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Recent studies show that the magnetic properties of epitaxial thin films of magnet@;) Beviate
strongly from bulk behavior: it is difficult to saturate thin films, ultrathin flms may become super
paramagnetic, their saturation magnetization drops to zero, and the local magnetic moments are
oriented out of plane in zero field. The possible relationship between this anomalous behavior and
the occurrence of anti-phase boundari@®Bs9 is discussed. Transmission electron microscopy
images confirm that APBs are present in oug@£films grown by molecular beam epitaxy on
MgO(100). Only APBs with out-of-plane shift vectors are visible. The much higher APB density
found in sputtered films suggests that preparation conditions are important. To explain the deviating
saturation and the superparamagnetic behavior of thi®f8ms at the same time, the magnetic
coupling over the APB must be dramatically reduced due to spin disorder along the boundaries.
© 1999 American Institute of Physids$S0021-89799)40608-5

. INTRODUCTION 1/4a[100], 1/4a[011], 1/4a[101], 1/4a[011], and

In the last decade several research groups have reportd@[101]. All others are related to these by the face-
that the magnetic properties of epitaxial layers of magnetitée”tered symmetry_of the cubic umt_cell. The first four are
(Fe0,) are anomalous in several respects. For instance, [[-Plane shifts, leaving the rows & sites parallel, the last
has been found thata) it is much more difficult to fully ~four are out-of-plane shifts, causing the rowsBosites to be
saturate epitaxial films than bulk single crystafs(b) ultra- perpend!cular to each other, as is |IIustr_ated in Fig. 1. The
thin films show superparamagnetic behavidc) the satura- poundarles between these shifted domains are so-called an-
tion magnetization of ultrathin films is considerably reducedtiPhase boundarie®APBs) and have been revealed by scan-

with respect to the bulk valuband (d) the local magnetic ning tunneling microcopy(STM).7 The first transmission
moments are out of plane in zero figd® electron microscopyTEM) pictures of APBs in epitaxial

In this article will discuss the extent to which the devi- magnetite films, which allow the determination of the APB

. . 2 .
ating behavior of thin F©, films is related to an antiphase density, were reported by Margulies al.” for a 50 nm thick
domain structure, as has been suggested recehtly.

II. ANTIPHASE DOMAINS AND MAGNETISM

Fe;O, grows epitaxially on Mg@L00) by virtue of a
very close match of the anion sublattices. The cation sublat-
tice of this inverse spinel structure, however, is much more
complex. Only half of the octahedréB) sites in the cubic
close packed anion sublattice are occupied by equal amounts
of Fe* and Fé" ions. One eighth of the tetrahedréd)
holes are occupied by Fe ions. This is accomplished in
such a way that the lattice constaatis twice that of the
anion sublattice, 8.397 A. The first step in a layer-by-layer
growth mechanism, which is adopted by molecular beam ep-
itaxy (MBE)-grown FeQ,,” is the formation of nuclei, fol-
lowed by growth and eventual coalescence of two-
dimensional(2D) islands into a closed layer. Whereas the . . . . )

. . . . . FIG. 1. Two main types of anti-phase domains form, if a layer of spinel,
r_esu_ltlng oxygen S,Ublattlce IS Contmuou,s’, the Cat'on_ SUbIatéuch as magnetite (E®,), grows epitaxially on a rock salt substrate such as
tice in most cases is not, because the origin of the unit cell ofigo, i.e., domains which are related to a reference domain by in-plane and
each island randomly starts at eight inequivalent positionsout-of-plane shift vectors. An example of each type is shown in the drawing.
Neighboring islands are related by shift vectora’(ﬂmo) or Only APBs yvith out-of-plane shift veptors are vi_sibI(_e in the TEM picture. A

. . . . . ..characteristic of the out-of-plane shifted domains is that the rows of octa-
combinations thereof. A p055|ble choice of mdepe@ent Shl1iedrally coordinated cations in atomic layers on the same level are oriented
vectorsR is 1/4a[0,0,0] (no shify, 1/4a[110], 1/4a[110], perpendicular to each other.

@o e:rpr Orn OM

0021-8979/99/85(8)/5291/3/$15.00 5291 © 1999 American Institute of Physics

Downloaded 01 Sep 2011 to 131.155.151.8. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



5292 J. Appl. Phys., Vol. 85, No. 8, 15 April 1999 Hibma et al.

600 [

(kA/m)
400 [

200

%% o 20 40

—» H (kOe)

FIG. 2. TEM picture of an F®, layer. The 200 nm film was grown by FIG. 3. The fit of Eq.(2) to describe the approach to saturation of the
oxygen-MBE and prepared by ion-beam milling after removal of most of themagnetization loop of a 30.5 nm &, film grown on MgO(100) by MBE.
substrate by abrasion. The fringed dark bands are APBs with out-of-plan&he drawn line corresponds to the fit.

shift vectors. The thin black lines are tlforbidden) APBs with in-plane

shift vectors.

ions. The coupling betweeB-site cations is effectively fer-
sample grown by sputter deposition at 500 °C, showing ortomagnetic. At most APBs, however, a new and strong
average 27.5 nm wide domains. Figure 2 shows a TEM picCnteraction betwee-site cations becomes important, i.e., a
ture of a 200 nm thick sample grown at Philips Research b1 80° super exchange interaction. Margulésal. argue that
oxygen-MBE on Mg@100) at 225 °C and prepared for TEM the APB may become immobile magnetic domain walls. A
by ion-beam milling of a thinned sample from the substratemagnetic field can only decrease the width of these pinned
side. The TEM picture was made using a Philips EM400domain walls, making it very hard to fully saturate the film.

TEM at 120 kV. The most prominent features of the pictureThe reduction of the magnetization by these domain walls is
are the dark curved bands, sometimes showing a couple of
AM=p,y/H, D

fringes, which were identified as APBs by tilting experi-
ments. The picture was taken using a number of diffractiorp,, being the APB density and the external magnetic field.
beams in the center of reciprocal space. Apart from(@®)  In a simple modé*°the domain wall energy per unit area
beam, spinel-specifi¢220; beams were also included. The can be calculated, assuming an AF coupling across the do-
condition for a high contrast of the APB with respect to themain boundary and neglecting magneto-crystalline anisot-
ordered domains is th&.g#n, wheren is an integer and  ropy,

the reciprocal lattice vector of the diffraction beam used to _ _

make the picturé.For a(220) beam this condition implies AM=Cpy(AMs/H) =M bH % @

that only the APBs for out-of-plane shift vectors can be ob-whereA is the exchange stiffness constat; is the satura-
served. The dark bands, therefore, are APBs with shift vection magnetization, an@ is a constant. Equatiof2) consti-

tors of the type 1/4[011]. In addition to the strong contrast tutes a direct relation between the APB density and the satu-
features, some narrow faint lines are visible. These lines armation behavior. If the low density of APBs found in the
most likely related to anti-phase boundaries as well, becaussample of Fig. 2 is representative for our samples, it follows
they connect kinks in the dark bands. They probably correthat saturation should be reached much faster than in the
spond to the “forbidden” in-plane APBs. A striking differ- samples of Refs. 1 and 2. Inspection of previously published
ence between Fig. 2 and the TEM pictures of Marguliesdatd"*! confirms this conclusion. A fit of Eq2) to the mag-

et al.is the very different APB density. From Fig a bound- netization data for the 30.5 nm sample grown by
ary length per unit area of 6810 3 nm ! is determined, NO,-assisted MBE of Ref. 11 gives, for instance, a value for
which corresponds to an average domain size of about 300 of 4.6 (Oe)*2 This fit is given in Fig. 3. Care should be
nm. Only out-of-plane APBs were considered in order toexercised with the interpretation of this value, as small
compare our results with the number determined for sputehanges in the fitteM ¢ value easily give a 30%—-50% varia-
tered samples, which is an order of magnitude lov@#.5 tion in b. A similar value of 8.8(0e)*? is reported for a 30
nm).2 This large difference is probably connected to the verynm sample grown by oxygen MBE. These values are
different preparation conditions, which leads to a very differ-smaller than the values, which can be deduced from the data
ent nucleation density of F®, islands. Our sample was of Ref. 2 for 500 nm thick samples. However, the difference

made by oxygen-MBE at 225 °C, whereas Margukgsal.  is not an order of magnitude as expected based on the above
used sputter deposition at a very high substrate temperatureodel.
of 500 °C. Similarly, a variation in the APB density with growth

An important consequence of the existence of shiftednay account for the difference in tiv value at 4400 kA/m
structural domains is the drastic change of the local magnetibetween [111] and [100] oriented FgO,/CoO bilayers,
coupling at the APE: In bulk magnetite the dominating which in some cases were grown simultaneodh. For
magnetic coupling is the antiferromagnetiF) superex- [100] oriented bilayers the observelly at 5 K is 476
change interaction between neighboriAg and B-site cat-  +49 kA/m,** whereas this value is only 3620 kA/m for
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simultaneously growh111] oriented bilayers. A difference is striking, as shape anisotropy is expected to confine the
in nucleation behavior between growth on a neutralmagnetic moments to the plane of the film. It is likely that
CoQ(100) surface and a polar Cd®11) surface and the en- this phenomenon is related to the APB as well. To reduce
suing difference in APB density seems a natural explanationpagnetostatic interaction, antiferromagnetically coupled
as it was verified that stoichiometric &, was grown'>1® neighboring spins at the boundary will prefer to be parallel to
The actual nature of the magnetic coupling over the APBthe out-of-plane APB. On the other hand, the same pair of
will be undoubtedly much more complicated than suggestedntiparallel spins likes to be perpendicular to a local mag-
by the simple model cited above. Since the boundaries areetic field. In the absence of an external magnetic field this
formed during the coalescence of islands, the APBs willwill be the in-plane anisotropy field. To satisfy both require-
have curved shapes and little preferred orientation, as is evinents simultaneously, the spins at and close to the boundary
dent from Fig. 1. In addition, the cation structure near thewill point in out-of-plane directions.
boundaries is likely to be rather disordered. A perfect APB,
obtained by termmatmg domains having an ordered .sp|ne|I”. CONCLUSIONS
structure at a straight boundary, usually will be chemically
unstable due to charge pileup. Therefore, one could expect TEM images show that APBs also occur in MBE-grown
that in general the cations will be redistributed to achievesamples. However, the domain boundary density is much
local charge neutrality. As stated in the beginning of thislower than in sputtered films, due to differences in prepara-
section, at the APB a new type of magnetic interactiontion conditions. The slow saturation behavior and the super
comes into play, i.e., an antiferromagnetic, oxygen mediateggaramagnetism of ultrathin layers can both be understood, if
180° super exchange coupling betwdgaite ions. This sug- it is assumed that the magnetic coupling at the APB is dis-
gests that the coupling between neighboring domains will beurbed. The coupling strength must be reduced by one to two
antiferromagnetic as well. However, the local spin arrangeorders of magnitude in order to explain the low barriers for
ment will be largely frustrated due to the above mentionedhe fluctuation of the super paramagnetic domains. It is sug-
disorder, and the overall effective coupling between neighgested that the APBs are disordered over a finite width, lead-
boring domains will be strongly reduced. The motional nar-ing to a noncollinear and strongly reduced coupling. Al-
rowing of the Mmsbauer spectra of ultrathin laydis8 and  though it seems evident that the APBs are responsible for
3.5 nm in fact indicates that the domains are effectively most of the anomalous behavior of thinsBg films, further
decoupled from one anoth&Also, samples as thick as 5 nm investigations are necessary to confirm this relationship and
and magnetized at oW, loose their remanent magnetization to uncover the real nature of the magnetic structure of the
completely when heated to room temperature. This behaviohPBs as well as the growth related factors determining the
has been explained by assuming superparamagnetic behavigBP density.
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