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Fe;0, films were grown on Si{100 and(110 MgO, (111) MgAl,0,, and(000DAI,O; 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 electroissdauer spectroscopEMS) spectra for films on
all substrates show the presence only of the stoichiometg©Heghase, and values for the hyperfine fields and
isomer shifts of theA and B sites consistent with bulk £E®,. 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 cgBstal Fe
subjected to in-plane tensile stress. The magnetoelastic anisotropy derived for ideal epitgRjafilfes
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 0.0&rto 6
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 techni@egporation and molecular beam epi-
taxy), and is independent of thickness and deposition conditions. It appears to be an intrinsic property of all
Fe;0, films. Possible origins of this behavior are discussed.

INTRODUCTION zation is expected to saturate near the anisotropy fglaf
bulk Fe0,, ~310 Oe'? Moreover, the presence of a similar

The scientific and technological interest in the spinel ironanomalous behavior was also observed in orientegDfe
oxide system has led many investigators to examine the magiims grown on MgO by dc reactive sputterifigs well as in
netic properties and growth of §&, on a variety of sub- oriented films grown on AD; and MgO by evaporatiof.
strates using several deposition methtd$ Growth on sili-  This paper discusses the structural and magnetic properties
con substrates results in polycrystalline filfi8.Growth on  of Fe,O, films with a focus on characterizing the anomalous
(0001) Al,O3,° (100 MgO,~%%and (110 MgO, (Refs. 4  behavior. The unsaturated magnetization at high fields does
and 5 results in highly oriented or epitaxial films. &,  not appear to be a surface, but rather a volume effect. This
grows with(111) orientation on{0001) Al,O5, and with the  behavior is present in both the polycrystalline films grown on
same orientation as the substrate when grown on MgQOSi and the single crystal films grown on MgO. Torque curves
Fe;0, and MgO both crystallize with their oxygen atoms in a measured both in and out of the plane of films grown on
face-centered-cubiéfcc) crystal lattice, with the distances MgO are unsaturated at 21 kOe. However, the extrapolated
between rows of oxygen atoms along %00 directions values of the anisotropy constants are much less than the
being 2.106 A for MgO and 2.099 A for E®,. The close magnitude which would be needed to cause the lack of satu-
structural match between MgO and,;Bg suggests that MgO ration of the magnetization. Furthermore, the extrapolated
is a good substrate choice for the growth of epitaxial singleanisotropy is fairly well explained as a combination of crys-
crystal FgO,. talline, magnetoelastic, and shape anisotropy of bulk single

The observed magnetic properties of;Bg films are, crystal FgO, subjected to in-plane tensile stress. The anoma-
however, puzzling. The magnetization measured in the filmous behavior seems to be an intrinsic property of(e
plane for FgO, films grown on silicofi by reactive rf sput- films which is apparently independent of deposition tech-
tering was unsaturated above 15 kOe, whereas the magnetiique.
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TABLE |. 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 Q pressure during depositioR(O,), the deposition ratéR, the substrate to target distande the film thicknesst, the
magnetization at 70 kO#!, the Verwey transition temperatufe (which is measured along tH&00 direction for both th€100 and(110
oriented samplésthe anisotropy constant§; and K, measured at 21 kOe, the Mbauer polarizatiop, and the effective angl@
calculated fronp. For the measurements ©f , the majority of the change in the magnetization generally takes placendv temperature
range. If the decrease in the magnetization takes place over a 2—4 K regioil therdesignated by #” and if the decrease in the
magnetization takes place overd0 K region therT, is designated by #+.” The uncertainties in the last digit fqu and 6. are given in
parenthesis next to the values. The measyrechd 6, parameters for the MBE grown film are also listed. The valuedfgrfor the film
grown by evaporation is taken from Ref. 6.

P(O,) R d t M T, Ky Ky Ocst
(mtorr) Substrate (A/min)  (cm) A) (emul/cg (K) (10* ergs/cg  (10° ergs/cy p (de
la 0.09 (100MgO 123 13 4280 465 115.5 —7.76 0.712) 46.45)
1b 0.09 (100MgO 123 13 1610 468 110.5 -6.30 0.791) 48.83
1c 0.09 (100MgO 123 13 540 431 108%0 —4.20 1.002) 54.96)
1d 0.09  (100MgO 123 13 134 422 92 —-2.42
la 0.09 (110MgO 123 13 4280 450 116.5 —3.84 1.573) 69.719)
1b 0.09 (110MgO 123 13 1610 477 —-4.91 1.582) 70.04)
1c 0.09 (110MgO 123 13 540 438 111*0 -5.19 1.602) 70.17)
1d 0.09 (110MgO 123 13 134 392 9g —-3.80
2a 0.12 (100MgO 80 13 3000 472 111.7 —6.93 0.962) 53.715)
2b 0.12 (100MgO 80 13 1500 112.0 —7.46
2c 0.2 (100MgO 80 13 500 449 102¥0 —6.06 1.062) 56.46)
3a 0.12 (100MgO 103 13 4520 470 1135 —8.85 0.742) 47.35)
3b 012  (100MgO 103 13 132 414 —4.08
3b 0.12 (110MgO 103 13 132 451 —3.20
4a 0.12 (100MgO ~138 13 6.63um 437 107.5 =3.77 0.941) 53.14)
4a 0.12 (110MgO ~138 13 6.63um 453 110.6 —2.65 1.543) 68.97)
ba 0.12 (100MgO 67 18 3090 468 105.5 —7.84
ba 0.12 (11DHMgAI 0O, 67 18 3090 1.4¢4) 55.64)
5a 0.12 (000DAI,0O4 67 18 3090 1.0@) 56.64)
6a 0.12 (100MgO 62 18 2500 454 102.0 -6.45 0.881) 51.44)
6a 0.12 Si 62 18 2500 462 1040 1.031) 55.64)
Other growth techniques
MBE (100MgO 10000 120.5 0.78) 48(1)
Evaporation (100MgO 1000 47.6
(Ref. 6
EXPERIMENTAL PROCEDURES grown via molecular-beam epitaxBE) by Lind et al.}~3

Fe,0, films were deposited onto polishétill) MgAlLO, Th|ckness¢_as of fllrr:?? under 600_A were measur_e_d by low
spinel, (100 and (110 MgO, Si, and(0003) a-Al,0; sub- angle x-ray diffraction: Thl_s establls_hed the deposition rgte
strates using dc magnetron reactive sputtering from an F}Q/hlch was used_ to determine 'Fhe thlcl_<ness of the other films
target with 99.95% purity in an Ar-Ogas mixture. The sub- [N the series with an uncertainty estimated to -b&%. A
strates were fixed to a copper plate which was attached to @ektak profilometer, calibrated with-0.4 um films, was
heater. A thermocouple attached to the copper plate on trgsed to determine the thickness of thé um films. Uncer-
same side as the substrates determined the substrate tempdedpties in the film areas were estimated to be less than 1%.
ture. The substrates were preheated Ifch at 500 °C, in a Magnetization data were taken with a superconducting
background pressure neax 30’ torr, before deposition at quantum interference devi¢g€QUID) magnetometer, which
500 °C. Following deposition, first the ,Qand then the Ar was calibrated using Pd and Ni standards. Corrections were
gas flow was shut off and the samples were cooled to neanade for the deviation of the sample size from a point
room temperature in vacuum. During deposition the Ar pressource. Including this correction, and sample remounting, the
sure was adjusted to 2.00 mtorr and the current was corestimated uncertainties in the magnetic moments-atéo.
trolled at 0.250 A. The @pressures, deposition rates, and theThe susceptibilities of blankl00) MgO, (110 MgO, and Si
target-to-substrate distances for the films discussed in thisubstrates, with~0.2 mm thicknesses, were measured and
study are listed in Table I. Samples will be identified by thetheir magnetic signals were subtracted from the magnetiza-
labels listed in this table. Other samples evaluated included #ion data. The standard deviation obtained from the measured
bulk single crystal Fg, specimen grown from the melt by susceptibilities of three blankl0®® MgO substrates was
Dr. F. Bruni at Oak Ridge National Labs, and auin film 1.1%. This is considered to be the uncertainty in the back-
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ground subtraction. The diamagnetic contribution to the mea- 10000
sured moment from the MgO at 70 kOe is almost four times + Data
the ferrimagnetic contribution of &130 A film. Therefore, v —_Fit
the uncertainty in the absolute magnetization of the films, 8000
one standard deviation, increased from 2% to 5% as the film
thickness decreased from4000 to~130 A. 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 0
measuring magnetization versus field. 2000 )
Torque magnetometer scans were taken at room tempera- t
ture from §=—90° to 460° and back te-90° within a 20 0 AN
min time period, whered is the angle of the applied field -0.2 0 8 (d“egrees) 0.4 0.6
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 threqvIgo reflections for the film & grown on(100 MgO. A@ is the

i i 0 . .
wires (_)f different lengths Wa_s 0.6%. The average of thedlf'ference between the measurement angle and the angle at which
clockwise and counter-clockwise curves was used to detefpe sybstrate reflection is at maximum intensity. The inset shows the

mine Fourier transforms of the torque data. The firfBd  |ower intensity region of the rocking curve to facilitate comparison

sin 40 terms used to calculate the anisotropy constants wergetween the FWHM of the F®, and MgO reflections. The data are
found to be reproducible to within 1%, including sample the points and the line is the fit.

remounting.
The conversion electron Nsbauer spectroscopy
(CEMS) measurements were performed using a flowing He

methane gas detector at 296 K and zero applied field. Theurface. The full width at halfomax_imurfFWHM) of the
source wag’Co in Rh. The reported isomer shifts are rela- -804 800 reflection is 0.0112)°, while the FWHM of the

tive to Fe metal, and the velocity was calibrated using FH00 MgO reflection is 0.00%%)°. Similar diffraction profiles
metal. were found for the asymmetric reflections. The small breadth
Structural characterization indudéﬂ) Symmetric Bragg of the film reflections indicates that tha Spacing is rela-
reflection x-ray-diffraction (XRD) measurements(§-26 tively uniform throughout the 4280 A film, with little relax-
scan$ performed with a Rigaku diffractomete(2) x-ray ation toward the bulkl spacing. Thé€110 oriented film was
rocking curve measuremen(tg scang measured with a high also found to be an epitaxial single crystal growing coherent
resolution x-ray diffractometer using Cu,Kradiation mono-  with the MgO, resulting in a tetragonal distortion, with little
chromated by four G220 crystals;(3) high resolution TEM  peak broadening.
studies of cross-section specimens prepared using the A cross section of th€100 oriented film D was studied
Bravman-Sinclair methdd with ion milling at 77 K. with high resolution transmission electron microscopy. A
representative micrograph is shown in Fig. 2. Other micro-
graphs obtained over a greater thapr# region were simi-

800

6000

4000

Intensity (counts)

FIG. 1. Rocking curve of the symmetric 800 J8 and 400

representative rocking curve of the planes parallel to the film

RESULTS lar. The diffraction pattern is consistent with an epitaxial
o single crystal spinel R®, film. Analysis of the lattice
Structural characterization fringes also indicates a single crystal epitaxial film. The
We have completed an x-ray-diffraction study of thé0)  Fe0,/MgO interface appears relatively sharp.
oriented film & and the(110 oriented film b using a four- d spacings normal to the film plane were measured using

crystal diffractometer. The details of this study will be re- #-20 scans. A discussion of these measurements on films
ported elsewhere and only a summary of the results are prgrown on MgO has already been presented elsewhiFae
sented here. By studying the 800 reflection under differentattice parameters for the films grown on &001) a-Al,03,
geometries, as well as reflections of the fof8d0 and and(111l) MgAl,O,, are 8.381, 8.386, and 8.372 A, respec-
(622, specimen & was shown to be a single crystal with a tively, as derived from the 311, the 444, and the 444 spinel
tetragonally-distorted unit cefbulk Fe;O, has the cubic spi- spacings normal to the film plane. The lattice parameters for
nel structure with lattice parametag=8.3967 A(Ref. 15]. the (1000 and (110 oriented 6.6um films are 8.376 and
Taking an average from these various reflections, the lattic8.380 A, respectively, as calculated from the 800 and 440
parameter along the direction normal to the film plane isspineld spacings normal to the film plane. It is noteworthy
8.37262) A and the lattice parameters of the orthogonal in-that thed spacings of the 6.6im films have relaxed only
plane directions are both 8.4289 A, where the uncertainty slightly toward the bulk value of 8.3967 A. The uncertainty
in the last digit is enclosed in parentheses. The in-plane lain all these measurements is abati0.002 A. The XRD

tice parameters are, within uncertainty, twice that of thespectra for the film grown of111) MgAl,O, also exhibited
MgO substrat® (4.213 A). This established the coherent or the 511 and 751 reflections of both the film and the substrate.
pseudomorphic growth of E®, on the MgO substrate, Qualitatively, these reflections were as intense and as sharp
which produces strain in the film. Broadening of the film as the 111 reflections indicating quite large substrate regions
peaks was found to be small. For example, Fig. 1 shows having(511 and(751) orientations.
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FIG. 2. High resolution TEM
lattice image along &100) zone
axis of the FgO, film 2b grown
on (1000 MgO. A selected area
diffraction pattern of the film is
shown in the upper right corner.

Magnetization 474, 474, 473, and 476 emu/cc for the films grown on Si,

High field in-plane magnetization data for various,@g (110 MgO ({110 in-plane direction (110 MgO ({100 in-
specimens are shown in Fig. 3. The magnetizatibf) (s Plane direction, and(100» MgO ({100 in-plane directioj
shown as the fieldH) is increased to 70 kOe and then respectively. Although the uncertainty in the absolute mag-
decreased; no hysteresis at these fields is observed. The mbétization is 2%, the relative magnetization uncertainty be-
striking feature of the data is the lack of saturation of thetween field points for the same sample is smaller than the
films in a 70 kOe field, regardless of substrate; in contrastgata point size in the figure, and the statistical uncertainties
the bulk single crystal sample saturates readily. The films arénot shown are smaller than the point size. The polycrystal-
expected to saturate near 310 Oe, the anisotropy field of bullne film grown on Si has the same high field behavior as the
Fe;0,. The bulk specimen is irregularly shaped, introducingsingle crystal film grown o100 MgO. The single crystal
some shape anisotropy, which is probably why it does nofilm grown on (110 MgO exhibits a slower approach to
saturate untiH~2 kOe. saturation for both th€110 and (100 in-plane directions

The approach to saturation at high fields was fit by therelative to the films grown on Si an¢l00) MgO, but the
equationsM = M(1—a/H) andM =M (1—b/H?) and was high field behavior is qualitatively the same for these two
found to be better described by the former. It is noteworthydirections. No directional dependence in the high field sus-
that the former field dependenceMfis attributed to defects ceptibility could be seen in the in-plarid —H curves mea-
present in the material and the latter is attributed to crystasured by vibrating sample magnetome(SM) in applied
anisotropy:® The bulk value forMg is 471 emu/cé! By  fields up to 24 kOe along many different crystallographic
extrapolation of the data in Fig. 3, we obtaih, values of directions. TheM —H curves measured perpendicular to the
film plane were unsaturated at 24 kOe. No time dependence
was observed for the high field magnetizatien. for the
bulk specimen in Fig. 3 is 851 emu/g, which is slightly
larger than reported by Aragdfi.In Fig. 3 the saturation
magnetization of the bulk sample was normalized to 471
emu/cc to facilitate comparison with the films. Thé—H
curve for this specimen was taken along an unknown crystal
direction. Another important point is that the Am film

500

450

Magnetization (emu/cc)

400 ——Te,0, bulk grown by MBE also exhibits a much slower approach to
Iaibipgiacihag saturation than the bulk specimen; for example, measure-

150l -e-<1i03 Fe,0, ,<110> ] ments in our laboratory show the magnetization along an
~©-<110> Fe,0,, <100> in-plane (100 direction for this film reaches 92% of its ex-

trapolated valug476 emu/cg at 10 kOe and 98% of its

. . . . . , . extrapolated value at 70 kOe.

0 20 Field“‘zkm) 60 80 The approach to saturation as a function of temperature
for the 0.3um film 5a grown on(100» MgO is shown in Fig.

FIG. 3. Magnetization measured in the film plane as a functiorf- FOr this sample the substrate used to measure the MgO
of field for F&0, films grown on Si(film 6a), (1000 MgO (1a), susceptibility as a function of temperature was the same sub-
and (110 MgO (1a). The crystallographic direction along which Strate on which the film was deposited. Therefore, the MgO
the field is applied is indicated beside each film in the figure. TheSignal could be directly subtracted. The magnetization is
bulk specimen is measured along an unknown crystal direction. Thehown as the field is increased and then decreased. At high
magnetization axis is offset to facilitate observation of the high fieldfields these loops are closed within experimental uncertainty.
data. The lines are visual guides. Although the 10 and 100 K data show a slightly slower ap-
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FIG. 4. Magnetization measured in the film plane alond G0 104}
direction as a function of field and temperature for the Q8
Fe;0, (film 5a, Table ) grown on(100 MgO. For this specimen . 103]
the magnetization as a function of field and temperature for the g
MgO substrate was measured before deposition on that substrate. = ;4,1
This background signal is directly subtracted. The magnetizationis ~ §
shown as the field is increased and then decreased. At high fields & 4,1
these loops are closed within experimental uncertainty. The lines
are visual guides. 100l
proach to saturation than the higher temperature data, there is 99 =% s - o 55
no strong temperature dependence of the saturation behavior. Velocity (mm/sec)

A strong temperature dependence might be expected if diffi-
culty in achieving saturation was due to magnetocrystalline FIG. 6. CEMS spectra for the 0.48n FgO, film 1b grown on
anisotropy:® The temperature dependence M, for the (100 MgO (a) and the 0.16um F&O, film 1b grown on(100
(100 oriented film & is qualitatively very close to that of MgO (b). The data(pointg were taken at room temperature and in
bulk Fe,0,. For example, the values ® (300 K)/M (10 K)  zero applied field and the line is the fit.
for the bulk crystal and the film, whefd is the magnetiza-
tion value at 70 kOe, are 0.945 and 0.9513), respectively. served magnetizations at 70 kOe for all films measured are

High field in-plane magnetization data at 300 K for films Within a range of 2—3 standard deviations, so the reality of
with various thicknesses are shown in Fig. 5. The importanthis decrease is at the limit of statistical significance. Finally,
point of this figure is that the slow approach to saturation ighe coercivity of the(100 oriented films at 300 K was near
present in films of all thicknesses, with only a slight thick- 85 Oe for the~4500 A films and increased with decreasing
ness dependence observed. A decrease in the magnetizatiWckness to near 150 Oe for the130 A films, while the
at 70 kOe with decreasing thickness is indicated by the rebulk specimen exhibits 85 Oe coercivity.
sults summarized in Table | and Fig. 5. However, the ob-

Conversion electron Massbauer spectroscopy

500 ‘ ‘ ‘ , ‘ ‘ ‘ CEMS spectra and the associated fits for the 428000
oriented film 1a and the 1610 X110 oriented film b are
shown in Fig. 6. In FgO,, iron occupies two crystallo-

4601

B graphic sites which exhibit six Mmsbauer lines each. The

E tetrahedralA site contains only F& ions and the octahedral

< a0l B site contains equal numbers of#eand F&" ions. The

.§. hyperfine fields, the isomer shifts, and the relative occupancy

S a0 we.om | | of the A andB sites are derived from fits to the data. The

g -m-42804 respective values of these parameters forAlendB sites in

s “0-16104 bulk FeO, are 491 and 462 kOe, 0.27 and 0.67 mm/s and
340 P 1:22° These values were obtained for all films listed in Table

I, within the uncertainty of+2 kOe for the hyperfine fields,
+0.01 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
FIG. 5. Magnetization measured in the film plane along@o  angle subtended by the absorber. It is noteworthy that no
direction as a function of field and thickness for the series gbfe  SUperparamagnetic component is observed in the CEMS
films 1a—1d (Table ) grown on(100) MgO and the 6.6um FeO,  spectra. This result, coupled with the temperature depen-
film 4a grown on(100) MgO. The lines are visual guides. dence of the approach to saturation and structural character-

0 20 60 80

40
Field (kOe)
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ization, eliminates the possibility that the lack of saturation . .
arises from superparamagnetic regions in the films. (a)
The relative intensity of the lines in each sextet is given as

3:2p:1:1:2p:3, where the polarization p=2 sirfd/

(1+cos6), and ¢ is the equivalent single orientation angle 5

between the magnetic hyperfine field and $heay direction; s

p=1 for three-dimensional random moment orientation, 3 [ 17

p=2 for in-plane moment alignment, apd=0 for a perpen- E /L

dicular moment alignment. A E@% thin film has a shape g

anisotropy  constant K.=27M?2=1.39x10° ergs/cc &

(Hk=2KJ/M =5.9 kO¢ (Ref. 12 which is an order of =

magnitude larger than the crystalline anisotropy. The mo- T T

ments should therefore lie in the plane of the film. However, .5.0_<110><100> . .
this is not observed in our E@, films of all thicknesses and 4.0 :

other deposition techniqués.g., MBE and evaporationas
shown in Table I. The value fgp was observed to be inde-

grown on different substrates, as is seen from Fig. 6 and (b) —Bulk Fe,0,
from Table |, where the values fqr, as well as the effective :‘ggg‘&
angles calculated fronp, are shown for all films studied.
Similar behavior is also observed in §&& films grown by

™N

D

Torque/Volume ( 10° ergs/cc)

pendent of the magnetic history of the specimen. CEMS /\
spectra were measured at zero applied field on (i@ /
oriented film W after (1) applying a 24 kOe field in the film
plane,(2) applying a 24 kOe field perpendicular to the film T T
plane, (3) dc demagnetization(4) ac demagnetization; all <110> <100>
values forp were found to be the same. -4.00 50 50 370 360
Angle (degrees)
Anisotropy

Ei ¢ d at 21 kO FIG. 7. Torque curves for ®, films 3a, 3b (Table ) grown
d'gure @) compares .%r.q”f] C‘#{Veslmeasufreh a4520 %n (a) (100 MgO and films &,1d (Table ) grown on (b) (110

and room tem_perature W'F in the film planes of the an g0, respectively. The data were taken at room temperature and in
132 A(100 oriented specimens €33b). For the(100) plane

) ) D a magnetic field of 21 kOe. Both the clockwise and counter-
of a cubic crystal the torque= —(K,/2)sin 46." This sym-  |5cwise curves are shown and crystallographic directions are in-

metry is found in ouK100 oriented specimengFig. 7(@)],  gicated in the figure. Infb), the curve for the bulk specimen was
with (110 being the easy directiohsvithin the film plane  cajculated(Ref. 21 using the bulk value¢Ref. 17 for K.

which is of the form{100}, as expected for bulk 5©,. The

measured ; values for thg100 films 1a—1d are plotted in  negative value will be explained in the following sectitq,
Fig. 8(@ versus applied magnetic field. As with the magne-is plotted as a function of thickness and field for {140
tization data, the measured values forremain unsaturated oriented films in Fig. &). As with K, for the(100 oriented

in abnormally high fields. The highest unsaturated measurefilms, the measured values &, become more difficult to
values forK, (Table ) are approaching those of bulk &,  saturate as the thickness decreases. Even though & sin 4
[K;=—1.10+0.08x 10" ergs/cc(Ref. 17]. For example, ap- crystalline term is not noticeably apparent in the torque
proximating the approach to saturation as being proportionaturves[Fig. 7(b)], the Fourier transform of the curve for film
to 1H, a value of—1.0xX 10’ ergs/cc is obtained for filmd. ~ 1a gives a sin4 term which would correspond 1b
However, there is a much stronger dependence on the filr,=—4.691)x10* ergs/cc. However, the magnitude of this
thickness for both the magnitude and the field dependence ain 46 term is also strongly affected by the asymmetry of the
K, than for the magnetization; for the thinner fillks, is  sin 26 term arising from lack of saturation. The significance
more difficult to saturate in high fields and the magnitude isof the sin 4 term is therefore not clear and it will not be
smaller. considered further.

Figure Tb) compares torque curves measured at 21 kOe Out-of-plane torque curves were also measured such that
and room temperature within the film planes of the 4280 andhe plane of measurement included both a direction within
132 A (110 oriented specimens @13b). For the(110) ori-  the specimen plane and a direction normal to the film sur-
ented films, in-plane torque curves show that the expectefhce. The planes considered are illustrated in Fig. 9. For
crystalline anisotropy is dominated by an anisotropy whichk110 oriented_specimenfgFig. 9a)] the film surface is de-
has a sin 2 functional form for the torque. In this case, the fined as the(110) plane and torque curves_were measured
film plane is of the form{11G (in which the(110» and{100 within the (110 plane which contains thgl10] direction
directions are orthogonehnd the(110 direction is the easy normal to the film surface and the in-plaf@01] direction;
direction, while the(100 is hard. Since the sin@functional measurements were also made within b@1) plane which
form for the torque is similar to a uniaxial anisotropy, we contains thg 110] direction normal to the film surface and
label the anisotropy constant calculated from these torquéhe in-plane[110] direction. For(100) oriented specimens
curves asK,. The largest value measured fd¢, is [Fig. 9b)] the film surface is defined as tll@01) plane and
—5.19x10° ergs/cc, corresponding td,=2.2 kOe, and the torque curves were measured in t140) plane which con-
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4
Kl( 10" ergs/cc)

FIG. 9. Schematic representation of crystallographic orientation

-8 of torque measurement planes. The specimen film planes are out-
0 lined with bold perimeters. The planes in which out-of-plane torque
~e 1344 measurements were made are shaded or ri@d110 oriented
-o-540A specimen; the direction normal to the film surface is defined as
16104 [110]. (b) (100 oriented specimen; the direction normal to the film
-2f 42804 [ 1 surface is defined d901].

within the (010 plane which contains th€001] direction

normal to the film surface and the in-plafE0Q] direction.

All resulting torque curves exhibited sidZunctional de-

pendence with the easy axis lying in the film plane, and were

unsaturated with a field dependence similarkip of the

(110 oriented films[Fig. 8b)]. Table Il lists a summary of

the measured unsaturated and extrapolated values for the an-

isotropy constants, as well as calculated values described in

FIG. 8. (a) The measured values & as a function of field and  the next section.

thickness for the series of g&, films 1la—1d (Table ) grown on The separations between the clockwise curves and the

(100 MgO. (b) The measured values &f, as a function of field —counter-clockwise curves indicate the presence of rotational

and thickness for the series of J& films 1la—1d (Table ) grown  hysteresis\W, , in fields as high as 21 kOe. We further ob-

on (1100 MgO. The values forK; and K, are derived from the serve thatW, is a function of the rate of rotation of the

amplitude of the sind and sin@ components, respectively, of the magnet(w) and was measured to decrease-0% whenw

Fourier transform of the average of the clockwise and counteris changed from %10 2 rad/sec to &10 2 rad/sec. Also,

clockwise curves. The lines are visual guides. when the rotation is stopped the torque is observed to be time
dependent and the direction of the decay is dependent upon

tains the[001] direction normal to the film surface and the the direction of rotation before the stopping point; the decay

in-plane [110] direction; measurements were also madedirection is such as to decrease the separation between the

K.. (10° ergs/cc)

(b)

3 10 15 30 25
Field (kOe)

TABLE II. A summary of measured, extrapolated, and calculated values of anisotropy cddste@06 K from torque curves taken on
the (110 and(100 oriented FgO, specimens grown on Mg@ilms 1a, Table ). The extrapolated valug&.,, are determined by fitting
the approach to saturation of the measured vallgg.,d with equationK .o Kex(1—a/H). The tabulated measured values are deter-
mined from curves taken at 21 kOe. Also listed are the resulting anisotropy figldsThe calculated anisotropy is an addition of
magnetocrystalline, magnetoelastic, and shape anisotropies gfCa §iagle crystal subjected to an in-plane tensile stfesge text All
terms represent anisotropy constants with gid@pendence for the torquel=|2K,/M|) except those marked by** which represent
the cubic magnetocrystalline anisotropy constéptH = — 4K ;/3M).*? The film plane is defined as tfi&10) plane for(110) oriented film
and the(001) plane for the(100) oriented film. The torque curves measured in the film plane are designated &yd‘the curves measured
in planes orthogonal to the film surface are designateddy 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 aréltt® directions(see texk

Measured anisotropy Extrapolated anisotropy Calculated anisotropy
K Hy K Hy K Hy
Film orientation Plane (1C° ergs/ce (kO (10° ergs/cg (kO® (10° ergs/ce (kO
(110 (110)i -3.84 16 -43 18 -8.11 3.4
(0010 17.4 7.4 21.2 9.0 27.3 11.6
(1100 13.7 5.8 16.9 7.2 19.2 8.2
(100 (00D -0.77¢ 0.2 —-1.01* 0.29 -1.1F 0.31
(110)0 11.7 4.96 13.0 5.52 11.2 4.75

(0100 11.5 4.89 12.8 5.44 10.9 4.63
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clockwise and the counter-clockwise curves. No such behavnvolves a transformation of coordinate systéfhg/hen this
ior was observed with the Ni calibration standard, showings accomplished the equations for the strains are
this phenomenon not to be an experimental artifact.

The presence of rotational hysteresis usually indicates the £1=(S11+ 810+ S442) 01/2+ 515073, 2
presence of irreversible changes in the magnetization occur-
ring at the magnetic field of observatiéhput the M —H £5=(S11+ S1o— S442) 0112+ 515073, ®)]
curves of the films at 20 kOe are closgdg. 1), even though
they are unsaturated, indicating no irreversible changes oc- £4=S1,01+5110%, (4

curring in the magnetization at that field. It has been _
showrf*%that bulk Fg,_ 50, specimens with small devia- wheree| are the strains along tH&10], [110], [001] direc-
tions from stoichiometrys~3x10"%, as will be indicated in  tions, respectively. The strains in th&10] and[001] direc-
a later section may also be the case in the films, exhibitions,e; andej, respectively, are now set equal to the strain
magnetic after-effect phenomena at 300 K. The relaxationvhich would result along the in-plane directions if ;5g
which occurs is identified with jumps of Fe ions into vacantwere growing epitaxially on MgQs=+0.00349. This per-
sites of the Fe lattice, leading to a reorientation of the symmits calculation ofo; and o3. Using this result, and bulk
metry axis of the trigonally-distorted vacancf@sVan  values for the magnetostriction constahtshe anisotropy
Groenou et al”® derived the expected changes in torqueresulting from the strain for the desired measurement plane is
curves if magnetic aftereffect is occurring during torqueobtained* o
measurements and his model predicts the presence of a time The added anisotropies in th@10), (001), and (110
dependent, at abnormally high fields similar to what is planes arising from magnetoelastic coupling are calculated to
observed in these films. This behavior may not be unique tdave sin® dependences for the torque in each of the planes
thin films of FeO, which indicates that it may not be related with the following magnitudes:
to the anomalous behavior.
(3/14) 1 (N 105~ N 110 — (3/2)N 1o 01— 03)
Magnetoelastic anisotropy

=-8.11x10° ergs/cc, (5)
The relatively large amount of strain present in the films
and the added anisotropy with sif 2lependence for the |(3/2)N1140}| = 1.33x 10° ergs/cc, (6)
torque measured in th@10 oriented films suggests the im-
ortance of magnetoelastic energy in the films. The anisot- / _ o
Popy arising from magnetoelastic energy or the strain can be (31471100 M12) = (32 A s0d 71~ 073)]
derived from the equation for the magnetoelastic energy, =5.23x10° ergs/cc. (7)

E e, Which for a cubic crystal is given by the relatfén .
The correspondingfl ¢ values are 3.4, 5.7, and 2.2 kOe. The

Eme= — (32N 100 ( a2y + a3y2+ a3y3) easy axes for the torque curves in the above planes are along
me 10 v Tere e the in-plane directiongl10] for the (110) plane[110] for the
—3No(@razy1y,+ azazy,yst azarysys). (001) plane, and[001] for the (110 plane. For the(110)

(1) plane, the negative value f,, which is determined from
the magnetoelastic energy equation, signifies [th&| is the
Here, o is the stressg; are direction cosines d¥lg, v are  easy direction; iK, were greater than zero then the orthogo-
the direction cosines af, and\,, are the magnetostriction nal [001] direction would be easly.The shape anisotropy
coefficients. Thé100 and(110) oriented films are measured term 27M 2=1.39x10° ergs/cc must be included in out-of-
to be under a tetragonal distortion with a compressive straiplane torque curves. Therefore, with the addition af\2 2
normal to the film surface and tensile strain in the film planeto Eqgs.(6) and(7), the calculated magnitudes for the anisot-
Therefore, we will model the stress tensor of our system agopy constants in th€001) and (110 planes are 2.781C°
being composed of two orthogonal stresses in the plane afrgs/cc (H,=11.6 kO@ and 1.9%1C° ergs/cc (H,=8.2
the film with magnitudes such that the resulting strain is thakOe), respectively.
arising from perfect epitaxy of F®, on MgO. For the(100) oriented film, it was showhthat applying a
The added anisotropy resulting from this stress model isimilar model of stres§.e., two in-plane orthogonal stresses
determined by the relation,,.= —dE,,/d6 whereL . is the  along the(100 directions results in no induced anisotropy
torque arising from magnetoelastic energy, #ns the angle in the plane of the film. However, an additional anisotropy is
betweenM and a reference direction in the film plane. We present in out-of-plane measurements, which include the
first consider the(110 oriented specimens and define the (100 direction normal to the film surface and any direction
(110) spinel plane as the film plane for our description of within the film surface. This anisotropy has sihBepen-
how the torque varies &¥ ¢ rotates in that plane. This par- dence for the torque and is derived in a man-
ticular choice places the orthogornd10] and [001] direc-  ner similar to that described for tH&10) oriented film. It has
tions in the film planey; ando} are the respective principle a magnitudd(3/2)\;ov]=3.03x10° ergs/cc(Hx=1.3 kO@
stresses along these directions. We use the tensor relatiovith the easy direction being thd00 direction normal to
gi=S;j0;, whereg; is the stress tensa, is the strain tensor, the film surface. Herer is the calculated stress along the
ands;; are the knowh compliances of bulk F©,. in-plane(100) direction. The calculated value for the anisot-
_The calculation of the magnetoelastic anisotropy in theropy constant measured in a plane including the direction
(110) spinel plane using the stress model described aboveormal to the film surface and any direction in the film plane
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= 253 &-540A (100 in-plane direction at a constant field of 1
320 | 60 S%empe}g)?me (1%)20 | kOe as the temperature is decreased for the series

of Fe0, films 1la—1d (Table ) 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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is 1.09x10° ergs/cc(H,=4.6 kO8 with a small difference maximum in|dM/dT]|, are shown in Table | for many of the
between thg110) and the(010) planes from magnetocrys- films discussed. The decreaseTip with film thickness was
talline anisotropy* observed in series 1 specimei®th orientationsand series
Some measured and extrapolated values, along with thg specimens. Th&110 oriented films had slightly higher
model calculation results, are summarized in Table Il. The,glyes ofT, than the(100) oriented films grown at the same
agreement between the measured and calculated values, tjife (series . In Table | one can see th@y, increased when
both magnitude and easy direction, is actually quite googhe substrate was positioned closer to the taftmuered
considering the many parameters involved in the calculatioR,itner into the plasmiabut further attempts at changing the

of the magnetoelastic anisotropy and the assumptions madg, ressure during deposition and the target-to-substrate dis-
This strongly indicates that the differences in the dlrectlon-tance did not increas®, . The measured, for the bulk

ally dependent anisotropy between our films and an un-Single crystal specimen was 101 K.

strained single crystal film of bulk 58, are well explained It has been showfi that slight deviations from stoichiom-

by an added magnetoelastic energy component. It appear%ry in bulk samples produce decreased jn For example
that the extrapolated and calculated magnetoelastic anlsotrfdr Fey1 »Os, T, =115 K whens=1.7 103 andT, =90 K

pies differ by less than a factor of 2, and the extrapolate -3 . . :
shape and crystalline anisotropy are fairly close to bulk val-When ‘S_NleO - The dey|at|on from st0|ch.|ometry. associ-
ues. Another point is that the00) oriented films(with the ~ &ted with the redugegg is generally associated with ,2:@?
added perpendicular strain anisotrpgyhibit a tendency for Vacancies on thB site”> These vacancies exist in iron o_X|de
the moments in zero applied field to lie perpendicular to theé?S it is oxidized from Fg®, through the berthollide
film plane (with the CEMS parametep~0.75, and the F@1-504 phase toy-Fe,0;. The FgO, films exhibit a de-
(110 oriented films(with the added in-plane strain anisot- creasedT, which might indicate the presence of a small
ropy) exhibit a tendency to have the moments lie in the p|an€_fract|on_ of vacancies. It must be noted th{;\t the strain present
of the film (p~1.6). However, for both orientations, includ- in the films grown on Mg@L00 at 296 K is already larger

ing the magnetoelastic energy correction, the momentfhan the straiff accompanying the structural change of bulk
should lie completely in the film plane. Fe,0, as the temperature is lowered through. Therefore,

it may not be valid to compar€, of epitaxially constrained
films to theT, of bulk Fey;_50, and then infer the devia-
tions in stoichiometry.

Stoichiometric Fg)4 undergoes a structural change from It is possible that these putative cation vacancies are the
cubic to monoclinié’ below the Verwey transition near 121 origin of all the anomalous magnetic behavior. We note,
K, 3 which is accompanied by a change in the anisotdpy. however, that the bulk sample has a much loWgthan the
When FgO, is cooled through the Verwey transition tem- film specimens, indicating the presence of a greater fraction
peratureT, in a small magnetic field, a sharp decrease in theof vacancies than the films, yet this specimen is fully satu-
magnetization is observefl Figure 10 shows magnetization rated in high fields(Fig. 3. Also, Aragort® measured the
as a function of temperature when tt00 oriented films  difference in magnetization at 10 kOe with values extrapo-
la-1d are cooled in a constant field of 1 kOe applied in thelated to infinite field, to be less than 1% for bulk specimens
(100 direction within the film plane. The transition tempera- with & as large as 810 3. Furthermore, the film grown by
ture for all films is lower than 121 K, decreases with film MBE, and indicated to be stoichiometric by measurements of
thickness, and is almost unobservable in the 134 A film. Thé, (see Table), exhibits the same anomalous moment dis-
measured Verwey transition temperatures, as defined by thebution as measured by CEMSable ), and also shows

Verwey transition
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FIG. 11. The magnetization measured along
an in-plane(100 direction as a function of field
at 10 K for the FgO, films 3a,3b (Table )
grown on(100 MgO after the films have been
cooled in a field of=10 kOe from 300 K. In the
figure theM-H curves after the+10 kOe and
—10 KkOe field cool are labeled FE€and FC-,
respectively. The curves extend 1670 kOe(not
shown). The lines are visual guides.
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similar lack of saturation of the magnetization at high fieldsshift in the field-cooledM-H curve, the specimen had a
as do the sputtered films. Therefore, it does not appear thatuch lower coercivity than the films, so the shift may not be
cation vacancies are the origin of the anomalous behaviomeasurable. Rotational hysteresis, which is related to the
Considering how small the deviation from stoichiometry isshifted loop mechanisii?, has been reportéd for natural

in these films, as indicated by, , it appears as if the films single crystals of F®, samples belowl, . Therefore, it is

are actually very close to stoichiometricJBg. The surface not clear if the shift is found only in film specimens and
and the interface may be nonstoichiometric, perhapgonsequently may not be related to the anomalous behavior.
“non-Fe;0," regions, which could partly be the cause of the

decrease of, with thickness. Other studies

Shifted loops This sec_ti_on discusses_ the results of growing films under
other conditions and the influence of subsequent heat treat-
Figure 11 shows th&1-H curves for the(100) oriented ments, concentrating o100 oriented films with thick-
films 3a,3b after cooling to 10 K in a+10 kOe magnetic nesses of~0.3 um. The magnetization values of single
field from 300 K. When a film is cooled in a positive field the phase FgO, films grown at 650 and 100 °C were unsatur-
M-H curve is shifted in the negative field direction; when aated, and were lower at 70 kOe than the films described
film is cooled in a negative field thigl-H curve is shifted in  above. Films within this temperature deposition range all ex-
the positive field direction. For film I3 this shift is 110 Oe hibit unsaturated magnetization at 70 kOe and quasirandom
and the coercivity is 620 Oe, while for filma3the shiftis 7 moment distribution in the CEMS spectra. This indicates the
Oe, and the coercivity is 575 Oe. Although the shift, relativeanomalous behavior is independent of substrate temperature.
to the coercivity, is small for film & it is clearly observable A series of films were also grown at 500 °C with an 18 cm
when thex=10 kOe field-cooledM-H curves are compared. target-to-substrate distance under conditions in which the O
Other nominally 0.4um films, which exhibit lower mea- pressure was varied during deposition from 0.03 mf{ozr
sured values foK; and large\V, , have larger shifts at 10 K. sulting in a mixture of Fe and ®,), to a pressure of 0.18
The shift disappears at200 K. Similar behavior is also mtorr (resulting ina-Fe,04/Fe;0, phase mixtures Although
observed at 10 K in the 6.am film. Field cooling experi- these films indicated a dependence on the measured values of
ments with the bulk F€®, sample resulted in no visible shift K; with P(O,), the properties of films in the E®, single
in the loop, but the remanence ratio was only 1% and coerphase region in this series were qualitatively all the same,
civity was 211) Oe. i.e., the magnetization was unsaturated and the CEMS spec-
Materials which exhibit shifts in their magnetization loops tra exhibited near random moment distribution. This indi-
at low temperatures when cooled in the presence of a magates the anomalous behavior is present in the films indepen-
netic field are usually associated with a system containinglent of the Q pressure during deposition.
two magnetic phase¥. Therefore, it is interesting that the Post deposition heat treatments were also studied. One
ordering temperature of FeO is 198 K. However, XRD,Fe0, film was annealed in a moderately reducing, flowing
CEMS, and TEM show the presence of only single phaséd,/H,O atmosphere at 350 °C for 1 h. No changes in the
Fe;0, so an FeO phase does not appear to be the origin afpproach to saturation, CEMS spectrum, Toy were de-
the shift. Although the shift in the field-cooldd-H curve tected. Further reduction at 550 °C, under the same condi-
decreases with increasing thickness, it does not disappear fions, resulted in Fe metal. Another film was annealed at
the 6 um films, so the shifted loop is not strictly a surface or 600 °C in a vacuum of 210 1° torr with no change in the
interface effect. Although the bulk specimen displayed noapproach to saturation dr,. After annealing at 800 °C in
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the same vacuum, the magnetization remained unsaturatadiift in the stacking sequence, i.e., antiphase boundaries,
and a further 20% reduction in the magnetization was obwould interfere with the normal exchange in;Pg and
served. CEMS spectra, sensitive to about the upper third afould lead to a canted spin structure which would be consis-
the film, showed the presence of only the®gphase, and a tent with the large saturation fields. Although these structural
¢-26 XRD scan showed a 50% increase in the FWHM of thedefects have yet to be observed, we do not dismiss the pos-
symmetric 800 reflection. These results could arise from difsipjlity of their presence. We suspect that the anomalous be-
fusion of Mg from the substrate into the film. Annealing in hayior indeed has structural origins and we are continuing
an O/H,0 atmosphere at 120 °C @ h resulted in no o structural characterization of the films.

change in the magnetic properties. Annealing under the same apother origin for a large anisotropy which could lead to

°°r!d'“°”5 at 220 °C decreas@y a_nd' the magnetization re- anomalously large saturation fields is magnetoelastic energy
mained unsaturated. In fact, preliminary results indicate th?rom the strain in the film. However, our strain model for the
anomalous behavior to be still present in films oxidized com-, '

pletely to the y-Fe,0; phase. Annealing a 500 A film at films grown on MgO seems to acc_ount very well for_the
500 °C and 2.00 mtorr of Ar fo5 h produced the quasiran- magnetoelastic anisotropy in these films, and the magnitudes

dom CEMS polarization and only the f, phase. It is un- of the measured and calculated magnetoelastic anisotropies
likely that any substantial diffusion occurred at the interface®® much smaller than those which would be needed to cause

since no other phases containing Fe were observed. Furthdhe high saturation fields. Furthermore, no directional depen-
more, the(100) oriented 134 A film H was measured with dence is observed for the high field behavior, yet a direc-

surface with an upper limit of the Mg/Fe ratio estimated tononuniform strain could conceivably result in a large anisot-
be ~1%. 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-
DISCUSSION tionally uniform. Therefore, magnetoelastic anisotropy does

The magnetic properties of F@, films are obviously not appear to be the origin of the anomalous behavior.

anomalous. The magnetizations do not saturate in applied '€ anomalous properties are present in all films mea-
magnetic fields as high as 70 kOe and the torque curves dg}'réd and appear to be an intrinsic property of alize
not saturate in applied magnetic fields of 21 kOe. Moreover!IMS- They are present independent of substrate and of depo-
the CEMS spectra show that the moments are not lying in th&ition conditions, as well as of some post deposition treat-
film plane in zero applied field as expected from the shapénents. There does appear to be a thickness dependence in
anisotropy field. However, the extrapolated values for all thenany of the properties, especially the measured anisotropy,
anisotropies with measurable directional dependence for theut the qualitative results appear not to show a thickness
films grown on MgO are much less than the magnitude of arflependence. Therefore, the anomalous behavior appears to
anisotropy which would be needed to cause these effectbe principally a volume effect with a much smaller superim-
Moreover, the directionally dependent anisotropies agree iposed surface-related anomaly. Also, the properties of the
symmetry, and reasonably well in magnitude, with the ex{films grown by MBE and evaporation are similar to those of
perimentally based model of a single crystaj@gsubjected these sputtered films.
to in-plane tensile stress, and shape anisotropy is the domi- Apparently, the origin of the anomalous behavior is the
nant anisotropy. Furthermore, all of the bsbauer param- same for the films grown on all substrates; it is the same for
eters measured, such as the hyperfine fields, the isomgblycrystalline and single crystal films. Since defects have
shifts, and site occupancies, are consistent with the films bgyot yet been observed in the single crystal films, a similarity
ing single phase bulk 5®,, and yet the anomalous behavior hepyeen the polycrystalline and single crystal films is that
of the films appears to be incommensurate with the paramy ey are all under a considerable amount of strain and have
eters Of.bU|k .F@“' . ot relaxed to the bulk value even in the thickest films. This
At this point it appears that several possible structura ay indicate that the strain is related to the anomalous be-
origins of the anomalous behavior are not present. First o avior

all, we have yet to observe defects in the films grown on Two possibilities may be considered with respect to the
MgO. Defects randomly distributed throughout the film wo p Y P
strain. First of all, the XRD measurements we have per-

could conceivably be associated with a large anisotropy ranformed are dominated by the iron lattice in the film. There-

domly distributed throughout the film. A locally large, but . .
globally random anisotropy, could lead to a canting of thefore, we do not know how the oxygen lattice is responding to

moments and would be consistent with many of the magnetif1€ Strain. We are investigating the possibility of a distortion
properties measured. A second possible structural origin i the oxygen lattice that may be the origin of the behavior in
the presence of antiphase boundaries which could result dutbe films. Although, qualitatively, the properties of the films
ing the epitaxial growth of F©®, on MgO. FgO, has twice at grown at different oxygen pressuregO,) all exhibit the

the unit cell size of MgO, even though it crystallizes with anomalous behavior, we do measure a dependence of the
approximately the same fcc oxygen lattice as MgO. Theremeasured value oK; on P(O,) which could indicate the
fore, if the FgO, were growing by island nucleation, when presence of a feature in the oxygen lattice we have not ob-
the islands grow together the correct stacking sequence akrved. Secondly, it not clear what effect the strain has on the
the spinel structure could occur with the same probability agxchange in the film. It is conceivable that the tetragonal
the stacking sequence being half a unit cell out of phase. AMistortion, or a further distortion in the oxygen lattice, has
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produced a noncollinear spin structdfeThe magnitude of CONCLUSION

the effect, i.e., the fact that the ﬁlm will not saturate in fields Fe,0, films grown on MgO substrates by sputter deposi-
larger than 70 kOe, seems to point toward exchange as thgyn are epitaxial single crystal specimens. CEMS spectra
origin. exhibit bulk values for the hyperfine fields, isomer shifts, and
One point which should be useful in modeling the prop-relative occupancy of thA andB sites. However, magneti-
erties of these films comes from the CEMS data. The distorzation and torque curves remain unsaturated in large fields,
tions in the films grown on the two orientations of MgO, @nd CEMS spectra show an anomalous out-of-plane moment
although both are tetragonal, lead to much different Symmeghstrlbutlon. Still, extrapolated values of all of the direction-
ries in the films. For instance, in @10 oriented film the ally dependent anisotropies are consistent with the magneto-
) ’ crystalline, magnetoelastic, and shape anisotropies e

crystallographic axes of the film unit cell are no longer par-gingle crystals subjected to in-plane tensile stress, and the
allel to the crystallographic axes of the unstrained bulk unithagnitudes of these values are much less than that needed to
cell, while in a(100) oriented film they are. In the CEMS result in the unsaturated high field measurements. A struc-
data the polarization values, which are determined by théural defect which could produce this behavior has yet to be
angles of the moments to the planes of the films, are mucRPserved and this behavior does not appear to be related to

different for the two orientations. The CEMS data are con-Magnetoelastic anisotropy. The anomalous behavior is
sistent with the moments lying along specific Crystallo_present independent of thickness, substrate, further heat

L . . ) . treatments, deposition conditions, and deposition technique,
graphic directions. For 6100 oriented film there is 4110 P P q

P ; and appears to be an intrinsic property of alk®gfilms.
direction with an angle of 45° to the surface and fo140
oriented film there is &110 direction with an angle of 60° to
the surface. Both of these angles are close to the effective ACKNOWLEDGMENTS
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