢h10] directions.
The ferromagnetic moments on theandB sites align anti-
parallel to each other, thereby forming a ferrimagnet with a
saturation magnetic moment ef4ug (Bohr magnetopper
formula unit (fu).>® There are a few known half-metallic
materials which combine full spin polarization with high Cu-
rie temperature$>300 K) such as the manganese perovs-
kites, the spinel F®,, CrO,, and several Heusler com-
pounds(e.g., PtMnSh As a half-metallic material, R©,
shows normal metallic behavior in the minority spin, while
at the same time there is a gap ©0.5 eV in the majority
spin at the Fermi level. From an itinerant point of view, the
high conductivity (~250 Q *cm™Y) (Ref. 2 of the high-
temperature phase is a natural consequence of the partially
filled 3d band of theB-site Fe atom&?® The Verwey transi-
tion to the low-temperature phase, which is characterized by FIG. 1. Crystal structure of 5©,. Big balls denote oxygen
a metal-insulator transition accompanied with a structuraktoms, small dark balls denofesite (tetrahedral iron atoms, and
change from cubic to monoclinic®’is presumably a conse- small light balls denotd-site (octahedral iron atoms.
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(see, e.g., Refs. 9-11 and references theréiie Verwey investigate the influences of the lattice mismatch strains on

transition remains a challenging problem to be solved. Bethe electronic structure and on the magnetocrystalline anisot-

cause of the interesting electronic, magnetic, and transporopy energy of FgO, from first principles.

properties as well as the potential industrial applications in The rest of this paper is organized as follows. In the next

magnetic multilayer devices, magnetite has still attracte@ection, we briefly summarize the magnetocrystalline anisot-

much attention in recent yeal%.%* ropy theory, the band structure method used, and computa-
The continuous improvement of deposition techniques ir{ior!al de_tails. The calcqlated electronic structure and mag-

the last decade has made it possible to prepare artificial lay}€tic anisotropy energies of both the cubic phase and

ered structures including not only metallic but also oxideStrained structures are presented and discussed in detail in

magnetic thin films and multilayers. By growing in the form Sec. lll. The conclusions are given in Sec. IV.

of thin films, the interesting magnetic and electronic proper-

ties of magnetite could possibly be manipulated. For ensur- [l. THEORY AND COMPUTATIONAL DETAILS

ing a good epitaxy, ultrathin magnetic structures are com-

monly composed of magnetic and nonmagnetic layers thaftC

are chosen for their compatible lattice parameter e b ) . )
b P S0 within a few percent. Lattice strains are subsequently in-

thin films have been prepared on MgO single-crystal SUbduced in the magnetite thin film by the lattice mismatch at

strates, which are ideal templates for cubic oxide spinels bes > .
P P Pbe interface. In this paper, we focus on the effects of these

cause of the close lattice matches, by molecular-beam epJ-~. . ! . e
taxy (MBE) or other deposition techniquél41822.23 attice mismatch strains on the electronic and magnetism in
: e the magnetite thin film only. Thus we neglect the effects of

veral other trates for growin thin film h . .
Several other substrates for growing;Bg S, Suc surface and interface though they can affect the electronic

as Ni0, % Co0,” Pt/***!and Mry0,,*" have also been tructure and also contribute to the magnetic anisotropy. This
reported. However, lattice mismatches of even a few percehs[ . S ) gnetl Py-
IS equivalent to considering a strained infinite;Bg crystal.

in growing thin films on various substrates are unavoidablet is expected that the results of the present theoretical cal-
The lattice mismatch strains could induce significant effect4 IS Exp u P :

on the magnetocrystalline anisotropy, on the easy directioﬁUIatlonS could be applied to thick magnetite films of a few
of magnetization, and even on the band structure. nanometers and would help to better understand the impor-

The band structure of the high-temperature conductin ant effects of the strains in the magnetite films of all thick-
phase of magnetite has been calculated self-consistent Ss smce.thgre IS O previous theoretical workyet_. Under an
within the framework of the local-spin-density approxima- pplied u.ma>.<|al strain along .tr{@)(')l] (norma) direction of
tion (LSDA) by the augmented plane-wag&PW) method* Fe;O, thin film, the fcc lattice is reduced to the body-

the augmented spherical-wavaSW) methoc®?® and also centered-tetragonalbct) lattice of a lower symmetry. By
the linear muffin-tin orbitalLMTO) method?® 1"hese calcu-  varying thec/a ratio with the volume of unit cell unchanged,

P (o 173
lations all give a consistent half-metallic result for the cubicthe corresponding in-planéatera) strain (e =[v2/(c/a)]

phase. Although there are basic differences between the itin- 1) of desire_d percentage can thus 'be'produc_ed.
For a cubic crystal bearing a uniaxial strain along the

erant electron and localized ionic models, band structure cat— e h b S f

culations give a magnetic moment ofugd/f.u., which is 001] direction, the perturbed energy is given fg., Ref.

exactly the same as given by the ionic mOdilng?é%n the othe?’l)

hand, experiments such as photoemiss ¢ spin- _ 2020 202 272 2

polarized F|?)hotoelectron specﬁ%gnd neutron diffractliao?? AB=Ku(BBy+ ByBz+ B2B) ~ Koubs, @

and also recent neutron diffuse scattetthgnd resonant where,, By 3, are the direction cosines of the magnetiza-

x-ray scattering all suggest that the itinerant electron modeltion relative to the crystalline axes, ar,, and K; are,

is perhaps more adequate than the localized electron modebkspectively, the second- and fourth-order anisotropy con-
The magnetocrystalline anisotropy energy, which arisestants in the spin-orbit coupling. Consider the three direc-

mainly from the spin-orbit coupling correction to the Hamil- tions [100], [001], and [110] of magnetization. The corre-

tonian, is a very small correction to the magnetic energysponding total energies are, respectively,
There have been many measurements on magnetic anisot-

Let us consider a magnetite thin film in high-temperature
¢ phase on a given substrate with a close lattice match

ropy constants for both the high- and low-temperature phases E{100=Eo. (2
of magnetite’>~>* Recent experiments on the anisotropy of

magnetite are focused on, for example, transport, nonsto- Eroo=Eo— Kout: 3
ichiometric, or doping effect$11835-3*Because of the large

amount of computing requirements, reliable anisotropy cal- K,

culations are possible only in recent ye#s* Although the Erag=EBot (4)

magnetic anisotropy has been investigated experimentally

for a long time, there is, to our knowledge, no availablewhereE, is the unperturbed energy. Therefore the anisotropy
theoretical result for magnetite yet. This is certainly relatedconstants can be expressed by

to the difficulties of dealing with the large lattice cell of the

spinel structures as well as of calculating the very small en- Kout= E[100— Efoo1) » (5
ergy differences between different magnetization orientations
with a sufficient accuracy. It is the purpose of this work to K1=4(E[110~ Ef100) - (6)
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We first performed all-electron self-consistent electronicthe IW used was approximately 1200 over 2/16 BZ for the
structure calculations for each considered strain by using thgl00], [110], and[001] orientations. The calculated out-of-
well-established LMTO methotf. Theseab initio calcula-  plane anisotropy constar,, is well converged(within
tions are based on local-spin-density functional theory withl0™* eV/f.u.) with respect to the number & points used.
Vosko-Wilk-Nusair (VWN) parametrization of local density Because of the numerical difficulties of achieving an accu-
exchange-correlation energy potenffilAll the scalar- racy well within 10°° eV in the anisotropy energy calcula-
relativistic terms—namely, Darwin and mass-velocity tions, the calculate®; in high extensive in-plane strain re-
corrections—were included in these calculations. In the cugime (>2.8%) somehow oscillates considerably with the
bic structure, the positions of theesite Fe atoms in the mag- number ofk points used. Nonetheless, the calculakadin
netite are+ (1/8,1/8,1/8a, while for B-site Fe atoms, they the other regions converged to within 20%. Furthermore, the
are (0,0,1/2%, (1/4,0,3/4}, (0,1/4,3/4}, and (1/4,3/4,04.  overall trend of the cubic anisotropy const&tt as a func-
The oxygen atoms are located at(u+1/4u+1/4u tion of strain reported below should be reliable.
+1/4)a, £(u+1/4,—u,—u)a, =(—u,u+1/4—u)a, and
+(—u,—u,u+1/4)a. Here the experimental lattice constant [ll. RESULTS AND DISCUSSION
a=8.39 A=15.86, (Bohr radiu3 and parameteru
=0.0048 were usetf. The atomic sphere radius of 2.662
from the bulk Fe was used for both the and B-site Fe Let us first summarize the results for the high-temperature
atoms. The remaining space of the unit cell is occupied bygubic phasgunstrained of magnetite before discussing the
the oxygen spheres with a radius of &5 The basis func- €ffects of the lattice mismatch strains. The self-consistent
tions used in the calculations were thep, andd muffin-tin ~ (scalar-relativistic band structure and density of states
orbitals. The analytic tetrahedron method was used to pefDOS) of the cubic fcc FgO, are shown in Figs. 2 and 3,
form the Brillouin-zon&BZ) integrations'® The number ok respectively. For comparisons with the strained bg(Jzeof
points over the irreducible wedg@éW) used in the self- a lower symmetry, the band structure of the cubig@ze
consistent calculations was about 600 over 1/16 of the bodyalong the symmetry lines in the bct Brillouin zone are also
centered-tetragonal BZ. The total energy convergence ishown in the lower panels of Fig. 2. As can be seen in the
within 1075 eV/f.u. both with respect to the self-consistent figures, the present results are consistent with prevadus
iterations and to the number &fpoints used. initio calculationg}>2>?%though the computational methods

Because of the shear size of the unit cell of the magnetiteised are quite different. The most pronounced feature of the
and the smallness of the magnetic anisotropy energy, it i€lectronic structure is that magnetite would be a half-metallic
extremely time consuming to obtain an accurate selfmaterial with conductivity resulting only from the partially
consistent total energy for each magnetization directionfilled minority-spin FeB) 3d band. This band is dominated
Therefore, as in many previous calculatidfé?*4¢4"we by three off-axial 3I-t, orbitals(Fig. 2), which is consistent
used the so-called force theor&hto calculate the magneto- Wwith the geometry of the spinel structure depicted in Fig. 1
crystalline anisotropy energy, as described below. After théhat the conducting-site strings are along the six off-axial
self-consistent calculation for each strain considered, wgl10] directions. For the majority spin, the )Y 3d-g
used the resultant self-consistent potential and performed tHgand, which is characterized by insignificant overlaps be-
fully relativistic (i.e., including the spin-orbit couplingpand  tween axialey orbitals of the nearest FBJ neighbors, is
structure calculation once for each of tfi0], [001], and  0.14 eV below the Fermi level with relatively narrow band-
[110] magnetization orientations. The treatment of the spinwidth. This results in an insulating majority spin with a band
orbit coupling has already been described by Andeféen. gap of 0.54 eV at the Fermi level, being in the same order of
The magnetocrystalline anisotropy was obtained as the difnagnitude as that of many semiconductors. As shown in Fig.
ference in the eigenvalue sums between the two magnetiz&, DOS for the majority and minority spins are asymmetric
tion directions considered. There have been severdiear the Fermilevel, resulting from the antiparallel magnetic
investigation&®*84examining theoretically and numerically coupling betweerA- and B-site Fe atoms.
the validity of the force theorem. It was found that the force  The spin magnetic moments of the cubic magnetite calcu-
theorem is a good approximation to the fully self-consisteniated scalar relativistically in the present and previous calcu-
total-energy calculation of the anisotropy energy in secondations are listed in Table I. Since the magnitudes of the
order in the spin-orbit coupling.e., the anisotropy energy in calculated magnetic moments depend slightly on the choice
a system with a symmetry lower than the cubic)orfgarlier  of the muffin-tin sphere radii, they are different in the differ-
numerical calculatiorf§ also showed that the force theorem ent calculations. Nonetheless, for thesite Fe atoms, the
is a good approximation to the anisotropy energy in fourthspin moment ranging from 3w to 3.7ug from different
order in the spin-orbit coupling.e., the cubic fourth-order band calculations is in rather good agreement with the ex-
anisotropy constahtthough recent analytical calculatidfs perimental moment of 385 .39 Note that the value from the
indicated that the cubic fourth-order anisotropy constantocalized ionic model would be /g . Because of the half-
might not be reliably given by the force theorem. As a resultmetallic character of the scalar-relativistic band structure, the
the force theorem has been used in many magnetocrystallirietal magnetic moment is, as it should be, an integer of
anisotropy energy calculatiofis’®4464’because of much 4ug/f.u. Table | also lists the spin and orbital magnetic mo-
less computational effort needed. For the magnetocrystallinments calculated fully relativistically for th&01] magneti-
anisotropy energy calculations, the numbekagdoints over  zation. Clearly, the effect of the spin-orbit coupling is small

A. Electronic structure of the cubic phase
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FIG. 3. Spin-decomposed densities of states for unstrained cubic
7 Fe;0,. A and B indicate Fef) and FeB) 3d dominant bands,
respectively. The Fermi level is at zero energy.

with the cell volume unchanged, in view of magneti®®1)
films grown on various substrates such as;Mp NiO,
MgO, and CoO with lattice mismatches 613.2%, —0.69%,
0.36%, and 1.6%, respectively. For simplicity, strain will al-

TABLE |. Total and site-decomposed spin magnetic moments

Also listed are total and site-decomposed spihgl and orbital
(M}) magnetic moments fof001] magnetization calculated fully
relativistically from the present work.

>
&;é (My) in cubic FgO, from the present and previous calculations.

-5 Mg My Mg
NZs > Atom (m8) (mg) (mg)
§7 Fe(A) —3.67 (x1)
N T X P r zZ N T X P T z -3.4¢
-3.37
FIG. 2. Band structure of cubic E®, along the fcc symmetry —3.40 —0.021 —3.4108
lines (upper pa_neksan_d along the bct symmetry linélower pan- Fe®) 367 (x2)
els). The Fermi level is at zero energy. 357
and hence affects the spin magnetic moments only slightly. 3.49 0.037 3562;
The calculated orbital magnetic moments on bothAhand ' ' i
B-site Fe atoms are smaller than that of bulk iféThe fully 0.09 (x4)
relativistic band structure is nearly identical to that obtained 0.102
by superposing the majority-and minority-spin band struc- 0.01
tures (Fig. 2) and hence is not shown. Note that no fully 0.10 0.000 0.1
relativistic spin-polarized band structure calculation for mag-Outer -0.08
netite has been reported. We are not aware of any measur&gion -0.09
ment of the orbital magnetic moments in the magnetite ei- 0.07
ther. Total 3.99 0.05 4.00 /RO,

%Reference 4.

B. Electronic structure under strain

bReference 26.

We considered both the positivextensive and the nega- C‘Reference 5.

tive (compressivelateral strains in th€001) plane of FgO, 9This work.
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FIG. 5. Orbital-decomposed densities of states near the Fermi
level for strained FgO,. The dotted, solid, and dashed curves in-
dicate the density of states per formula unit under lateral strains of
—3.1%, 0.0%, and 3.6%, respectively.

unchanged. For the majority spin, the width of the B)(
3d-e4 band becomes larger under strain, especially near the
I" point. At both strains, the band top at thepoint already
exceeds the Fermi level and almost touches the lower edge
of the upperA-site 3d-e, band. For the minority spin, all
band edges, as shown in Fig. 4, already overlap and form a
large conduction band for both the strains. Figure 5 is a close
comparison of the DOS near the Fermi level under strain.
Note that the horizontal scales are different for the majority
and minority spins, and the vertical scales of the majority
Fe(B) d-t,g and minority FeB) d-ey and O 2 panels are

10 times smaller than the other panels. For the minority spin,
the DOS of the conducting FBj 3d-t,, band at the Fermi
level is slightly reduced under either strain, whereas the DOS
at the Fermi level for both the FBJ 3d-e, and O 2 bands

are slightly reduced for the negative strain and increased for
the positive strain. It can also be seen that the conducting

ways be referred to the elastic lateral strain in the rest of thie(B) 3d band hybridizes with O g orbitals by about 10%

paper unless stated otherwise.

at the Fermi level. For the majority spin, the insulating band

To illustrate the effects of the strains on the electronicgap is closed by the broadening of the Bg@3d-e, and O
structure, the energy bands of;8g under lateral strains of 2p bands under both strairi5ig. 5).

—3.1% and of 3.6% along the symmetry lines in the bct

It is obvious from the above discussion that an insulator-

Brillouin zone are plotted in the upper and lower panels ofmetal transition would occur in the majority spin as the strain
Fig. 4, respectively. As compared with the cubic energyis increased. This is demonstrated in Fig. 6 where we plot the
bands along the bct symmetry lines plotted in the lower panmajority-spin band edges of the lowBrsite 3d band along

els of Fig. 2, the most visible change is in the majority-spinwith the upperA-site 3 band as a function of strain. For
Fe(B) 3d-e4 band near the Fermi level and the minority-spin high compressivés<—1.3%) and high extensivés>2.1%
Fe(B) 3d-e4 band between 1 and 2.5 eV. For these bandsstrains, the upper edge of the broadeniigsite 3d

not only the band dispersion, but also the bandwidth varieband would go above the Fermi level. As a result, the half-
quite a lot. Interestingly, other bands remain more or lessnetallic behavior would turn into a normal metal state in
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FIG. 7. Total and site-decomposed orbital magnetic moments

FIG. 6', Majority-spin band gdges of @, near the Fermi le\,’el for [001] magnetization of Fg, as a function of the lateral strain.
as a function of the lateral strain. The zero energy is the Fermi Ievel-l-he lines are a guide to the eye only

The lines are a guide to the eye only.

. ) } ) o [111], [110], and[001] are, respectively, the easy, intermedi-
these high-strain regimes. Since 3Bg thin films on a 416 and hard directions of magnetization of the fcgTse
Mn;O, substrate could suffer a strong compressive strain ofhjs s in agreement with the experiméeiitshat the four
—3.2%, which is larger than the critical strain 6f1.3%, a  gquivalen{111] directions are the magnetic easy axes of the
normal metal behavior would be expected for these filmsy Kk Fe,O, at room temperature. The vanishiig in the
Another interesting feature is that as the magnitude of eithegjgh-positive-strain limit indicates that in the transformation
kind of strains increases, there are slightly charge transfegom the cubic to the uniaxial symmetry, it is somehow sup-
from the oxygen and thé-site Fe atoms to th&-site Fe  pressed by the supposedly unrelated uniaxial anisotropy due
atoms. However, therg is no gbrupt increase in the charg® the uniaxial strains. This suppressiontof has been re-
transfer across the critical strains 6f1.3% and 2.1%. cently observed in epitaxial fcc CHLO) films on Cy110).%°

Let us now turn to the effects of the strains on magnetism
300K —=>t
—=>

in magnetite. In the small strain region—(.3%<e¢
<2.1%), the total spin moment is a constant Qig4f.u.
However, in this region the size of the spin moments for both
the A- and B-site Fe atoms is reduced slightly as the strain
increases. Accompanied by the transformation from a half-
metallic to a normal metal state under high strains;(ze
shows a small reduction in the total magnetic moment. The ¥
total and site-decomposed orbital magnetic moments for the —3
[001] magnetization as a function of strain are displayed in
Fig. 7. Remarkably, the total orbital moment increases sub-
stantially as the strain goes from the negative to positive
values. Clearly, this is due to the monotonical increase of the
Fe(B) orbital moments. These changes of the orbital mo-
ments under the strains are closely related to that of the mag-o # —\L ____________________
netocrystalline anisotropy energies, as will be discussed in T o =¥ g -
the next subsection. - SR /I\ /l\

o
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C. Anisotropy constants versus strain

The calculated cubic anisotropy const&nt (solid circle -4 3 -2 -1 1 2 3 4
of the magnetite as a function of strain is shown in Fig).8

The magnitude oK, decreases from 4.7x 10> erg/cn? for FIG. 8. The fourth-order anisotropy constafi (a) and the

a strain of —3.1% to —1.3X 10_5 erg/cnt for a strain of out-of-plane anisotropy constaldt,, (b) as a function of the lateral
2.8%. The negative values &f; imply that for all the con-  strain in the(001) plane of Fg0,. The lines are a guide to the eye
sidered strains th¢110] orientation rather than thgl00]  only. The arrows in@) indicate the experiment#, value at 300 K
orientation within the layers is the preferred magnetizationand 0 K (see text The arrows in(b) indicate the possible strain
direction for an FgO, film. Under symmetry considerations, values if an FgO, film is grown on MnO,, NiO, MgO, and CoO
the negative value df, in the cubic limit also indicates that substrates, respectively.

0
strain (%)
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In zero strain, the calculatedK; equals —3.1 with the recent observation of an out-of-plane moment
X 10° erg/cnt (—14 weV/f.u), which is of the same sign distribution in FgO, fiI__ms on MgO (0.36%9 substrates by
and of the same order of magnitude as the experimentglonversion electron NMssbauer spectroscay’ (CEMS)
value of —1.1x1C erg/cnt at 300 K for the high- andinFgO,/MgO superlattices by ferromagnetic resonance
temperature phageThe experimentaK for the unstrained (FMR).>!In particular, the preliminary FMR measuremefits
Fe,0, at 300 K as well as th&, at 0 K estimated by ex- suggest that thi,, of Fe;0, (<60 A)/MgO superlattices is
trapolation as discussed below, are indicated in Fig). §he in the same order of magnitude as the theoretical value. The
measured dependence of tg on temperaturd (Refs. 34 perpendicular magnetization has also been found §Oke

. 2
and 35 shows that, is positive below the Verwey transi- f|Im_|:shon (t:o_O(_l.zg%c'jsubstrateté. alli isot .
tion temperaturg~120 K). As temperature increasek, € strain-induced magnetocrystalineé anisotropy in a

decreases into negative values rapidly until it reaches '[hem"’“‘:’m':‘tIC film is often estimated by the corresponding bulk

e S - magnetostriction coefficiene.g.,\1o9) and elastic constants
i il ot st 220 . Meanule, i he MO o5, andCy. Ao show n £ i e anisoopy

) : A, . N function of straie (dotted line estimated
with temperature. Since the bending &f; in the low- constank,,, as a function of s ( 9

O . using these bulk constants at room temperatuia
temperature region is caused by the Verwey transition, one

could extrapolatél; linearly from the high-temperatureT (
=300 K) region towards zero temperature in order to evalu- out=" 5 (C11= Cr)h e )
ate theK; at 0 K for the high-temperature cubic phase of
Fe;0,. The value ofK; at 0 K thus estimated is about Figure 8b) shows that the estimated, , is in qualitative
—2.7x 10 erg/cnt,**3 being in good agreement with the agreement with the results of tlad initio calculations(solid
calculatedK,. The anisotropy constar€, is a very small circles. However, it is about 4 times smaller in magnitude
quantity and is the most difficult quantity to calculate. Thethan the theoretic ., [Fig. 8b)]. The discrepancy is partly
good agreement between the experimektahnd the calcu- due to the use of room-temperaturg,, and C;; and C»,
lated cubicK; could be fortuitous. We have also calculated and partly, we believe, due to the fact that the strain-induced
the anisotropy energies with 18 empty spheres inclyded  anisotropy might not be accurately derived from the bulk
positions 16 of space groug-d3m, 2 in the positions B, magnetostriction constant. In particular, the latter reason
and 12 in the positions 48with x=1/4) for the cubic and could well be the major origin of thanomalousmagnetic
some strained cases. Although including empty spheres ibehavior observed by CEMS in 8, fiims on MgO
the calculations enhances the magnitudeef they are substrate$?*’ Figure 8b) indicates that the estimateg,
still of the same sign and of the same order of magnitude aglus the shape anisotropy would predict an in-plane magne-
the experimentaK ;. Also, the trend with respect to strains tization for these films, in contradiction to the CEMS results.
remains unchanged. On the other hand, the calculatid,, plus the shape anisot-
The calculated out-of-plane anisotropy constafg,, ropy would suggest the perpendicular magnetization for
(solid circle) as a function of strain is shown in Figd8. The  Feg;0, films on MgO substrates, in agreement with the
corresponding strains for M@,, NiO, MgO, and CoO sub-  experimentg237
strates are also indicated in the figure. TKg, increases To gain insight into the source of th&,,;, we plot in Fig.
monotonically from negative to positive strains with the 9(a) the site-decomposed anisotropy energies betW:ed
magnitude in the extensive strain regime being slightly largeaind[001] directions of magnetization as a function of strain.
than that in the compressive strain regime. K, curve  The partial contributions to the anisotropy energy were ob-
shows more or less piecewise linearities in the strairtained as the differences in the site-decomposed eigenvalue
intervals: <—0.5%,—0.5%—-2%, and>2%. Neglecting the sums betweeii100] and[001] magnetization directions ac-
shape anisotropy, the negative valueKgj; for the negative  cording to the force theorem. Interestingly, Figaj9shows
strains indicate that a §@®, thin film on a substrate with a that the contributions from an F&f atom and an Fe)
smaller lattice constant such as §@y and NiO would pre- atom have about the same size but are opposite in sign, de-
fer an in-plane magnetization. On the other hand, for arspite the rather different electronic structures near the Fermi
Fe;O, film on a substrate of larger lattice constant such adevel for these two kinds of iron atom§igs. 2 and 3 As
MgO and CoO, the positivK ,; implies that the out-of-plane can be expected, the contribution from an oxygen atom is
magnetization orientation would be preferred. The shape arsmall [Fig. 9a)]. Since theB-site iron atoms are twice as
isotropy energy for a magnetite film is about 1.4 many as theA-site iron atoms, the sign of th€,, is deter-
x 10° erg/cnt (Ref. 37 and always prefers an in-plane mag- mined by the anisotropy of the FB) atoms and the value is
netization. The shape anisotropy energy should be almost @proximately equal to half of the sum of the Bg(anisot-
constant since the magnetization is nearly independent of th@py energies. It has been demonstrated that because the or-
film strain and is plotted as the horizontal dashed line in Figbital magnetic moment and the magnetocrystalline anisot-
8(b). This means that the strained magnetite film, having aopy energy are both due to the spin-orbit coupling, they are
Kt @bove this dashed line, would prefer the perpendiculamtimately connected In particular, the easy axis is along
magnetization. Figure (B) suggests that an E®, film the direction in which the orbital moment has the largest
under an extensive strain greater than 0.2% would exhibivalue. To see possible correlations between the anisotropy
the perpendicular magnetization. This is in agreemenenergy and orbital moment anisotropy in magnetite, we dis-
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K, is also in fair agreement with experimenrts®t is found
that the uniaxial strains have significant effects on both the
electronic structure and magnetocrystalline anisotropy of

magnetite. In particular, as the uniaxial strain is applied, the
insulating band gap of the majority spin is reduced due to the
broadening of theB-site Fe 31 band. The half-metallic be-

a . havior of the cubic magnetite eventually turns into normal
o0 " metal behavior in the high-strain regime&>2.1%,
£<—1.3%), accompanied by a small reduction of the total

2t

Anisotropy energy (meV)
O

o == Fe(B . N
= = magnetic moment from an integer value qf4/f.u.
g °or l The increasing extensive lateral strain would not only in-
§ duce a perpendicular magnetocrystalline anisotrdghe
g e positiveK ), but also somehow suppress the seemingly un-
2 °® s related cubic anisotropl{;. The compressive lateral strains
2 1
< would cause an in-plane magnetocrystalline anisotropy. The
(b)
oo i calculated anisotropy constakt,, depends monotonically
a4 -3 -2 2 3 4

on the lateral strain. The theoretical results for the extensive
lateral strains are in overall good agreement with recent mag-
FIG. 9. Site-decomposed anisotropy energies betweefl0®  netic anisotropy measurements ony®g films on MgO and
and[001] directions of magnetization for @, as a function of the  CoO substrates">*?|nterestingly, the contributions from
lateral strain(a) and site-decomposed orbital moment anisotropygn Fe@) atom and an Fdg) atom to the uniaxial anisotropy
betweer{001] and[100] directions as a function of the lateral strain h3ve about the same size, but are opposite in sign, while the
(0). contribution from an oxygen atom is small. However, the

. ) ) ) sign of the uniaxial anisotropy is determined by the anisot-
play the site-decomposed orbital moment anisotropies ber'opy of the FeB) atoms, since thé-site iron atoms are

tween the[001] and[100] directions of magnetization as a (yjice as many as tha-site iron atoms. It is also found that
function of strain in Fig. &). It is clear that all the site- ¢ gjgn of each site-decomposed anisotropy energy follows
decomposed orbital moment anisotropies agree with the sitgrg ign of the corresponding site-decomposed orbital mo-
decomposed anisotropy energies in sigee Fig. §: i.e., i ment anisotropy. This suggests that one could use experi-
the direction in which the orbital moment is larger, the en-anis such as element-specific x-ray magnetic circular di-
ergy is lower. The orbital moment anisotropy of the oxygenchroism, which can determine the orbital moment
atoms(diamonds is again negligibly small. anisotropy’* to determine the magnetocrystalline anisotropy
of magnetite films.

—.1 o 1
strain (%)

IV. CONCLUSIONS

We have calculated the electronic structure and magneto-
crystalline anisotropy energies of the magnetite;(J¢ un-
der both compressive and extensive uniaxial strains along This work was supported by the National Science Council
[001] direction from first principles by using the LMTO of the Republic of ChingGrant Nos. NSC89-2119-M-007-
method. The calculated band structure of the unstrained fc@11, NSC89-2112-M002-0025, -0089The authors thank
magnetite is compatible with the publisheab initio  Dr. J. G. Lin for stimulating discussions and also for making
calculations"®>?525The calculated cubic anisotropy constant her experimental results available prior to publication.
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