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Fe3O4 films were grown on Si,̂100& and^110& MgO, ^111& MgAl2O4, and^0001&Al2O3 by reactive sputter
deposition. X-ray diffraction and TEM studies of the films grown on MgO show they are uniformly strained
epitaxial single crystal specimens. Conversion electron Mo¨ssbauer spectroscopy~CEMS! spectra for films on
all substrates show the presence only of the stoichiometric Fe3O4 phase, and values for the hyperfine fields and
isomer shifts of theA and B sites consistent with bulk Fe3O4. However, the CEMS spectra exhibit an
anomalous out-of-plane moment distribution, although the moments are expected to be in the plane of the film
due to the large shape anisotropy. Furthermore, the magnetization remains unsaturated in fields as large as 70
kOe, and torque measurements of films grown on MgO remain unsaturated at 21 kOe. The extrapolated values
for the anisotropy, derived from torque curves taken both in and out of the film plane, are much smaller than
that required to cause the lack of saturation in high fields and the anomalous CEMS spectra, and are fairly well
explained as a combination of crystalline, magnetoelastic, and shape anisotropy of bulk single crystal Fe3O4

subjected to in-plane tensile stress. The magnetoelastic anisotropy derived for ideal epitaxial Fe3O4 films
grown on^100& and^110& MgO, using bulk values for the magnetostriction and elastic constants, agrees well
with values determined experimentally. A comparison of films with thicknesses ranging from 0.01 to 6mm
indicates the anomalous behavior to be a volume, as opposed to a surface, effect. The anomalous behavior is
exhibited in films grown on other substrates and by other techniques~evaporation and molecular beam epi-
taxy!, and is independent of thickness and deposition conditions. It appears to be an intrinsic property of all
Fe3O4 films. Possible origins of this behavior are discussed.

INTRODUCTION

The scientific and technological interest in the spinel iron
oxide system has led many investigators to examine the mag-
netic properties and growth of Fe3O4 on a variety of sub-
strates using several deposition methods.1–11Growth on sili-
con substrates results in polycrystalline films.8,10 Growth on
^0001& Al2O3,

6 ^100& MgO,1–6,9,11and ^110& MgO, ~Refs. 4
and 5! results in highly oriented or epitaxial films. Fe3O4
grows with ^111& orientation on̂ 0001& Al2O3, and with the
same orientation as the substrate when grown on MgO.
Fe3O4 and MgO both crystallize with their oxygen atoms in a
face-centered-cubic~fcc! crystal lattice, with the distances
between rows of oxygen atoms along the^100& directions
being 2.106 Å for MgO and 2.099 Å for Fe3O4. The close
structural match between MgO and Fe3O4 suggests that MgO
is a good substrate choice for the growth of epitaxial single
crystal Fe3O4.

The observed magnetic properties of Fe3O4 films are,
however, puzzling. The magnetization measured in the film
plane for Fe3O4 films grown on silicon8 by reactive rf sput-
tering was unsaturated above 15 kOe, whereas the magneti-

zation is expected to saturate near the anisotropy fieldHK of
bulk Fe3O4, ;310 Oe.12 Moreover, the presence of a similar
anomalous behavior was also observed in oriented Fe3O4
films grown on MgO by dc reactive sputtering,4 as well as in
oriented films grown on Al2O3 and MgO by evaporation.6

This paper discusses the structural and magnetic properties
of Fe3O4 films with a focus on characterizing the anomalous
behavior. The unsaturated magnetization at high fields does
not appear to be a surface, but rather a volume effect. This
behavior is present in both the polycrystalline films grown on
Si and the single crystal films grown on MgO. Torque curves
measured both in and out of the plane of films grown on
MgO are unsaturated at 21 kOe. However, the extrapolated
values of the anisotropy constants are much less than the
magnitude which would be needed to cause the lack of satu-
ration of the magnetization. Furthermore, the extrapolated
anisotropy is fairly well explained as a combination of crys-
talline, magnetoelastic, and shape anisotropy of bulk single
crystal Fe3O4 subjected to in-plane tensile stress. The anoma-
lous behavior seems to be an intrinsic property of Fe3O4
films which is apparently independent of deposition tech-
nique.
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EXPERIMENTAL PROCEDURES

Fe3O4 films were deposited onto polished^111& MgAl2O4
spinel, ^100& and ^110& MgO, Si, and^0001& a-Al2O3 sub-
strates using dc magnetron reactive sputtering from an Fe
target with 99.95% purity in an Ar-O2 gas mixture. The sub-
strates were fixed to a copper plate which was attached to a
heater. A thermocouple attached to the copper plate on the
same side as the substrates determined the substrate tempera-
ture. The substrates were preheated for 1 h at 500 °C, in a
background pressure near 331027 torr, before deposition at
500 °C. Following deposition, first the O2 and then the Ar
gas flow was shut off and the samples were cooled to near
room temperature in vacuum. During deposition the Ar pres-
sure was adjusted to 2.00 mtorr and the current was con-
trolled at 0.250 A. The O2 pressures, deposition rates, and the
target-to-substrate distances for the films discussed in this
study are listed in Table I. Samples will be identified by the
labels listed in this table. Other samples evaluated included a
bulk single crystal Fe3O4 specimen grown from the melt by
Dr. F. Bruni at Oak Ridge National Labs, and a 1mm film

grown via molecular-beam epitaxy~MBE! by Lind et al..1–3

Thicknesses of films under 600 Å were measured by low
angle x-ray diffraction.13 This established the deposition rate
which was used to determine the thickness of the other films
in the series with an uncertainty estimated to be;1%. A
Dektak profilometer, calibrated with;0.4 mm films, was
used to determine the thickness of the;6 mm films. Uncer-
tainties in the film areas were estimated to be less than 1%.

Magnetization data were taken with a superconducting
quantum interference device~SQUID! magnetometer, which
was calibrated using Pd and Ni standards. Corrections were
made for the deviation of the sample size from a point
source. Including this correction, and sample remounting, the
estimated uncertainties in the magnetic moments are;1%.
The susceptibilities of blank̂100& MgO, ^110& MgO, and Si
substrates, with;0.2 mm thicknesses, were measured and
their magnetic signals were subtracted from the magnetiza-
tion data. The standard deviation obtained from the measured
susceptibilities of three blank̂100& MgO substrates was
1.1%. This is considered to be the uncertainty in the back-

TABLE I. Deposition conditions of the samples listed and relevant characterization parameters. Films with the same number and letter
label were grown during the same deposition, while films with only the same number label were grown consecutively. Listed parameters
include the O2 pressure during depositionP~O2!, the deposition rateR, the substrate to target distanced, the film thicknesst, the
magnetization at 70 kOeM , the Verwey transition temperatureTv ~which is measured along the^100& direction for both thê100& and^110&
oriented samples!, the anisotropy constantsK1 andKu measured at 21 kOe, the Mo¨ssbauer polarizationp, and the effective angleueff
calculated fromp. For the measurements ofTv , the majority of the change in the magnetization generally takes place over a 1 K temperature
range. If the decrease in the magnetization takes place over a 2–4 K region thenTv is designated by ‘‘* ’’ and if the decrease in the
magnetization takes place over a;10 K region thenTv is designated by ‘‘** .’’ The uncertainties in the last digit forp andueff are given in
parenthesis next to the values. The measuredp andueff parameters for the MBE grown film are also listed. The value forueff for the film
grown by evaporation is taken from Ref. 6.

P~O2!
~mtorr! Substrate

R
~Å/min!

d
~cm!

t
~Å!

M
~emu/cc!

Tv
~K!

K1
~104 ergs/cc!

Ku

~105 ergs/cc! p
ueff

~deg!

1a 0.09 ^100&MgO 123 13 4280 465 115.5 27.76 0.71~2! 46.4~5!

1b 0.09 ^100&MgO 123 13 1610 468 110.5 26.30 0.79~1! 48.8~3!

1c 0.09 ^100&MgO 123 13 540 431 108.0* 24.20 1.00~2! 54.8~6!

1d 0.09 ^100&MgO 123 13 134 422 92** 22.42
1a 0.09 ^110&MgO 123 13 4280 450 116.5 23.84 1.57~3! 69.7~9!

1b 0.09 ^110&MgO 123 13 1610 477 24.91 1.58~2! 70.0~4!

1c 0.09 ^110&MgO 123 13 540 438 111.0* 25.19 1.60~2! 70.7~7!

1d 0.09 ^110&MgO 123 13 134 392 98** 23.80
2a 0.12 ^100&MgO 80 13 3000 472 111.7 26.93 0.96~2! 53.7~5!

2b 0.12 ^100&MgO 80 13 1500 112.0 27.46
2c 0.12 ^100&MgO 80 13 500 449 102.0* 26.06 1.06~2! 56.4~6!

3a 0.12 ^100&MgO 103 13 4520 470 113.5 28.85 0.74~2! 47.3~5!

3b 0.12 ^100&MgO 103 13 132 414 24.08
3b 0.12 ^110&MgO 103 13 132 451 23.20
4a 0.12 ^100&MgO ;138 13 6.63mm 437 107.5 23.77 0.94~1! 53.1~4!

4a 0.12 ^110&MgO ;138 13 6.63mm 453 110.0* 22.65 1.54~3! 68.9~7!

5a 0.12 ^100&MgO 67 18 3090 468 105.5 27.84
5a 0.12 ^111&MgAl2O4 67 18 3090 1.41~4! 55.6~4!

5a 0.12 ^0001&Al2O3 67 18 3090 1.07~1! 56.6~4!

6a 0.12 ^100&MgO 62 18 2500 454 102.0 26.45 0.88~1! 51.4~4!

6a 0.12 Si 62 18 2500 462 104.0* 1.03~1! 55.6~4!

Other growth techniques
MBE ^100&MgO 10000 120.5 0.76~4! 48~1!

Evaporation
~Ref. 6!

^100&MgO 1000 47.6
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ground subtraction. The diamagnetic contribution to the mea-
sured moment from the MgO at 70 kOe is almost four times
the ferrimagnetic contribution of a;130 Å film. Therefore,
the uncertainty in the absolute magnetization of the films,
one standard deviation, increased from 2% to 5% as the film
thickness decreased from;4000 to;130 Å. Field cooling
experiments were performed by first magnetizing the sample
at 70 kOe lowering to 10 kOe while still at 300 K, cooling to
10 K and increasing to the measurement temperature in the
10 kOe field, and then increasing the field to 70 kOe before
measuring magnetization versus field.

Torque magnetometer scans were taken at room tempera-
ture from u5290° to 460° and back to290° within a 20
min time period, whereu is the angle of the applied field
referenced to an arbitrary direction in the crystal. The torque
was calibrated using the shape anisotropy of a fine Ni wire.
The standard deviation in the torque calibration using three
wires of different lengths was 0.6%. The average of the
clockwise and counter-clockwise curves was used to deter-
mine Fourier transforms of the torque data. The sin 2u and
sin 4u terms used to calculate the anisotropy constants were
found to be reproducible to within 1%, including sample
remounting.

The conversion electron Mo¨ssbauer spectroscopy
~CEMS! measurements were performed using a flowing He-
methane gas detector at 296 K and zero applied field. The
source was57Co in Rh. The reported isomer shifts are rela-
tive to Fe metal, and the velocity was calibrated using Fe
metal.

Structural characterization included~1! symmetric Bragg
reflection x-ray-diffraction ~XRD! measurements~u-2u
scans! performed with a Rigaku diffractometer;~2! x-ray
rocking curve measurements~u scans! measured with a high
resolution x-ray diffractometer using Cu Ka1 radiation mono-
chromated by four Gê220& crystals;~3! high resolution TEM
studies of cross-section specimens prepared using the
Bravman-Sinclair method14 with ion milling at 77 K.

RESULTS

Structural characterization

We have completed an x-ray-diffraction study of the^100&
oriented film 1a and thê 110& oriented film 1b using a four-
crystal diffractometer. The details of this study will be re-
ported elsewhere and only a summary of the results are pre-
sented here. By studying the 800 reflection under different
geometries, as well as reflections of the form^840& and
^622&, specimen 1a was shown to be a single crystal with a
tetragonally-distorted unit cell@bulk Fe3O4 has the cubic spi-
nel structure with lattice parametera058.3967 Å~Ref. 15!#.
Taking an average from these various reflections, the lattice
parameter along the direction normal to the film plane is
8.3726~2! Å and the lattice parameters of the orthogonal in-
plane directions are both 8.4259~3! Å, where the uncertainty
in the last digit is enclosed in parentheses. The in-plane lat-
tice parameters are, within uncertainty, twice that of the
MgO substrate15 ~4.213 Å!. This established the coherent or
pseudomorphic growth of Fe3O4 on the MgO substrate,
which produces strain in the film. Broadening of the film
peaks was found to be small. For example, Fig. 1 shows a

representative rocking curve of the planes parallel to the film
surface. The full width at half maximum~FWHM! of the
Fe3O4 800 reflection is 0.0112~5!°, while the FWHM of the
400 MgO reflection is 0.0055~1!°. Similar diffraction profiles
were found for the asymmetric reflections. The small breadth
of the film reflections indicates that thed spacing is rela-
tively uniform throughout the 4280 Å film, with little relax-
ation toward the bulkd spacing. Thê110& oriented film was
also found to be an epitaxial single crystal growing coherent
with the MgO, resulting in a tetragonal distortion, with little
peak broadening.

A cross section of thê100& oriented film 2b was studied
with high resolution transmission electron microscopy. A
representative micrograph is shown in Fig. 2. Other micro-
graphs obtained over a greater than 2mm region were simi-
lar. The diffraction pattern is consistent with an epitaxial
single crystal spinel Fe3O4 film. Analysis of the lattice
fringes also indicates a single crystal epitaxial film. The
Fe3O4/MgO interface appears relatively sharp.

d spacings normal to the film plane were measured using
u-2u scans. A discussion of these measurements on films
grown on MgO has already been presented elsewhere.4,5 The
lattice parameters for the films grown on Si,^0001& a-Al2O3,
and ^111& MgAl2O4, are 8.381, 8.386, and 8.372 Å, respec-
tively, as derived from the 311, the 444, and the 444 spineld
spacings normal to the film plane. The lattice parameters for
the ^100& and ^110& oriented 6.6mm films are 8.376 and
8.380 Å, respectively, as calculated from the 800 and 440
spineld spacings normal to the film plane. It is noteworthy
that thed spacings of the 6.6mm films have relaxed only
slightly toward the bulk value of 8.3967 Å. The uncertainty
in all these measurements is about60.002 Å. The XRD
spectra for the film grown on̂111& MgAl2O4 also exhibited
the 511 and 751 reflections of both the film and the substrate.
Qualitatively, these reflections were as intense and as sharp
as the 111 reflections indicating quite large substrate regions
having ^511& and ^751& orientations.

FIG. 1. Rocking curve of the symmetric 800 Fe3O4 and 400
MgO reflections for the film 1a grown on ^100& MgO. Du is the
difference between the measurement angle and the angle at which
the substrate reflection is at maximum intensity. The inset shows the
lower intensity region of the rocking curve to facilitate comparison
between the FWHM of the Fe3O4 and MgO reflections. The data are
the points and the line is the fit.
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Magnetization

High field in-plane magnetization data for various Fe3O4
specimens are shown in Fig. 3. The magnetization (M ) is
shown as the field (H) is increased to 70 kOe and then
decreased; no hysteresis at these fields is observed. The most
striking feature of the data is the lack of saturation of the
films in a 70 kOe field, regardless of substrate; in contrast,
the bulk single crystal sample saturates readily. The films are
expected to saturate near 310 Oe, the anisotropy field of bulk
Fe3O4. The bulk specimen is irregularly shaped, introducing
some shape anisotropy, which is probably why it does not
saturate untilH;2 kOe.

The approach to saturation at high fields was fit by the
equationsM5Ms(12a/H) andM5Ms(12b/H2) and was
found to be better described by the former. It is noteworthy
that the former field dependence ofM is attributed to defects
present in the material and the latter is attributed to crystal
anisotropy.16 The bulk value forMs is 471 emu/cc.17 By
extrapolation of the data in Fig. 3, we obtainMs values of

474, 474, 473, and 476 emu/cc for the films grown on Si,
^110& MgO ~^110& in-plane direction!, ^110& MgO ~^100& in-
plane direction!, and ^100& MgO ~^100& in-plane direction!,
respectively. Although the uncertainty in the absolute mag-
netization is 2%, the relative magnetization uncertainty be-
tween field points for the same sample is smaller than the
data point size in the figure, and the statistical uncertainties
~not shown! are smaller than the point size. The polycrystal-
line film grown on Si has the same high field behavior as the
single crystal film grown on̂100& MgO. The single crystal
film grown on ^110& MgO exhibits a slower approach to
saturation for both thê110& and ^100& in-plane directions
relative to the films grown on Si and̂100& MgO, but the
high field behavior is qualitatively the same for these two
directions. No directional dependence in the high field sus-
ceptibility could be seen in the in-planeM2H curves mea-
sured by vibrating sample magnetometry~VSM! in applied
fields up to 24 kOe along many different crystallographic
directions. TheM2H curves measured perpendicular to the
film plane were unsaturated at 24 kOe. No time dependence
was observed for the high field magnetization.ss for the
bulk specimen in Fig. 3 is 9561 emu/g, which is slightly
larger than reported by Aragon.18 In Fig. 3 the saturation
magnetization of the bulk sample was normalized to 471
emu/cc to facilitate comparison with the films. TheM2H
curve for this specimen was taken along an unknown crystal
direction. Another important point is that the 1mm film
grown by MBE also exhibits a much slower approach to
saturation than the bulk specimen; for example, measure-
ments in our laboratory show the magnetization along an
in-plane^100& direction for this film reaches 92% of its ex-
trapolated value~476 emu/cc! at 10 kOe and 98% of its
extrapolated value at 70 kOe.

The approach to saturation as a function of temperature
for the 0.3mm film 5a grown on^100& MgO is shown in Fig.
4. For this sample the substrate used to measure the MgO
susceptibility as a function of temperature was the same sub-
strate on which the film was deposited. Therefore, the MgO
signal could be directly subtracted. The magnetization is
shown as the field is increased and then decreased. At high
fields these loops are closed within experimental uncertainty.
Although the 10 and 100 K data show a slightly slower ap-

FIG. 2. High resolution TEM
lattice image along â100& zone
axis of the Fe3O4 film 2b grown
on ^100& MgO. A selected area
diffraction pattern of the film is
shown in the upper right corner.

FIG. 3. Magnetization measured in the film plane as a function
of field for Fe3O4 films grown on Si~film 6a!, ^100& MgO (1a),
and ^110& MgO (1a). The crystallographic direction along which
the field is applied is indicated beside each film in the figure. The
bulk specimen is measured along an unknown crystal direction. The
magnetization axis is offset to facilitate observation of the high field
data. The lines are visual guides.
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proach to saturation than the higher temperature data, there is
no strong temperature dependence of the saturation behavior.
A strong temperature dependence might be expected if diffi-
culty in achieving saturation was due to magnetocrystalline
anisotropy.19 The temperature dependence ofMs for the
^100& oriented film 5a is qualitatively very close to that of
bulk Fe3O4. For example, the values ofM ~300 K!/M ~10 K!
for the bulk crystal and the film, whereM is the magnetiza-
tion value at 70 kOe, are 0.945~1! and 0.951~3!, respectively.

High field in-plane magnetization data at 300 K for films
with various thicknesses are shown in Fig. 5. The important
point of this figure is that the slow approach to saturation is
present in films of all thicknesses, with only a slight thick-
ness dependence observed. A decrease in the magnetization
at 70 kOe with decreasing thickness is indicated by the re-
sults summarized in Table I and Fig. 5. However, the ob-

served magnetizations at 70 kOe for all films measured are
within a range of 2–3 standard deviations, so the reality of
this decrease is at the limit of statistical significance. Finally,
the coercivity of thê 100& oriented films at 300 K was near
85 Oe for the;4500 Å films and increased with decreasing
thickness to near 150 Oe for the;130 Å films, while the
bulk specimen exhibits 065 Oe coercivity.

Conversion electron Mössbauer spectroscopy

CEMS spectra and the associated fits for the 4280 Å^100&
oriented film 1a and the 1610 Å̂110& oriented film 1b are
shown in Fig. 6. In Fe3O4, iron occupies two crystallo-
graphic sites which exhibit six Mo¨ssbauer lines each. The
tetrahedralA site contains only Fe31 ions and the octahedral
B site contains equal numbers of Fe21 and Fe31 ions. The
hyperfine fields, the isomer shifts, and the relative occupancy
of the A andB sites are derived from fits to the data. The
respective values of these parameters for theA andB sites in
bulk Fe3O4 are 491 and 462 kOe, 0.27 and 0.67 mm/s and
1:2.20 These values were obtained for all films listed in Table
I, within the uncertainty of62 kOe for the hyperfine fields,
60.01 mm/s for the isomer shifts, and 2% for the relative
occupancy. The variation in the measured value for the hy-
perfine fields partially results from variations in the solid
angle subtended by the absorber. It is noteworthy that no
superparamagnetic component is observed in the CEMS
spectra. This result, coupled with the temperature depen-
dence of the approach to saturation and structural character-

FIG. 4. Magnetization measured in the film plane along a^100&
direction as a function of field and temperature for the 0.3mm
Fe3O4 ~film 5a, Table I! grown on^100& MgO. For this specimen
the magnetization as a function of field and temperature for the
MgO substrate was measured before deposition on that substrate.
This background signal is directly subtracted. The magnetization is
shown as the field is increased and then decreased. At high fields
these loops are closed within experimental uncertainty. The lines
are visual guides.

FIG. 5. Magnetization measured in the film plane along a^100&
direction as a function of field and thickness for the series of Fe3O4
films 1a–1d ~Table I! grown on^100& MgO and the 6.6mm Fe3O4
film 4a grown on^100& MgO. The lines are visual guides.

FIG. 6. CEMS spectra for the 0.43mm Fe3O4 film 1b grown on
^100& MgO ~a! and the 0.16mm Fe3O4 film 1b grown on ^100&
MgO ~b!. The data~points! were taken at room temperature and in
zero applied field and the line is the fit.
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ization, eliminates the possibility that the lack of saturation
arises from superparamagnetic regions in the films.

The relative intensity of the lines in each sextet is given as
3:2p:1:1:2p:3, where the polarization p52 sin2u/
~11cos2u!, and u is the equivalent single orientation angle
between the magnetic hyperfine field and theg-ray direction;
p51 for three-dimensional random moment orientation,
p52 for in-plane moment alignment, andp50 for a perpen-
dicular moment alignment. A Fe3O4 thin film has a shape
anisotropy constant Ks52pM s

251.393106 ergs/cc
~HK52Ks/Ms55.9 kOe! ~Ref. 12! which is an order of
magnitude larger than the crystalline anisotropy. The mo-
ments should therefore lie in the plane of the film. However,
this is not observed in our Fe3O4 films of all thicknesses and
grown on different substrates, as is seen from Fig. 6 and
from Table I, where the values forp, as well as the effective
angles calculated fromp, are shown for all films studied.
Similar behavior is also observed in Fe3O4 films grown by
other deposition techniques~e.g., MBE and evaporation!, as
shown in Table I. The value forp was observed to be inde-
pendent of the magnetic history of the specimen. CEMS
spectra were measured at zero applied field on the^100&
oriented film 1d after ~1! applying a 24 kOe field in the film
plane,~2! applying a 24 kOe field perpendicular to the film
plane, ~3! dc demagnetization,~4! ac demagnetization; all
values forp were found to be the same.

Anisotropy

Figure 7~a! compares torque curves measured at 21 kOe
and room temperature within the film planes of the 4520 and
132 Å ^100& oriented specimens (3a,3b). For the~100! plane
of a cubic crystal the torqueL52(K1/2)sin 4u.

21 This sym-
metry is found in our̂ 100& oriented specimens@Fig. 7~a!#,
with ^110& being the easy directions4 within the film plane
which is of the form$100%, as expected for bulk Fe3O4. The
measuredK1 values for thê100& films 1a–1d are plotted in
Fig. 8~a! versus applied magnetic field. As with the magne-
tization data, the measured values forK1 remain unsaturated
in abnormally high fields. The highest unsaturated measured
values forK1 ~Table I! are approaching those of bulk Fe3O4
@K1521.1060.083105 ergs/cc~Ref. 17!#. For example, ap-
proximating the approach to saturation as being proportional
to 1/H, a value of21.03105 ergs/cc is obtained for film 1a.
However, there is a much stronger dependence on the film
thickness for both the magnitude and the field dependence of
K1 than for the magnetization; for the thinner filmsK1 is
more difficult to saturate in high fields and the magnitude is
smaller.

Figure 7~b! compares torque curves measured at 21 kOe
and room temperature within the film planes of the 4280 and
132 Å ^110& oriented specimens (1a,3b). For the^110& ori-
ented films, in-plane torque curves show that the expected
crystalline anisotropy is dominated by an anisotropy which
has a sin 2u functional form for the torque. In this case, the
film plane is of the form$110% ~in which the^110& and^100&
directions are orthogonal! and thê 110& direction is the easy
direction, while thê 100& is hard. Since the sin 2u functional
form for the torque is similar to a uniaxial anisotropy, we
label the anisotropy constant calculated from these torque
curves asKu . The largest value measured forKu is
25.193105 ergs/cc, corresponding toHK52.2 kOe, and the

negative value will be explained in the following section.Ku
is plotted as a function of thickness and field for the^110&
oriented films in Fig. 8~b!. As with K1 for the ^100& oriented
films, the measured values ofKu become more difficult to
saturate as the thickness decreases. Even though a sin 4u
crystalline term is not noticeably apparent in the torque
curves@Fig. 7~b!#, the Fourier transform of the curve for film
1a gives a sin 4u term which would correspond to21

K1524.69~1!3104 ergs/cc. However, the magnitude of this
sin 4u term is also strongly affected by the asymmetry of the
sin 2u term arising from lack of saturation. The significance
of the sin 4u term is therefore not clear and it will not be
considered further.

Out-of-plane torque curves were also measured such that
the plane of measurement included both a direction within
the specimen plane and a direction normal to the film sur-
face. The planes considered are illustrated in Fig. 9. For
^110& oriented specimens@Fig. 9~a!# the film surface is de-
fined as the~11̄0! plane and torque curves were measured
within the ~110! plane which contains the@11̄0# direction
normal to the film surface and the in-plane@001# direction;
measurements were also made within the~001! plane which
contains the@11̄0# direction normal to the film surface and
the in-plane@110# direction. For^100& oriented specimens
@Fig. 9~b!# the film surface is defined as the~001! plane and
torque curves were measured in the~11̄0! plane which con-

FIG. 7. Torque curves for Fe3O4 films 3a, 3b ~Table I! grown
on ~a! ^100& MgO and films 1a,1d ~Table I! grown on ~b! ^110&
MgO, respectively. The data were taken at room temperature and in
a magnetic field of 21 kOe. Both the clockwise and counter-
clockwise curves are shown and crystallographic directions are in-
dicated in the figure. In~b!, the curve for the bulk specimen was
calculated~Ref. 21! using the bulk values~Ref. 17! for K1.
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tains the@001# direction normal to the film surface and the
in-plane @110# direction; measurements were also made

within the ~010! plane which contains the@001# direction
normal to the film surface and the in-plane@100# direction.
All resulting torque curves exhibited sin 2u functional de-
pendence with the easy axis lying in the film plane, and were
unsaturated with a field dependence similar toKu of the
^110& oriented films@Fig. 8~b!#. Table II lists a summary of
the measured unsaturated and extrapolated values for the an-
isotropy constants, as well as calculated values described in
the next section.

The separations between the clockwise curves and the
counter-clockwise curves indicate the presence of rotational
hysteresis,Wr , in fields as high as 21 kOe. We further ob-
serve thatWr is a function of the rate of rotation of the
magnet~v! and was measured to decrease by;20% whenv
is changed from 231022 rad/sec to 831023 rad/sec. Also,
when the rotation is stopped the torque is observed to be time
dependent and the direction of the decay is dependent upon
the direction of rotation before the stopping point; the decay
direction is such as to decrease the separation between the

FIG. 9. Schematic representation of crystallographic orientation
of torque measurement planes. The specimen film planes are out-
lined with bold perimeters. The planes in which out-of-plane torque
measurements were made are shaded or ruled.~a! ^110& oriented
specimen; the direction normal to the film surface is defined as
@11̄0#. ~b! ^100& oriented specimen; the direction normal to the film
surface is defined as@001#.

FIG. 8. ~a! The measured values ofK1 as a function of field and
thickness for the series of Fe3O4 films 1a–1d ~Table I! grown on
^100& MgO. ~b! The measured values ofKu as a function of field
and thickness for the series of Fe3O4 films 1a–1d ~Table I! grown
on ^110& MgO. The values forK1 and Ku are derived from the
amplitude of the sin4u and sin2u components, respectively, of the
Fourier transform of the average of the clockwise and counter-
clockwise curves. The lines are visual guides.

TABLE II. A summary of measured, extrapolated, and calculated values of anisotropy constantK at 296 K from torque curves taken on
the ^110& and ^100& oriented Fe3O4 specimens grown on MgO~films 1a, Table I!. The extrapolated values~Kext! are determined by fitting
the approach to saturation of the measured values~Kmeas! with equationKmeas5Kext(12a/H). The tabulated measured values are deter-
mined from curves taken at 21 kOe. Also listed are the resulting anisotropy fieldsHK . The calculated anisotropy is an addition of
magnetocrystalline, magnetoelastic, and shape anisotropies of a Fe3O4 single crystal subjected to an in-plane tensile stress~see text!. All
terms represent anisotropy constants with sin2u dependence for the torque (HK5u2Ku/Msu) except those marked by ‘‘* ’’ which represent
the cubic magnetocrystalline anisotropy constantK1(HK524K1/3Ms).

12 The film plane is defined as the~11̄0! plane for^110& oriented film
and the~001! plane for thê 100& oriented film. The torque curves measured in the film plane are designated by ‘‘i ’’ and the curves measured
in planes orthogonal to the film surface are designated by ‘‘o.’’ For the out-of-plane torque curves the easy axis is always in the film plane,
and for the in-plane torque curves the easy axes are the^110& directions~see text!.

Film orientation Plane

Measured anisotropy Extrapolated anisotropy Calculated anisotropy

K
~105 ergs/cc!

HK

~kOe!
K

~105 ergs/cc!
HK

~kOe!
K

~105 ergs/cc!
HK

~kOe!

^110& ~11̄0!i 23.84 1.6 24.3 1.8 28.11 3.4
~001!o 17.4 7.4 21.2 9.0 27.3 11.6
~110!o 13.7 5.8 16.9 7.2 19.2 8.2

^100& ~001!i 20.776* 0.22* 21.01* 0.29* 21.1* 0.31*
~11̄0!o 11.7 4.96 13.0 5.52 11.2 4.75
~010!o 11.5 4.89 12.8 5.44 10.9 4.63
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clockwise and the counter-clockwise curves. No such behav-
ior was observed with the Ni calibration standard, showing
this phenomenon not to be an experimental artifact.

The presence of rotational hysteresis usually indicates the
presence of irreversible changes in the magnetization occur-
ring at the magnetic field of observation,22 but theM2H
curves of the films at 20 kOe are closed~Fig. 1!, even though
they are unsaturated, indicating no irreversible changes oc-
curring in the magnetization at that field. It has been
shown23–25 that bulk Fe3~12d!O4 specimens with small devia-
tions from stoichiometryd;331024, as will be indicated in
a later section may also be the case in the films, exhibit
magnetic after-effect phenomena at 300 K. The relaxation
which occurs is identified with jumps of Fe ions into vacant
sites of the Fe lattice, leading to a reorientation of the sym-
metry axis of the trigonally-distorted vacancies.25 Van
Groenou et al.26 derived the expected changes in torque
curves if magnetic aftereffect is occurring during torque
measurements and his model predicts the presence of a time
dependentWr at abnormally high fields similar to what is
observed in these films. This behavior may not be unique to
thin films of Fe3O4 which indicates that it may not be related
to the anomalous behavior.

Magnetoelastic anisotropy

The relatively large amount of strain present in the films
and the added anisotropy with sin 2u dependence for the
torque measured in thê110& oriented films suggests the im-
portance of magnetoelastic energy in the films. The anisot-
ropy arising from magnetoelastic energy or the strain can be
derived from the equation for the magnetoelastic energy,
Eme, which for a cubic crystal is given by the relation27

Eme52~3/2!l100s~a1
2g1

21a2
2g2

21a3
2g3

2!

23l111s~a1a2g1g21a2a3g2g31a3a1g3g1!.

~1!

Here,s is the stress,ai are direction cosines ofMs , gi are
the direction cosines ofs, andlhkl are the magnetostriction
coefficients. Thê100& and^110& oriented films are measured
to be under a tetragonal distortion with a compressive strain
normal to the film surface and tensile strain in the film plane.
Therefore, we will model the stress tensor of our system as
being composed of two orthogonal stresses in the plane of
the film with magnitudes such that the resulting strain is that
arising from perfect epitaxy of Fe3O4 on MgO.

The added anisotropy resulting from this stress model is
determined by the relationLme52dEme/du whereLme is the
torque arising from magnetoelastic energy, andu is the angle
betweenMs and a reference direction in the film plane. We
first consider thê 110& oriented specimens and define the
~11̄0! spinel plane as the film plane for our description of
how the torque varies asMs rotates in that plane. This par-
ticular choice places the orthogonal@110# and @001# direc-
tions in the film plane;s18 ands38 are the respective principle
stresses along these directions. We use the tensor relation
« i5si js j , wheresj is the stress tensor,«i is the strain tensor,
andsi j are the known17 compliances of bulk Fe3O4.

The calculation of the magnetoelastic anisotropy in the
~11̄0! spinel plane using the stress model described above

involves a transformation of coordinate systems.28When this
is accomplished the equations for the strains are

«185~s111s121s44/2!s18/21s12s38 , ~2!

«285~s111s122s44/2!s18/21s12s38 , ~3!

«385s12s181s11s38 , ~4!

where« i8 are the strains along the@110#, @11̄0#, @001# direc-
tions, respectively. The strains in the@110# and @001# direc-
tions,«18 and«38 , respectively, are now set equal to the strain
which would result along the in-plane directions if Fe3O4
were growing epitaxially on MgO~«510.00349!. This per-
mits calculation ofs18 ands38 . Using this result, and bulk
values for the magnetostriction constants,17 the anisotropy
resulting from the strain for the desired measurement plane is
obtained.4

The added anisotropies in the~11̄0!, ~001!, and ~110!
planes arising from magnetoelastic coupling are calculated to
have sin2u dependences for the torque in each of the planes
with the following magnitudes:

~3/4!s18~l1002l111!2~3/2!l100~s182s38!

528.113105 ergs/cc, ~5!

u~3/2!l111s18u51.333106 ergs/cc, ~6!

u~3/4!s18~l1001l111!2~3/2!l100~s182s38!u

55.233105 ergs/cc. ~7!

The correspondingHK values are 3.4, 5.7, and 2.2 kOe. The
easy axes for the torque curves in the above planes are along
the in-plane directions@110# for the~11̄0! plane,@110# for the
~001! plane, and@001# for the ~110! plane. For the~11̄0!
plane, the negative value ofKu , which is determined from
the magnetoelastic energy equation, signifies that@110# is the
easy direction; ifKu were greater than zero then the orthogo-
nal @001# direction would be easy.4 The shape anisotropy
term 2pM s

251.393106 ergs/cc must be included in out-of-
plane torque curves. Therefore, with the addition of 2pM s

2

to Eqs.~6! and~7!, the calculated magnitudes for the anisot-
ropy constants in the~001! and ~110! planes are 2.733106

ergs/cc ~HK511.6 kOe! and 1.923106 ergs/cc ~HK58.2
kOe!, respectively.

For the^100& oriented film, it was shown4 that applying a
similar model of stress~i.e., two in-plane orthogonal stresses
along the^100& directions! results in no induced anisotropy
in the plane of the film. However, an additional anisotropy is
present in out-of-plane measurements, which include the
^100& direction normal to the film surface and any direction
within the film surface. This anisotropy has sin2u depen-
dence for the torque and is derived in a man-
ner similar to that described for the^110& oriented film. It has
a magnitudeu~3/2!l100su53.033105 ergs/cc~HK51.3 kOe!
with the easy direction being thê100& direction normal to
the film surface. Heres is the calculated stress along the
in-plane^100& direction. The calculated value for the anisot-
ropy constant measured in a plane including the direction
normal to the film surface and any direction in the film plane
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is 1.093106 ergs/cc~HK54.6 kOe! with a small difference
between the~11̄0! and the~010! planes from magnetocrys-
talline anisotropy.21

Some measured and extrapolated values, along with the
model calculation results, are summarized in Table II. The
agreement between the measured and calculated values, in
both magnitude and easy direction, is actually quite good
considering the many parameters involved in the calculation
of the magnetoelastic anisotropy and the assumptions made.
This strongly indicates that the differences in the direction-
ally dependent anisotropy between our films and an un-
strained single crystal film of bulk Fe3O4 are well explained
by an added magnetoelastic energy component. It appears
that the extrapolated and calculated magnetoelastic anisotro-
pies differ by less than a factor of 2, and the extrapolated
shape and crystalline anisotropy are fairly close to bulk val-
ues. Another point is that thê100& oriented films~with the
added perpendicular strain anisotropy! exhibit a tendency for
the moments in zero applied field to lie perpendicular to the
film plane ~with the CEMS parameterp;0.75!, and the
^110& oriented films~with the added in-plane strain anisot-
ropy! exhibit a tendency to have the moments lie in the plane
of the film ~p;1.6!. However, for both orientations, includ-
ing the magnetoelastic energy correction, the moments
should lie completely in the film plane.

Verwey transition

Stoichiometric Fe3O4 undergoes a structural change from
cubic to monoclinic29 below the Verwey transition near 121
K,30 which is accompanied by a change in the anisotropy.31

When Fe3O4 is cooled through the Verwey transition tem-
peratureTv in a small magnetic field, a sharp decrease in the
magnetization is observed.18 Figure 10 shows magnetization
as a function of temperature when the^100& oriented films
1a–1d are cooled in a constant field of 1 kOe applied in the
^100& direction within the film plane. The transition tempera-
ture for all films is lower than 121 K, decreases with film
thickness, and is almost unobservable in the 134 Å film. The
measured Verwey transition temperatures, as defined by the

maximum inudM/dTu, are shown in Table I for many of the
films discussed. The decrease inTv with film thickness was
observed in series 1 specimens~both orientations! and series
2 specimens. Thê110& oriented films had slightly higher
values ofTv than thê 100& oriented films grown at the same
time ~series 1!. In Table I one can see thatTv increased when
the substrate was positioned closer to the target~lowered
further into the plasma!, but further attempts at changing the
O2 pressure during deposition and the target-to-substrate dis-
tance did not increaseTv . The measuredTv for the bulk
single crystal specimen was 101 K.

It has been shown30 that slight deviations from stoichiom-
etry in bulk samples produce decreases inTv . For example,
for Fe3~12d!O4, Tv5115 K whend51.731023, andTv590 K
whend;131022. The deviation from stoichiometry associ-
ated with the reducedTv is generally associated with Fe21

vacancies on theB site.25 These vacancies exist in iron oxide
as it is oxidized from Fe3O4 through the berthollide
Fe3~12d!O4 phase tog-Fe2O3. The Fe3O4 films exhibit a de-
creasedTv which might indicate the presence of a small
fraction of vacancies. It must be noted that the strain present
in the films grown on MgÔ100& at 296 K is already larger
than the strain29 accompanying the structural change of bulk
Fe3O4 as the temperature is lowered throughTv . Therefore,
it may not be valid to compareTv of epitaxially constrained
films to theTv of bulk Fe3~12d!O4 and then infer the devia-
tions in stoichiometry.

It is possible that these putative cation vacancies are the
origin of all the anomalous magnetic behavior. We note,
however, that the bulk sample has a much lowerTv than the
film specimens, indicating the presence of a greater fraction
of vacancies than the films, yet this specimen is fully satu-
rated in high fields~Fig. 3!. Also, Aragon18 measured the
difference in magnetization at 10 kOe with values extrapo-
lated to infinite field, to be less than 1% for bulk specimens
with d as large as 631023. Furthermore, the film grown by
MBE, and indicated to be stoichiometric by measurements of
Tv ~see Table I!, exhibits the same anomalous moment dis-
tribution as measured by CEMS~Table I!, and also shows

FIG. 10. Magnetization measured along a
^100& in-plane direction at a constant field of 1
kOe as the temperature is decreased for the series
of Fe3O4 films 1a–1d ~Table I! grown on^100&
MgO. The sudden drop in the magnetization is
related to the Verwey transition. The lines are vi-
sual guides.
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similar lack of saturation of the magnetization at high fields
as do the sputtered films. Therefore, it does not appear that
cation vacancies are the origin of the anomalous behavior.
Considering how small the deviation from stoichiometry is
in these films, as indicated byTv , it appears as if the films
are actually very close to stoichiometric Fe3O4. The surface
and the interface may be nonstoichiometric, perhaps
‘‘non-Fe3O4’’ regions, which could partly be the cause of the
decrease ofTv with thickness.

Shifted loops

Figure 11 shows theM -H curves for thê 100& oriented
films 3a,3b after cooling to 10 K in a610 kOe magnetic
field from 300 K. When a film is cooled in a positive field the
M -H curve is shifted in the negative field direction; when a
film is cooled in a negative field theM -H curve is shifted in
the positive field direction. For film 3b this shift is 110 Oe
and the coercivity is 620 Oe, while for film 3a the shift is 7
Oe, and the coercivity is 575 Oe. Although the shift, relative
to the coercivity, is small for film 3a it is clearly observable
when the610 kOe field-cooledM -H curves are compared.
Other nominally 0.4mm films, which exhibit lower mea-
sured values forK1 and largerWr , have larger shifts at 10 K.
The shift disappears at;200 K. Similar behavior is also
observed at 10 K in the 6.6mm film. Field cooling experi-
ments with the bulk Fe3O4 sample resulted in no visible shift
in the loop, but the remanence ratio was only 1% and coer-
civity was 27~1! Oe.

Materials which exhibit shifts in their magnetization loops
at low temperatures when cooled in the presence of a mag-
netic field are usually associated with a system containing
two magnetic phases.32 Therefore, it is interesting that the
ordering temperature of FeO is 198 K. However, XRD,
CEMS, and TEM show the presence of only single phase
Fe3O4 so an FeO phase does not appear to be the origin of
the shift. Although the shift in the field-cooledM -H curve
decreases with increasing thickness, it does not disappear in
the 6mm films, so the shifted loop is not strictly a surface or
interface effect. Although the bulk specimen displayed no

shift in the field-cooledM -H curve, the specimen had a
much lower coercivity than the films, so the shift may not be
measurable. Rotational hysteresis, which is related to the
shifted loop mechanism,32 has been reported33 for natural
single crystals of Fe3O4 samples belowTv . Therefore, it is
not clear if the shift is found only in film specimens and
consequently may not be related to the anomalous behavior.

Other studies

This section discusses the results of growing films under
other conditions and the influence of subsequent heat treat-
ments, concentrating on̂100& oriented films with thick-
nesses of;0.3 mm. The magnetization values of single
phase Fe3O4 films grown at 650 and 100 °C were unsatur-
ated, and were lower at 70 kOe than the films described
above. Films within this temperature deposition range all ex-
hibit unsaturated magnetization at 70 kOe and quasirandom
moment distribution in the CEMS spectra. This indicates the
anomalous behavior is independent of substrate temperature.
A series of films were also grown at 500 °C with an 18 cm
target-to-substrate distance under conditions in which the O2
pressure was varied during deposition from 0.03 mtorr~re-
sulting in a mixture of Fe and Fe3O4!, to a pressure of 0.18
mtorr ~resulting ina-Fe2O3/Fe3O4 phase mixtures!. Although
these films indicated a dependence on the measured values of
K1 with P~O2!, the properties of films in the Fe3O4 single
phase region in this series were qualitatively all the same,
i.e., the magnetization was unsaturated and the CEMS spec-
tra exhibited near random moment distribution. This indi-
cates the anomalous behavior is present in the films indepen-
dent of the O2 pressure during deposition.

Post deposition heat treatments were also studied. One
Fe3O4 film was annealed in a moderately reducing, flowing
H2/H2O atmosphere at 350 °C for 1 h. No changes in the
approach to saturation, CEMS spectrum, orTv were de-
tected. Further reduction at 550 °C, under the same condi-
tions, resulted in Fe metal. Another film was annealed at
600 °C in a vacuum of 2310210 torr with no change in the
approach to saturation orTv . After annealing at 800 °C in

FIG. 11. The magnetization measured along
an in-planê 100& direction as a function of field
at 10 K for the Fe3O4 films 3a,3b ~Table I!
grown on ^100& MgO after the films have been
cooled in a field of610 kOe from 300 K. In the
figure theM -H curves after the110 kOe and
210 kOe field cool are labeled FC1 and FC2,
respectively. The curves extend to670 kOe~not
shown!. The lines are visual guides.
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the same vacuum, the magnetization remained unsaturated
and a further 20% reduction in the magnetization was ob-
served. CEMS spectra, sensitive to about the upper third of
the film, showed the presence of only the Fe3O4 phase, and a
u-2u XRD scan showed a 50% increase in the FWHM of the
symmetric 800 reflection. These results could arise from dif-
fusion of Mg from the substrate into the film. Annealing in
an O2/H2O atmosphere at 120 °C for 2 h resulted in no
change in the magnetic properties. Annealing under the same
conditions at 220 °C decreasedTv and the magnetization re-
mained unsaturated. In fact, preliminary results indicate the
anomalous behavior to be still present in films oxidized com-
pletely to theg-Fe2O3 phase. Annealing a 500 Å film at
500 °C and 2.00 mtorr of Ar for 5 h produced the quasiran-
dom CEMS polarization and only the Fe3O4 phase. It is un-
likely that any substantial diffusion occurred at the interface
since no other phases containing Fe were observed. Further-
more, the^100& oriented 134 Å film 1d was measured with
Auger spectroscopy and no Mg was observed at the film
surface with an upper limit of the Mg/Fe ratio estimated to
be;1%.

DISCUSSION

The magnetic properties of Fe3O4 films are obviously
anomalous. The magnetizations do not saturate in applied
magnetic fields as high as 70 kOe and the torque curves do
not saturate in applied magnetic fields of 21 kOe. Moreover,
the CEMS spectra show that the moments are not lying in the
film plane in zero applied field as expected from the shape
anisotropy field. However, the extrapolated values for all the
anisotropies with measurable directional dependence for the
films grown on MgO are much less than the magnitude of an
anisotropy which would be needed to cause these effects.
Moreover, the directionally dependent anisotropies agree in
symmetry, and reasonably well in magnitude, with the ex-
perimentally based model of a single crystal Fe3O4 subjected
to in-plane tensile stress, and shape anisotropy is the domi-
nant anisotropy. Furthermore, all of the Mo¨ssbauer param-
eters measured, such as the hyperfine fields, the isomer
shifts, and site occupancies, are consistent with the films be-
ing single phase bulk Fe3O4, and yet the anomalous behavior
of the films appears to be incommensurate with the param-
eters of bulk Fe3O4.

At this point it appears that several possible structural
origins of the anomalous behavior are not present. First of
all, we have yet to observe defects in the films grown on
MgO. Defects randomly distributed throughout the film
could conceivably be associated with a large anisotropy ran-
domly distributed throughout the film. A locally large, but
globally random anisotropy, could lead to a canting of the
moments and would be consistent with many of the magnetic
properties measured. A second possible structural origin is
the presence of antiphase boundaries which could result dur-
ing the epitaxial growth of Fe3O4 on MgO. Fe3O4 has twice
the unit cell size of MgO, even though it crystallizes with
approximately the same fcc oxygen lattice as MgO. There-
fore, if the Fe3O4 were growing by island nucleation, when
the islands grow together the correct stacking sequence of
the spinel structure could occur with the same probability as
the stacking sequence being half a unit cell out of phase. A

shift in the stacking sequence, i.e., antiphase boundaries,
would interfere with the normal exchange in Fe3O4 and
could lead to a canted spin structure which would be consis-
tent with the large saturation fields. Although these structural
defects have yet to be observed, we do not dismiss the pos-
sibility of their presence. We suspect that the anomalous be-
havior indeed has structural origins and we are continuing
our structural characterization of the films.

Another origin for a large anisotropy which could lead to
anomalously large saturation fields is magnetoelastic energy
from the strain in the film. However, our strain model for the
films grown on MgO seems to account very well for the
magnetoelastic anisotropy in these films, and the magnitudes
of the measured and calculated magnetoelastic anisotropies
are much smaller than those which would be needed to cause
the high saturation fields. Furthermore, no directional depen-
dence is observed for the high field behavior, yet a direc-
tional dependence is expected in the single crystal films. A
nonuniform strain could conceivably result in a large anisot-
ropy randomly distributed throughout the crystal or frustra-
tion in the exchange, leading to these behaviors, but from the
FWHM of the rocking curves the strain appears to be excep-
tionally uniform. Therefore, magnetoelastic anisotropy does
not appear to be the origin of the anomalous behavior.

The anomalous properties are present in all films mea-
sured and appear to be an intrinsic property of all Fe3O4
films. They are present independent of substrate and of depo-
sition conditions, as well as of some post deposition treat-
ments. There does appear to be a thickness dependence in
many of the properties, especially the measured anisotropy,
but the qualitative results appear not to show a thickness
dependence. Therefore, the anomalous behavior appears to
be principally a volume effect with a much smaller superim-
posed surface-related anomaly. Also, the properties of the
films grown by MBE and evaporation are similar to those of
these sputtered films.

Apparently, the origin of the anomalous behavior is the
same for the films grown on all substrates; it is the same for
polycrystalline and single crystal films. Since defects have
not yet been observed in the single crystal films, a similarity
between the polycrystalline and single crystal films is that
they are all under a considerable amount of strain and have
not relaxed to the bulk value even in the thickest films. This
may indicate that the strain is related to the anomalous be-
havior.

Two possibilities may be considered with respect to the
strain. First of all, the XRD measurements we have per-
formed are dominated by the iron lattice in the film. There-
fore, we do not know how the oxygen lattice is responding to
the strain. We are investigating the possibility of a distortion
in the oxygen lattice that may be the origin of the behavior in
the films. Although, qualitatively, the properties of the films
at grown at different oxygen pressuresP~O2! all exhibit the
anomalous behavior, we do measure a dependence of the
measured value ofK1 on P~O2! which could indicate the
presence of a feature in the oxygen lattice we have not ob-
served. Secondly, it not clear what effect the strain has on the
exchange in the film. It is conceivable that the tetragonal
distortion, or a further distortion in the oxygen lattice, has
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produced a noncollinear spin structure.34 The magnitude of
the effect, i.e., the fact that the film will not saturate in fields
larger than 70 kOe, seems to point toward exchange as the
origin.

One point which should be useful in modeling the prop-
erties of these films comes from the CEMS data. The distor-
tions in the films grown on the two orientations of MgO,
although both are tetragonal, lead to much different symme-
tries in the films. For instance, in â110& oriented film the
crystallographic axes of the film unit cell are no longer par-
allel to the crystallographic axes of the unstrained bulk unit
cell, while in a ^100& oriented film they are. In the CEMS
data the polarization values, which are determined by the
angles of the moments to the planes of the films, are much
different for the two orientations. The CEMS data are con-
sistent with the moments lying along specific crystallo-
graphic directions. For â100& oriented film there is â110&
direction with an angle of 45° to the surface and for a^110&
oriented film there is â110& direction with an angle of 60° to
the surface. Both of these angles are close to the effective
angles measured by CEMS for the respective films. How-
ever, considering the magnitudes of the directionally-
dependent anisotropies measured, we see no reason why the
moments should be lying in these specific directions. There-
fore, at least several directions are most probably involved.
However, the large difference in polarization between the
two orientations, and the similarity in the polarization for the
films grown on ^100& MgO by different deposition tech-
niques, may indicate that a specific spin structure or domain
structure is being attained in these films and that the moment
distribution is not a variation on a random distribution.

CONCLUSION

Fe3O4 films grown on MgO substrates by sputter deposi-
tion are epitaxial single crystal specimens. CEMS spectra
exhibit bulk values for the hyperfine fields, isomer shifts, and
relative occupancy of theA andB sites. However, magneti-
zation and torque curves remain unsaturated in large fields,
and CEMS spectra show an anomalous out-of-plane moment
distribution. Still, extrapolated values of all of the direction-
ally dependent anisotropies are consistent with the magneto-
crystalline, magnetoelastic, and shape anisotropies of Fe3O4
single crystals subjected to in-plane tensile stress, and the
magnitudes of these values are much less than that needed to
result in the unsaturated high field measurements. A struc-
tural defect which could produce this behavior has yet to be
observed and this behavior does not appear to be related to
magnetoelastic anisotropy. The anomalous behavior is
present independent of thickness, substrate, further heat
treatments, deposition conditions, and deposition technique,
and appears to be an intrinsic property of all Fe3O4 films.
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