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Study of exchange anisotropy for Ni 80Fe20ÕFe60Mn40 „111…
epitaxial films

Congxiao Liu, Jianhua Du, J. A. Barnard, and G. J. Mankeya)

Center for Materials for Information Technology and Department of Physics and Astronomy,
University of Alabama, Tuscaloosa, Alabama 35487-0209

~Received 11 September 2000; accepted 20 November 2000!

Ni80Fe20/Fe60Mn40 ~111! epitaxial films grown on Si~110! buffered by Cu were studied
systematically by varying the individual layer thicknesses with emphasis on the detailed structure
evolution and its influence on the magnetic properties. The Cu buffer layer induced epitaxial
face-centered-cubic~111! growth. Film crystallinity improved as the Cu buffer layer thicknesst
increased, evidenced from the full width of half maximum of 3.3° fort51 nm and 1.1° fort
5100 nm. Film surface roughness increased from 0.56 to 1.1 nm with increasing Cu buffer layer
thickness. The exchange bias field was around 90 Oe when the Cu buffer layer film thickness was
less than 10 nm, higher than the 70 Oe for films with thicker Cu buffer layers. Reversible
measurements of the exchange coupling strength were;70 Oe larger than the loop shift for films
with Cu buffer layer thickness greater than 10 nm. For these films the coercivity was larger than 30
Oe. A magnetic force microscope showed a magnetization ripple pattern with a characteristic length
of ;2 mm, indicating a strong stray field. The angular dependence of exchange bias field for
epitaxial films was quite different from that of polycrystalline films. ©2001 American Vacuum
Society. @DOI: 10.1116/1.1340660#

I. INTRODUCTION

Currently, the exchange anisotropy is of particular interest
due to its ‘‘pinning’’ effect used in giant magnetoresistance
spin valve heads. Experimentalists are trying to find an ideal
antiferromagnet with outstanding properties, i.e., large
enough exchange bias field, small coercivity, good thermal
stability, and good corrosion resistance. On the other hand,
theorists are investigating the microscopic mechanism of the
phenomenon. Many systems have been studied1,2 and several
models were proposed.3–9 Since the exchange anisotropy is
an interfacial effect, the antiferromagnet spin configuration
at the interface is believed to play a key role. The ferromag-
net Ni80Fe20 is often treated as a single domain in contact
with the antiferromagnet. Thus, a strong exchange interac-
tion between the ferromagnetic spins and the antiferromag-
netic spins will make the antiferromagnetic spins deviate
from their original directions. The situation is further com-
plicated by the intrinsic properties of the antiferromagnet
such as its crystal structure, anisotropy, exchange stiffness,
nature of spin compensation in an ideally atomically flat
plane, and the extrinsic properties such as crystallinity, grain
size, grain orientations, and roughness. This makes the quan-
titative estimation of exchange anisotropy very difficult. To
determine the strength of exchange bias, the traditional hys-
teresis loop method measures the energy difference between
two states of the ferromagnet in opposite directions. It in-
volves not only reversible but also irreversible processes,
i.e., switching of antiferromagnetic grains driven by the fer-
romagnet. The loop shift is then not a good estimation of the
interfacial exchange coupling strength. A better way to esti-
mate the ferro–antiferromagnetic interfacial exchange cou-

pling strength is the reversible method, i.e., initial suscepti-
bility at a low field transverse to the pinning direction.10–12

Among the variety of antiferromagnetic materials, FeMn
maybe one of the most studied metallic antiferromagnetic
compounds. Yet, this system is still not well understood due
to its complicated magnetic structure and the difficulty of
growing single crystal films. Antiferromagneticg-FeMn is a
metastable face-centered-cubic~fcc! phase. Even with a con-
forming buffer layer such as Ta or fcc Ni80Fe20, FeMn un-
dergoes a transition from theg phase to thea-body-centered-
cubic ~bcc! phase as film thickness is increased beyond
several hundred angstroms. Most of the data on antiferro-
magnetg-FeMn is for polycrystals. An exception is the work
of Jungblutet al., who grew epitaxial Ni80Fe20/Fe50Mn50 ex-
change bilayers on Cu single crystal substrates by molecular-
beam epitaxy and reported their magnetic properties.13

We report the epitaxial growth of Ni80Fe20/Fe60Mn40 on
Si~110! using a Cu buffer layer. The fcc~111! Cu growth on
Si~110! was reported by Hai Jianget al.14,15 Detailed infor-
mation on the structure evolution during growth is presented.
The magnetic properties of the exchange bilayers are dis-
cussed and a comparison is made with corresponding poly-
crystalline films.

II. EXPERIMENTAL METHODS

The ultrahigh vacuum chamber used for the film deposi-
tion had a base pressure of 1028 Torr. Cu/Ni80Fe20/Fe60Mn40

were dc sputtered on H–Si~110! with an Ar pressure of 3
mTorr. To avoid contamination of interfaces, there was no
waiting time between the deposition of Ni80Fe20 and
Fe60Mn40. A Cu capping layer of 5 nm was DC sputtered on
Fe60Mn40 to protect it from oxidation in the air. A magnetica!Electronic mail: gmankey@mint.ua.edu
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field of ;100 Oe was applied during film deposition to in-
duce the anisotropy axis. Four sets of samples were prepared.

~a! Cu~t!/Ni80Fe20~10 nm!/Fe60Mn40~20 nm! with t50, 1,
2, 3, 5, 10, 20, 30, and 100 nm.

~b! Cu~20 nm!/Ni80Fe20~10 nm!/Fe60Mn40(t) with t510,
20, 30, 40, and 50 nm.

~c! Cu~20 nm!/ Ni80Fe20~5 nm!/Fe60Mn40(t) with t52.5, 5,
7.5, and 10 nm.

~d! Cu~20 nm!/Ni80Fe20(t)/Fe60Mn40~10 nm! with t52.5,
5, 7.5, and 10 nm.

To monitor the film crystallinity and structural evolution,
some reference samples were prepared with the same thick-
ness and conditions as above.In situ low-energy electron
diffraction ~LEED! and reflection high energy electron dif-
fraction ~RHEED!were performed on the substrate and each
layer of the reference samples. A transmission electron mi-
croscope~TEM! plane view was performed to observe the
grain sizes and film structure of some samples in set~a!.
X-ray diffraction ~XRD! u–2u scans and rocking curves
were used to detect the structure and perfection of the crys-
tals. Surface roughness was measured by an atomic force
microscope~AFM! immediately after the samples were taken
out of the vacuum chamber.

Hysteresis loops were measured by magneto-optic Kerr
effect~MOKE! for films with thin Fe60Mn40 layers~,20 nm!
and by vibrating sample magnetometer~VSM! for films with
thicker Fe60Mn40 because the MOKE signal was too weak to
be detected through these thicker layers. The agreement of
these two measurements was confirmed by comparing results
for films with thin Fe60Mn40. To avoid the training effect
~see Ref. 9 in Ref. 13, Schlenkeret al.!, before measurement
of every sample 20 loop cycles were done along the easy
axis with a maximum field larger than the saturation field of
the ferromagnetic layer. To obtain more information of the
anisotropy, hysteresis loops were measured at different in-
plane angles with a step of 15°.

To perform the reversible measurement, the anisotropy
axis was first determined by rotating the sample in-plane and
finding the angle of maximum coercivity. A field of several
hundred oersteds was applied in the pinned direction to mini-
mize the dispersion of anisotropy axes. The sample was then
rotated 90° and a small ac field of amplitude 5 Oe and period
of several seconds was applied to measure the initial suscep-
tibility along the hard axis. Extrapolating the obtained
straight line to the saturation moment measured from the
easy axis thus gave the magnitude of the exchange anisot-
ropy.

III. EXPERIMENTAL RESULTS

A. Structural analysis

1. Films with varying Cu buffer layer thickness but
fixed thickness of other layers, i.e., film set (a)

Fcc~111! Cu growth on Si~110!was confirmed by the
LEED patterns which showed six fold symmetry,16 except
for the 1 nm Cu film where no LEED pattern was observed.

For Cu thinner than 20 nm, diffuse spots were observed, a
result of stress due to lattice mismatch. The diffraction spots
became sharper with increasing Cu thickness suggesting the
stress is reduced and the crystallinity improved.

Ni80Fe20 films directly deposited on Si~110!did not show
LEED patterns, and RHEED verified the film was polycrys-
talline with only diffraction rings observed. Very faint LEED
pattern was observed for Ni80Fe20 on 1 nm Cu buffer layer,
suggesting the stress still remained although it was released
to some extent. RHEED indicated a mixture of single crys-
tals and polycrystals for this film and the ring intensity was
stronger than the spots. For the films with Cu buffer layer
thickness larger than 1 nm, clear LEED patterns were ob-
served on the Ni80Fe20 layer. As expected, films deposited on
thick Cu buffer layer showed better growth. When the Cu
buffer layer thickness was increased to 3 nm, the portion for
polycrystals in Ni80Fe20 decreased greatly and the diffraction
rings became very weak. The Ni80Fe20 was single crystal
when deposited on thicker Cu buffer layers and no diffrac-
tion rings were observed. These results show the importance
of the crystal quality of the underlying Cu layer. Namely, the
crystallinity of Ni80Fe20 followed that of Cu. Figure 1 shows
RHEED patterns for Si~110!/Cu(t)/Ni80Fe20~10 nm!with Cu
thicknesst50, 1, 3, 10, and 100 nm. The improvement of
crystallinity is obvious.

No LEED patterns were observed for Fe60Mn40 films de-
posited on Ni80Fe20/Cu. However, RHEED diffraction spots
were observed, confirming the fcc~111!epitaxial growth. No
difference was found in the RHEED patterns of Fe60Mn40

with different Cu buffer thickness as long as the Fe60Mn40

layer thickness was greater than 10 nm, indicating stress was
totally released in Fe60Mn40 layer at this thickness. More
importantly, unlike Ni80Fe20 no rings were found in RHEED
patterns of Fe60Mn40 with thin Cu buffer layers, suggesting
that the Fe60Mn40 films were single crystals. A Cu buffer
layer as thin as 1 nm was thick enough to induce a good

FIG. 1. RHEED patterns for Si~110!/Cu~t!/Ni80Fe20 with varying Cu thick-
nesst. ~a! t50, ~b! t51 nm, ~c!t53 nm, ~d!t510 nm,~e! t5100 nm.
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epitaxy of Fe60Mn40. The crystal quality of Ni80Fe20 did not
affect the Fe60Mn40 epitaxial growth.

The epitaxy and grain sizes of these films were further
studied by TEM. Figure 2 shows the in-plane electron dif-
fraction patterns with a beam direction of Cu~111! and cor-
responding bright field images for Si~110!/Cu(t)/
Ni80Fe20~10 nm!/Fe60Mn40~20 nm!, with t51 and 100 nm.
Consistent with the results from RHEED, ring patterns with
spots drastically elongated along the circumference were ob-
served for thet51 nm Cu sample while a spot pattern was
found for thet5100 nm sample. In Fig. 2~a!, the six sym-
metrical bright arcs in the outer ring result from$220% dif-
fraction from either fcc Cu, Ni80Fe20, or/and Fe60Mn40, re-
vealing a strong in-plane texture of grains with fcc@111#
orientation. There was a substantial improvement in epitaxy
when the Cu buffer layer thickness was increased to 100 nm.
The $220% diffraction arcs in Fig. 2~a! now become relatively
sharp spots in Fig. 2~b!, confirming that the distribution of
in-plane orientations is much more restricted. Individual
grains could be identified in the bright field image of the film
with a 1 nm Cubuffer layer, as shown in Fig. 2~c!. Dark field
images of this sample~not shown here! reveal that the grain
size ranges from 1 to 10 nm with an average of approxi-
mately 5 nm, much smaller than the film thickness. The con-
trast seen in the film with the 100 nm Cu buffer layer is not
associated with individual grains but due to defects~disloca-
tions, strain, etc.!.

From the XRD high-angleu–2u scans of the films, we
found that the Cu~111!1Fe60Mn40~111! and Ni80Fe20~111!
peaks dominated the spectrum. Since polycrystalline Cu and
Ni80Fe20 were found in films with very thin Cu buffer layers,
it was concluded these polycrystals were textured with the
@111# direction normal to the film plane. The peak intensity
for Cu~111!1Fe60Mn40~111! increased and the width for the
Cu~111!1Fe60Mn40~111! peak decreased with the increase of
Cu buffer thickness. We also measured the rocking curves

for Cu~111!1Fe60Mn40 ~111! of Si~110!/Cu~t!/Ni80Fe20~10
nm!/Fe60Mn40~20 nm!/Cu~5 nm! with t51, 10, and 100 nm.
The full width at half maximum decreased from 3.3° fort51
nm to 1.1° for t5100 nm and the rocking curve became
much sharper, indicating strain was relieved for thick Cu
buffer layers.

2. Films with varying Fe 60Mn 40 thickness but fixed
thickness of other layers, i.e., film set (b)

The evolution of FeMn phase with thickness was investi-
gated by Kunget al.17 They found the FeMng phase was
metastable and changed to the stable nonantiferromagnetic
a-bcc phase when the film thickness was larger than 36 nm.
The films they studied were polycrystalline. It would be in-
teresting to see the phase transition in single crystals. In our
experiment, RHEED was employed to study the phase tran-
sition of epitaxial Fe60Mn40 film. One great advantage of
RHEED is its in situ detection of film structure during
growth, enabling the observation of the stability of theg
phase with thickness. Diffraction from single crystals creates
spots with certain symmetry, depending on the structure. For
polycrystalline films, diffraction rings appear due to the ran-
dom orientation of individual grains. If the polycrystal has
the same structure as the single crystal, rings will coincide
with the spots. Thus single crystals can be judged from the
diffraction spots while the phase transition can be judged
from the change of the radii of the diffraction rings. Figure 3
shows the RHEED patterns of Si~110!/Cu~20 nm!/Ni80Fe20

~10 nm!/Fe60Mn40(t) with t520, 40, 60, and 100 nm. We
found no difference between the RHEED patterns for 10 and
20 nm Fe60Mn40 and only diffraction spots were found, indi-
cating theg phase was stable below 20 nm thick, and the
growth was epitaxial. However, as Fe60Mn40 thickness is in-
creased the diffraction spots become faint and diffraction
rings are superimposed on the spots. The appearance of dif-
fraction rings and their coincidence with spots suggested that
the film became polycrystalline but still has fcc structure. As
the Fe60Mn40 thickness is increased, the spots became
weaker and rings became stronger. With the Fe60Mn40 thick-
ness increased to 60 nm, the RHEED pattern was dominated
by rings, indicating that at this thickness, the majority of the
film was polycrystalline. However, the radii of the rings did

FIG. 2. TEM diffraction patterns and bright field images for Si~110!/Cu~t!/
Ni80Fe20~10 nm!/Fe60Mn40~20 nm! with t51 nm @~a! and ~c!# and 100 nm
@~b! and ~d!#.

FIG. 3. RHEED patterns of Si~110!/Cu~20 nm!/Ni80Fe20~10 nm!/ Fe60Mn40

(t) with ~a! t520 nm,~b! t540 nm,~c! t560, and~d! t5100 nm.
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not change, indicating the film was still fcc. As the thickness
was further increased to 100 nm, the radii of the diffraction
rings change indicating that a phase transition occurred.
These data show that the phase transition started at 60 nm
and was completed around 100 nm. The transition from
single crystalg-Fe60Mn40 to thea phase was mediated by a
polycrystallineg-Fe60Mn40 layer of about 30 nm thickness.
This thickness is consistent with the 36 nm in Ref. 17.

B. Surface morphology

AFM images of the film surface showed that the root-
mean-square~rms! roughness and correlation length in-
creased steadily with Cu buffer layer thickness. As the Cu
buffer layer thickness was increased from 1 to 100 nm, the
rms roughness increased from 0.56 to 1.1 nm and the in-
plane correlation length increased from 23.5 to 47 nm.16

C. Magnetic measurements

For sample sets~c! and ~d!, the exchange bias field and
coercivity were consistent with Ref. 13. Namely, the pining
effect appeared when the Fe60Mn40 thickness was larger than
2.5 nm and the exchange bias field saturated at around 7.5
nm. The exchange bias field and coercivity were inversely
proportional to the thickness of Ni80Fe20 as long as the
Ni80Fe20 thickness was larger than 2.5 nm.16 These results
confirmed the interfacial nature of exchange anisotropy.

Most authors only reported the exchange bias fields for
the FeMn thickness less than 20 nm1,2 because of the insta-
bility of the FeMn g phase above this thickness. However,
results for thick antiferromagnets are important in that they
may give some useful information about the antiferromag-
netic domain configurations and can be used to test different
models.3–9 From these results, the Fe60Mn40 was still in theg
phase below 60 nm thick. With this in mind, we measured
the exchange bias fieldHeb of sample set~b!, i.e., Cu~20
nm!/Ni80Fe20~10 nm!/Fe60Mn40(t) with t510, 20, 30, 40, and
50 nm.Heb ranged from 63 to 82 Oe without a systematic
change. Malozemoff’s predictions of monotonically decreas-

ing exchange bias field with antiferromagnet thickness and
the two critical thicknesses18 were not found.

Figure 4 shows the exchange bias fieldsHeb for Cu~t!/
Ni80Fe20~10 nm!/Fe60Mn40 ~20 nm!with t51, 2, 3, 5, 10, 20,
30, and 100 nm. We also made a sample without Cu buffer
layer, where we found the film was polycrystalline andHeb

was only 50 Oe, lower thanHeb of single crystal films. For
the single crystal films, from Fig. 4 we foundHeb was around
70 Oe when the Cu buffer layer thickness was more than 5
nm, less than theHeb of around 90 Oe for the films with
thinner Cu buffer layer. There are two possible explanations
for this behavior. One possibility is the increase of roughness
with Cu buffer thickness. Another possibility is the change
of intrinsic magnetic properties of Fe60Mn40 due to the struc-
ture improvement. In Table I, a collection of structure data
and magnetic properties is listed for the films with varying
Cu buffer layer thickness.

The exchange anisotropy for films with different Cu
buffer layer thickness was measured both by the reversible
method and the irreversible method. Comparison of the re-
sults by using the two methods can give information about
the magnetization reversal process.12 For comparison, Table
II lists some values from the two measurements. The ex-
change anisotropy,Hp0, using the reversible method was
larger than that from the irreversible method, i.e., the shift,
Heb, of hysteresis loops. The difference was not so large
when the Cu buffer layer was thinner than 30 nm. Actually,
Hp0'Heb1Hc , with Hc the enhanced coercivity.12 How-
ever, for the films with thicker Cu buffer layer, a remarkable
difference of 80 Oe between the two measurements was
found and the relationshipHp0'Heb1Hc did not hold.

FIG. 4. Exchange bias fieldsHeb for Cu~t!/Ni80Fe20~10 nm!/Fe60Mn40~20 nm!
with t51, 2, 3, 5, 10, 20, 30, and 100 nm.

TABLE I. Collection of rms surface roughness, correlation length, LEED
~RHEED! patterns on Si~110!/Cu, Si~110!/Cu/Ni80Fe20, Si~110!/Cu//
Ni80Fe20/Fe60Mn40, and exchange bias fields for Si~110!/Cu~t!/Ni80Fe20~10
nm!/Fe60Mn40~20 nm!with t50, 1, 3, 10, 30, and 100 nm. Note the follow-
ing abbreviations. N: no LEED pattern observed, Y: sharp LEED pattern
observed, Faint: LEED pattern observed but very faint, ST: streaks, R: rings,
SP: spots, R.SP: rings and spots coexist with stronger ring intensity, and
R,SP: rings and spots coexist with weaker ring intensity.

Cu thickness~nm! 0 1 3 10 30 100
rms roughness~nm! ¯ 0.56 0.49 0.67 0.89 1.1
Correlation length~nm! ¯ 23.5 25.4 35.2 31.3 47.0
LEED on Cu ¯ N Y Y Y Y
LEED on Ni80Fe20 N Faint Y Y Y Y
LEED on Fe60Mn40 N N N N N N
RHEED on Cu ¯ ST ST ST ST ST
RHEED on Ni80Fe20 R R.SP R,SP SP SP SP
RHEED on Fe60Mn40 R SP SP SP SP SP
Exchange biasHeb~Oe! 50 94 88 63 69 72

TABLE II. Heb and Hp0 for Cu~t!/Ni80Fe20~10 nm!/Fe60Mn40~20 nm!. Heb

was the loop shift obtained from the irreversible method andHp0 was ob-
tained from the reversible method.

tCu ~nm! 1 3 10 30 100
Heb ~Oe! 94 88 63 68 72
Hp0 ~Oe! 113 107 68 152 149
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We performed angular measurements of exchange bias
field Heb for both polycrystalline and single crystalline
Ni80Fe20/Fe60Mn40 films. Figure 5 shows angular depen-
dence ofHeb for Ni80Fe20~10 nm!/Fe50Mn50~20 nm! ~111!
textured film on Si~100! and Cu~t!/Ni80Fe20~10 nm!/
Fe60Mn40~20 nm! epitaxial films on Si~110!with t510 and
100 nm, respectively. A 10 nm Ta under layer was used to
induce the~111! texture in the polycrystalline film. The an-
gular behaviors for these two kinds of films were very dif-
ferent. The angular dependence ofHeb for ~111! textured
Ni80Fe20/Fe60Mn40 films showed a perfect cosine function,
while for epitaxial films it was far from cosine form. The
angular curve showed three maxima and three minima over
360° for the film with 100 nm Cu buffer layer, while two
maxima and two minima appeared for other epitaxial films.
Similar curves were obtained for epitaxial films by other
authors.19,20

IV. DISCUSSION

A. Cu growth on Si„110…

The lattice mismatch between Si and Cu is 6% along@1,
21, 0#direction and 13% along the@1, 1,22# direction. This
mismatch produces films with many dislocations. This is
much larger than the lattice mismatch of 1.8% between Cu

and Ni80Fe20 fcc Cu has almost the same lattice constant as
g-FeMn ~so the lattice mismatch between Ni80Fe20 and
Fe60Mn40 is also 1.8%!so that the stress in Cu is very large.
No LEED pattern could be observed at 1 nm Cu because the
Cu does not completely wet the Si surface due to the differ-
ence in surface energy.21 We found that the LEED pattern
from the Cu surface could be observed only when its thick-
ness was larger than 3 nm. Below this thickness, the RHEED
pattern showed streaks superimposed on rings, indicating a
mixture of single crystals and polycrystals. Above 3 nm,
only diffraction spots were observed, suggesting epitaxial
growth.

B. Coercivity

We found that for the films with Cu buffer layer thickness
greater than 30 nm the coercivity was much larger than that
of films with thinner Cu buffer layers.16 This result suggested
that the magnetization reversal process was not dominated
by coherent rotation in these samples.22 To find the reasons
for the large coercivity and the measurement dependence of
exchange anisotropy, we performed magnetic force micro-
scope~MFM! measurements. In all films, we did not find
domains or wall motion during magnetization reversal. How-
ever, magnetization ripples were observed in the films with a
thick Cu buffer layer, while no ripple was found in the films
with thin Cu layer. Magnetization ripple is caused by the
dispersion of local anisotropy in films. Ripples in exchange
biased films were studied by Egelhoff.23 They found that the
strength of ripple patterns was correlated with the coercivity.
Our results indicated that significant local anisotropy existed
in the films with a thick Cu buffer layer which greatly re-
duced the initial susceptibility in the transverse direction and
greatly increased coercivity. The local anisotropy was not
caused by the demagnetizing field due to surface roughness,
since the length scale of the ripples was on the order of
micrometers~for example, the length scale of the ripples was
about 2mm for Cu~100 nm!/Ni80Fe20~10 nm!/Fe60Mn40~20
nm! and the correlation length of the surface roughness was
only tens of nanometers.

C. An explanation for the different angular behaviors
of Heb for epitaxial films and polycrystalline
films

Several authors19,20,24–26studied angular dependence of
exchange bias experimentally and theoretically. Their results
showed some unique properties of the exchange coupled sys-
tems. Some authors24 attributed the angular behavior to the
form of the microscopic interactions between the ferromag-
netic and the antiferromagnetic sublattice moments. While
others fit the angular curve by including uniaxial or fourfold
anisotropy in the ferromagnetic layer.19,20 Based on a micro-
magnetics calculation, Kimet al.25 showed the importance of
spin canting of the antiferromagnet on the angular behavior
of exchange bias, particularly with the presence of defects.
As was shown by Kimet al.,25 a noncosine curve ofHeb with
angle results from the dispersion of antiferromagnet anisot-
ropy axes. To understand the difference in the angular be-

FIG. 5. Angular dependence ofHeb for ~a! Ni80Fe20~10 nm!/Fe50Mn50~20
nm! ~111! textured film on Si~100!and Cu~t!/Ni80Fe20~10 nm!/ Fe60Mn40~20
nm! epitaxial films on Si~110! with ~b! t510 nm and~c! t5100 nm.
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havior ofHeb for polycrystalline films and epitaxial films, we
need to know the origin of the anisotropy of the antiferro-
magnet for these two kinds of films. In the polycrystalline
films, the crystalline anisotropy of individual grains cancels
each other due to their random orientations. The anisotropy
was mainly due to the stress originating from the lattice mis-
match and was uniaxial. On the other hand, for the Fe60Mn40

epitaxial film the crystalline anisotropy contributes to the
total anisotropy. In the fcc~111! Fe60Mn40 epitaxial layer, the
crystalline anisotropy is triaxial because of the six fold sym-
metry of the crystal structure. The triaxial anisotropy in
Fe60Mn40 is the origin of the dispersion or canting of the
spins, yielding the complicated angular behavior ofHeb.
With the increase of the Cu buffer layer thickness, the film
crystallinity improved and the stress in the Fe60Mn40 de-
creased, resulting in a weaker uniaxial anisotropy, or a rela-
tively stronger triaxial anisotropy. Thus, the spin canting of
Fe60Mn40 increased and the angular behavior ofHeb deviated
more from a cosine shape. The appearance of three maxima
and three minima ofHeb versus angle for the film with 100
nm Cu compared to the two maxima and two minima in
films with thinner Cu reveals a relatively stronger triaxial
anisotropy in the Fe60Mn40 for the former. The spin canting
of Fe60Mn40 was also the origin of local anisotropy within
Ni80Fe20 since there was a strong exchange coupling between
Ni80Fe20 and Fe60Mn40. The change of anisotropy in the
Fe60Mn40 may be a reason for the largerHeb and smallerHc

for films with thinner Cu. One consequence of the stronger
uniaxial anisotropy in Fe60Mn40 is that fewer Fe60Mn40

grains switch upon the reversal of Ni80Fe20, resulting in
larger Heb and smallerHc . Heb is enhanced from those
Fe60Mn40 grains with their net moment at the interface fixed
upon the reversal of Ni80Fe20, and Hc is enhanced from
those that switch.4

V. CONCLUSIONS

The detailed growth and structure of Ni80Fe20/Fe60Mn40

on Si~110!/Cu~111! was investigated. The large lattice misfit
between Si and Cu was the main source of the stress in the
film. Increasing Cu buffer layer thickness released the stress
and resulted in a better crystallinity for the exchange bilayer.
With the increase of Fe60Mn40 layer thickness, the metastable
fcc g-FeMn single crystal films evolved into the stable bcc
a-phase polycrystalline films, mediated by a fcc polycrystal
layer, with the phase transition occurred around the thickness
of 60 nm. Film surface roughness increased from 0.56 to 1.1
nm as the Cu buffer layer thickness increased from 1 to 100

nm. The exchange anisotropy measured by using the revers-
ible method and the irreversible method agreed for the films
with Cu buffer layer thickness less than 30 nm but showed a
remarkable difference of;70 Oe for the films with larger Cu
buffer layer thickness. For the films with Cu buffer layer
thickness larger than 30 nm, the coercivity was larger than
30 Oe and magnetization ripple was found. The angular be-
havior of exchange bias field for epitaxial films deviated
from sinusoidal form, while a perfect sinusoidal behavior of
exchange bias field was found for polycrystalline films.
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