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The magnetic anisotropies of epitaxially grown exchange bias CoO/Co bilayers with (111), (110), and (100)
crystallographic orientations have been investigated by Brillouin light scattering (BLS) by means of spin
waves. Experiments were carried out at 293 and 140 K, i.e., above and below, respectively, the Néel tempera-
ture of CoO. The unidirectional, twofold, and fourfold anisotropy constants, bulk and surface, were obtained by
fitting the angular dependence of the spin wave frequencies. For all samples, we observed an isotropic up-shift
of the spin wave frequencies. We conclude that all observed magnetic anisotropies are related to the crystal-
lographic symmetry of the ferromagnetic and antiferromagnetic layers, depending on the lattice mismatch
between layers, the sequence of layers upon deposition, and the quality of the ferromagnetic/antiferromagnetic

interface.
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I. INTRODUCTION

The phenomenon of exchange bias (EB) in coupled ferro-
magnetic (FM) and antiferromagnetic (AFM) thin films is
characterized by a hysteresis loop shift along the field axis
and an enhancement of the coercive field. This effect at-
tracted attention due to practical applications in magneto-
electronics, for example in spin valves or giant magnetore-
sistance devices.'~* Since the discovery of EB by Meiklejohn
and Bean in 1956,> a wealth of results has been obtained in
different experiments.>-® Lately, it has been shown that this
interfacial phenomenon can be tailored by creating a specific
domain state in a volume part of the AFM.>"!! Physically,
this state can be obtained by nonmagnetic substitution or
vacancy creation at magnetic sites of the AFM during its
epitaxial growth, or by the use of ion-beam irradiation that
modifies the material structure'? or influences energy levels
of antiferromagnetic grains and domains, thus acting as a
local hyperthermal heating.'>!'# Exchange biased bilayers
have to be cooled below the Néel temperature T, of the AFM
in a presence of a magnetic field (the field-cooling process).

Additionally, by a proper choice of substrate orientation
and growth conditions, it is possible to obtain FM/AFM bi-
layers with FM layers exhibiting different symmetries of in-
plane anisotropies. This has consequences for the angular
dependence of the spin wave frequencies measured in Bril-
louin light scattering (BLS) experiments.

What follows are detailed results of BLS measurements
from spin waves in MgO(110)/Co/Co0O, MgO(110)/Co0O/
Co, and MgO(100)/CoO/Co samples used to test the in-
duced magnetic in-plane anisotropies of fourfold, twofold,
and unidirectional (exchange-bias) symmetries. We discuss
the influence of the exchange bias field on bulk and surface
anisotropies, especially, the influence on the anisotropies sta-
bility. The samples were also measured by superconducting
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quantum interferometry (SQUID) and by the high energy
electron diffraction (RHEED) method. This yielded informa-
tion about how magnetic anisotropies and coercivity fields
were influenced by the crystallographic symmetry in a vol-
ume part of materials and about the crystallographic order at
the FM/AFM interface.

We report that, for all samples after field-cooling below
Ty, magnetic anisotropies were modified in such a way that
the spin wave frequencies were up-shifted independently
from the in-plane orientation. This is analogous to the phe-
nomenon, observed in ferromagnetic resonance experiments
(FMR) in polycrystalline exchange biased samples, de-
scribed by the rotatable anisotropy.'>!¢

II. EXPERIMENT

For samples grown epitaxially on the MgO(110) and
MgO(100) substrates (5% 10 mm?), the Co;_,0 layers were
diluted (y#0) applying the oxygen partial pressure of 5
X 107 mbar in the UHV MBE chamber. For the sample pre-
pared with the MgO(110)/Co(6 nm)/CoO(20 nm) layer se-
quence, the 6 nm fcc Co(110) was followed by a 20 nm
twinned CoO(110) layer. The CoO twinning in samples
checked by RHEED was visualized as two sublattices. The
reversed sequence in the MgO(110)/CoO(20 nm)/Co(6 nm)
sample resulted in untwinned CoO(110) and fcc structure
of Co. The MgO(100)/CoO(20 nm)/Co(10 nm) sample
showed untwinned CoO(110) and hcp-Co with the ¢ axis
lying in the sample plane. On a top surface of samples sev-
eral monolayers of Au were deposited to avoid oxidation.

During deposition of all layers, no external magnetic field
was applied, since field cooling was easily achieved with
Tny=291 K. To provide a broader viewpoint, the BLS spec-
trum of the Si(111)/Co(8 nm)/CoO(50 nm) sample mea-
sured in previous experiments is also reported here.!” In this
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FIG. 1. Brillouin light scattering measurements in samples of different anisotropy field symmetries resulting from deposition conditions:
(a) Si(111)/Co(8 nm)/CoO(50 nm) sample (Ref. 17) (b) MgO(100)/CoO(20 nm)/Co(10 nm) sample, (c) MgO(110)/Co(6 nm)/
CoO(20 nm) sample—the SQUID cooling field directions are marked by 0°, 45°, and 270° for a convenience, (d) the MgO(110)/
Co0O(20 nm)/Co(6 nm) sample, where the easy and hard axes of magnetization at room temperature were perpendicularly switched after the
field cooling to 140 K—the SQUID cooling field directions were 0° and 90° in this case. In the figures the exchange bias (EB)
(2/d)kgp cos(dp— ¢gp) anisotropy contribution (least squares fitting) is shown separately.

case, the Co layer had an (111) orientation, the CoO(111)
layer was twinned and the sample possessed a dominating
sixfold in-plane anisotropy symmetry.

Brillouin light scattering (BLS) measurements!® were per-
formed using a  Sandercock tandem three-pass
spectrometer,'® and an Ar* ion laser working at a wavelength
of 514.5 nm in the back-scattering geometry. The external dc
magnetic field was applied in a sample plane and perpen-
dicular to the scattering plane, which was the plane of the
laboratory table, in order to induce spin waves propagating
on a sample surface. The low temperature measurements
(140 K) were carried out in a glass cryostat with a cold fin-
ger in a vacuum of 2 X 107 mbar. The temperature was sta-
bilized within an accuracy of +0.1 K. The sample was ro-
tated in-plane in the range of 0°-350° with a step of 10°. The
experimental error of the spin wave frequency values was
affected by the accuracy of reading a peak position, using a
Lorentz-type shape fitting, and by an uncertainty derived
from the accuracy of the optical alignment of the experimen-
tal arrangement. This uncertainty did not exceed 2%.?° The
measurements at 293 and 140 K were carried out in a mag-
netic field of 0.4 T, which was also the value of the cooling
field. The cooling field directions were chosen near the maxi-
mum values of the spin wave frequencies, i.e., parallel to the
magnetic easy axes.

The results of the BLS measurements are depicted in Fig.
1(a) for the Si(111)/Co/CoO sample,'” in Fig. 1(b) for
MgO(100)/Co0O/Co, in Fig. 1(c) for MgO(100)/Co/Co0,
and in Fig. 1(d) for MgO(110)/CoO/Co, exhibiting at
293 K, respectively, sixfold, dominating fourfold, fourfold
and twofold, and dominating twofold, symmetries in the an-
gular dependence on spin wave frequency. In all cases we
measured the frequency of the Damon Eshbach?! (DE) mode
propagating on the Co surfaces. The symmetries of the an-
gular dependence of the spin waves at 293 and 140 K were
confirmed by fits shown by the solid lines in Figs. 1(a)-1(d).

Also, an additional onefold (unidirectional) symmetry ap-
peared in the measurements at 140 K. The unidirectional
symmetry, marked in figures by eb, was also deduced from
the fits and is shown separately. After cooling to 140 K we
observe an overall, isotropic up-shift of the spin wave fre-
quencies and changes of all anisotropies.

A rough comparison between the room and low-
temperature data, especially the relation between the ampli-
tudes of the angular variation and the up-shift of spin wave
frequency, obtained after field cooling, suggests that there is
some trend in these results (Table I). The sixfold (111)
CoO/Co system'” at 293 K in Fig. 1(a) has maximum fre-
quency variations of 0.5 GHz, while the resultant frequency
up-shift between 293 and 140 K equals about 4.2 GHz, when
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TABLE 1. The up-shifts of maximum values of spin wave frequencies in the field cooling direction, the
up-shift readout between the midpoint of the room temperature data and the midlevel of the unidirectional
contribution, the amplitude of frequency variations at room temperature A, and the amplitude of the

unidirectional anisotropy frequency variations at 140 K A"

a

(140 K) [companion descriptions in Fig. 1(a)].

max

The data are taken from the fitted curves. The frequency uncertainty is equal to 0.1 GHz.

Shift of maxima

Avpax Avie (140 K)

Sample (GHz) Midpoint shift (GHz) (GHz) (GHz)
MgO(100)/Co0O/Co 7.1 6.0 8.7 1.1
MgO(110)/Co/CoO 6.8 5.1 1.9 1.6
MgO(110)/Co0O/Co 7.5% 1.7 10.0 4.4
Si(111)/Co/Co0O"7 4.2b 33 0.5 1.4

*The shift between 293 K data and the maximum values of the switched easy direction at 140 K.
"For similar MgO(111)/Co/CoO sample the measured shift was equal to 4.1+0.8 GHz.

comparing maximum values of the fitted data in the field
cooling direction. Similarly, the frequency shift taken along
the cooling field direction, between the midpoint of the fre-
quency variations at 293 K and the midpoint of the fre-
quency variation of the unidirectional contribution at 140 K,
is equal to 3.3 GHz. We can use these frequency parameters
to establish a trend in the magnitude of the observed fre-
quency up-shifts of all samples. The last column in Table I
provides the frequency measure of exchange-bias field.

An interesting behavior has also been found for the
MgO(110)/CoO/Co sample. In the sample we observed, af-
ter a field cooling, the nearly perpendicular switching of the
easy axis of magnetization. This effect can be interpreted in
terms of the perpendicular coupling between FM and AFM
layers as observed in epitaxial NiFe/FeMn (Ref. 22) and in
polycrystalline/textured Fe/FeF,(110) (Refs. 23 and 24) ex-
change biased systems. This and other symmetry modifica-
tions are discussed below.

III. DISCUSSION. STRUCTURAL DETAILS AND DATA
FITTING

In order to determine anisotropy constants, a numerical
procedure was applied to the data of Figs. 1(b)-1(d). The
applied fitting was based on the least-squares nonlinear re-
gression analysis according to the formula of the Damon-
Eshbach in-plane spin-mode frequency

1 PE,; 24 1
Woe=N | 3 "2 T ard +amMf\ 1= S qud

1 PE,, 24

5 T :
M, 3> M,

+Hcos(¢—¢H)] X { q

1
+ 471-M&f5qnd sin’(¢— ¢,) + H cos(¢p— dm)]

1 dzEani 2)1/2
_(E a9a¢> ’ )

where vy is the gyromagnetic ratio, M is the magnetization at
saturation, E,; is the free energy density, A is the exchange
stiffness constant, q2 is the squared wave vector of a spin
wave, f is the demagnetization factor which controls the bal-
ance between shape and magnetoelastic anisotropies (includ-
ing out-of-plane contributions), gy is the in-plane component
of a spin-wave wave vector derived from a BLS scattering
geometry, H is the externally applied magnetic field inten-
sity, (¢p—¢py) is the angle between external magnetic field

vector H and the magnetization M, and (¢—¢,) is the angle

between the ¢ wave vector and the magnetization M. The
four components, seen in the first and the second squared
brackets in Eq. (1), form an effective magnetic field acting

on the magnetization vector M. There are, respectively, from
left to right, the anisotropy energy field, the exchange energy
field, the demagnetization energy field, and the Zeeman en-
ergy field. We assumed the following constant values in Eq.
(1): y=(1/2)v,g, where the y,=—1.759X 107 Hz/Oe is the
free electron gyromagnetic ratio, and g=2.2 is the spectro-
scopic splitting factor, A=3X10"'"'J/m, and 47M,
=17.8 kOe.

The fitting was based on the following expressions for the
free energy density:

100 h . h P
Egni ) = chp Sln2(¢ - ¢hcp) + chp Sln4(¢ - d’hcp)
volume a;isolropy

— K cos? 0+ K2 cos’ (¢ — prep)sin® 6

magnetoelastvic anisotropy
hy : hy :
= chp Sln2(¢ - d)hcp) + KZCP Sln4(¢ - d’hcp)

+ K{7p cos™(d— prep) (6=90°) (2a)

for the MgO(100)/CoO/Co sample at 293 K and with
the 6#=90° assumption (only in-plane contributions), that
was kept for all considered cases in Egs. (2a)—(4b), we
have
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volume anisotropy
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1 .
Eqni” = ZKI sin’(h = @[]+ 4 cos™(¢— )]

volume anisotropy

2 2
+ " €05%(6 = Ponoa) + ks 08( = i)

interface anisotropy exchange bias

(3b)
for the MgO(100)/CoO/Co sample at 140 K, for the MgO(110)/Co/CoO sample at 140 K,
1 |
Egl:l{()) = Z ﬁcc sin2(¢ - d’fcc)[l +4 C052(¢_ ¢fcc)] Egl%()) = ZK§ Sln2(¢ - ¢fcc)[l +4 COSZ(¢ - ¢fcc)]
volume anisotropy ’ ’ volume anisotropy
+ K7 cos* (= rep) + ;lkﬁfwomd) c08*( = Prwofold))
_
magnetoelastic anisotropy (3 a) T — ( 4a)
for the MgO(110)/Co/CoO sample at 293 K, for the MgO(110)/CoO/Co sample at 293 K, and
|
1 ;
Eoni” = 7K1 sin?(¢ = red[1 +4 cos(§ — )]
volume anisotropy
2 Wi ur’
+ g[kg Y 6052(¢b ~ Prewotola) + K D 6082 — Brourtoia) 05 (¢ — Ptourtola)]
interface anisotropy
2 2
+ ke cos(¢ = bpg) = K™Y sin®  cos” ¢+ K" sin® § + —kgp cos(¢~ ),
exchance bias ’ (4b)

where

. 2 1 .. 2
K(et;tlzurfold) —~ Kﬁ“ + = k})fourfold)’ Kitf\;«ofold) —~ Z Kﬁcc + c_l kﬁ)twofold)

(4¢)

for the MgO(110)/CoO/Co sample at 140 K. In Equations
(2a)—(4c) ¢ is the in-plane rotation angle of the sample rela-
tive to: the magnetic easy axis directions ¢y, and ¢y of
volume anisotropies, next, Gyofold) AN G(roursold) are the easy
directions of the twofold and the fourfold surface anisotro-
pies, respectively, ¢, is the crystallographic reference direc-
tion, here ¢..t=0, and ¢gp is the direction of the unidirec-
tional exchange-bias anisotropy. All mentioned anisotropy
direction were used as additional parameters during fitting.
This supported distinction between components of a similar
angular dependence. Next, KiP and K are the hexagonal
volume anisotropy constants, Kﬁ“ is the cubic volume aniso-
tropy constant, K%E and Kﬁ; are the magnetoelastic aniso-
tropy constants of the first and second order, respectively,
kgwom]d) and K™Y are the surface (FM/AFM interface)
anisotropy constants of the twofold and fourfold symmetry,

respectively, kgp is the exchange-bias unidirectional aniso-
tropy constant, and d is the magnetic layer thickness. The
. (fourfold) (twofold) .
effective K off and K s anisotropy constants were
introduced for the MgO(110)/CoO/Co sample at 140 K, as
it was not possible to distinguish between surface anisotro-
pies and volume contribution for a single sample with only
one value of the FM layer thickness.

For the samples grown on the MgO(100) and MgO(110)
we used the fitting procedure terms with the in-plane aniso-
tropy contributions, assuming 6#=90°, however, we cannot
exclude the influence of out-of-plane anisotropies. This per-
pendicular influence is controlled by the demagnetizing fac-
tor f<1 and consequently by a magnetoelastic energy
Kl(é)Esinzé’cos%b. Since 0=90° the KE\% gives an additional
contribution by rotating the magnetization into the subse-
quent easy in-plane direction. In other words it was not pos-
sible to apply K'»sin?fcos’¢p term during fitting as f
reached the maximum value, f=1. It should be noted also
that the sixfold case, grown on the Si(111) substrate, re-
vealed the out-of-plane anisotropy component resulting from
the 8° out-of-plane orientation of the antiferromagnetic mo-
ments in the CoO(111).% In this case, the measured unidi-
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TABLE II. Anisotropy constants of the MgO(100)/CoO/Co sample obtained from the BLS measure-
ments at 293 and 140 K. Below each value of the anisotropy constant, in brackets, the subsequent value of
a given easy anisotropy axis position is provided (in deg.).

Khep Khep KD 2/ d)kgp
(10* J/m?) (10* J/m?) (10* J/m?) (10* J/m?)
Temp. (d)hcp) (d’hcp) (¢ref = 0) f (d’EB)
-9.0+0.7 11.3+0.3 164+3.3
293K (357.2+0.3) (357.2+0.3) 0.6259+0.0103
-1.0+04 6.4+0.3 2.1+£0.5%
140 K (222.8+038) (222.8+038) 6.9+3.1 0.9336+0.0117 (101+3)

Yepp=(10.5£0.2) X 107 J/m?>.

rectional anisotropy constant (2/d)kgz was equal to
(2.5+£0.2) X 10* T/m? (140 K).!7 Below are some facts that
explain the structural origin of anisotropies.

Thus, for the (100) symmetry sample, the MgO(100)/
Co0O/Co cobalt was grown in the hcp structure in the [2-1-1
0] direction. It means that the hexagon-prism c-axis was ori-
ented in the sample plane. Also, the c-axis edge of the hexa-
gon prism, built from Co atoms, was epitaxially immersed in
the Co/CoO interface, in the last layer of CoO, between
oxygen atoms. This contributed to the twofold anisotropy
symmetry. Additionally, an analysis of RHEED pattern indi-
cated the existence of two types of the Co domains oriented
perpendicularly in a sample plane that resulted in a fourfold
anisotropy symmetry. Also, as obtained from the RHEED,
the values of the c-axis length and the length of the line
perpendicular to the ¢ axis, both lying in the sample plane,
were equal to 0.434t and 0.407 nm, respectively. Thus, the
c/a ratio was equal to 1.066. All this provided a hint for
using the typical expression for the bulk anisotropy energy
for the hexagonal (hcp) structure, using the Ki? and the K5
anisotropy constants, and additionally, using the K(A?[}E magne-
toelastic anisotropy contribution.?®

Next, for the (110) symmetry samples, an initial reason
for the observed anisotropy fields is the crystallographic mis-
match between CoO, Co, and MgO materials. The lattice
constant for CoO measured along the [100] direction is equal
to 0.427 nm, and for MgO, measured along the same direc-
tion, is equal to 0.421 nm.?” However, the same parameter
measured for fcc-Co is equal to 0.3545 nm.?® MgO and CoO
are nearly matched with 1-2% accuracy, while Co shows the
18% lattice mismatch with CoO. Next, the bulk CoO usually
possesses a NaCl-type structure above T,=291 K. However,
it is known from the RHEED analysis of CoO (below Ty)
that a small tetragonal contraction and a triclinic contribution
are possible.?>3" For cobalt layers, the growth conditions of
thin layers enforced the Co-fcc symmetry, while the nor-
mally bulk Co possesses a stable structure of hcp-type sym-
metry. This is why, during the cobalt layer deposition Co on
the fcc-CoO(100) layer, we could obtain a metastable fcc-Co
phase. Also, it is known that Co exhibits the fcc-phase above
723 K,3! while Co in the MgO(110)/CoO(110)/Co(110)
sample was deposited at 500 and 600 K in the
MgO(110)/Co(110)/CoO(110) sample. After the prepara-
tion process both samples where cooled to ambient tempera-
tures. Thus, it seems probable that at room temperature or

below, there exists a tendency for a Co-fcc to Co-hcp phase
transition. The measured ratio of the two c¢/a is equal to
0.9887 at 77 K for fcc phase.?® Thus, even if this factor is
relatively small, it could influence magnetic anisotropies in
Co layers, and especially, contribute to a metastable behav-
ior. Also, the measured RHEED patterns for both samples,
grown on the MgO(110) substrate, gave some hints to struc-
tural FM/AFM interface details. For the
MgO(110)/Co(110)/CoO(110) sample, the Co(100) distor-
tions oriented along the [001] directions were observed.
These distortions were several monolayers in height and
were located near the Co/CoO interface. Similar CoO(100)
distortions were visible in the MgO(110)/CoO(110)/
Co(110) structure. Importantly, they were also located near
the CoO/Co interface. It seems that these (100) distortions
are responsible for the twofold and fourfold surface anisotro-
pies obtained. Thus, we conclude—based on the above infor-
mation for the (110) symmetry samples—that the tetragonal/
monoclinic CoO distortion, the lattice mismatch between the
Co and CoO layers, and the interface (100) directional dis-
tortions influenced the anisotropy symmetries and behavior.
More especially, these were responsible for the nearly per-
pendicular switching of the easy and hard axes of magneti-
zation for the MgO(110)/CoO/Co sample.

More hints to the surface anisotropy analysis can be found
looking at the values of anisotropy constants (Tables II-1V).
First, the exchange bias field can reduce or enhance other
anisotropy fields. For the MgO(100)/CoO/Co sample, all
the anisotropy constants were reduced. Similarly, for the
MgO(110)/Co/CoO sample, all the anisotropy constants
were reduced after a field-cooling process. However, the
MgO(110)/CoO/Co sample, which exhibited the drastic
magnetization change in the orientations of the easy and hard
axes, revealed an increase of all anisotropy constants. In this
case, the unidirectional anisotropy is the greatest. Second,
the exchange bias field can rotate anisotropy easy axes. This
occurred for the MgO(100)/CoO/Co sample, where the ¢y,
easy-axis changed its orientation from 357.2° to 222.8°.
Third, a larger exchange-bias was obtained in samples with
less magnetoelastic energy.

It can be said generally, that the observed anisotropy field
variations are controlled by ferromagnetic domain reorienta-
tions, also locally by the spin-orbit coupling, thus, by the
magnetocrystalline interactions, and equally, by the antifer-
romagnetic domain state. Nevertheless, all the mentioned an-
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TABLE III. Anisotropy constants of the MgO(110)/Co/CoO sample obtained from the BLS measure-
ments at 293 and 140 K. Below each value of the anisotropy constant, in brackets, the subsequent value of
a given anisotropy easy axis position is provided (in deg.).

K @/d)k ™ K2, 2/ d)kgg
(10* J/m?) (10* J/m?) (10* J/m?) (10* J/m?)
Temp. ( ¢fcc) (d’(twofold)) (d’ref = 0) f (¢EB)
-3.8+0.3
293 K (0821.3) 13223 0.6349+0.009
-3.6+0.5 —-0.43+0.03" 3.0+£0.5b
140 K (355.7+1.8) (170+2) 0.9810+0.0072 (125+2)

Y= (1320.1) X 1075 J/m?,
b= (9.0 1.5) X 105 J/m2,

isotropy field modifications cause an increase of the samples
total-energy: spin-waves frequencies from BLS spectra were
up-shifted after the field-cooling to 140 K.

To complete the experiments, the SQUID measurements
were carried out for the MgO(110)/CoO/Co and
MgO(110)/Co/CoO samples in order to confirm the 90°
switching of the easy and hard axes of magnetization, and
also to confirm appropriate modification of coercive fields.
Figures 2 and 3 provide the SQUID hysteresis loops of the
MgO(110)/Co/CoO and MgO(110)/CoO/Co samples, re-
spectively. The data seem to be complementary to the BLS
results and are very helpful for the subsequent interpretation.
The MgO(110)/CoO/Co sample, which revealed the switch-
ing, was field cooled at 295 K along the hard (0°) and easy
(90°) axes [Fig. 3(a)]. This resulted, at 140 K [Fig. 3(b)], in
the reversal of the hard and easy axes. At the same time the
coercivities of the easy and hard axes increased. Changes in
the coercivity values were also observed for the fourfold
MgO(110)/Co/CoO sample upon cooling to 140 K [Figs.
2(a) and 2(b)]. We can conclude from Fig. 2(b) that the larg-
est changes of coercivity are observable for the 270° field
cooling orientation, which is the same as the hard axis ori-
entation at room temperature. Thus, the effect of coercivity
changes is qualitatively similar to but much weaker than that
for the MgO(110)/CoO/Co sample for which coercivity
changes were larger.

The last issue in this paper that should be commented is
the observed up-shift of the frequencies, the same for all
in-plane directions, which eventually indicates the so-called

rotatable anisotropy. This interesting phenomenon was ob-
served by McMichael er al. in polycrystalline exchange-
biased samples measured in ferromagnetic resonance (FMR)
experiments.'>!%32 In the experiments, carried out near the
10 GHz resonance, the easy axis of the AFM spins followed
the movement of the ferromagnetic magnetization indepen-
dently from imposed static anisotropies. It was argued that
this rotatable phenomenon points to the existence of the
AFM regions which are reversible at GHz frequencies—
providing an angle-independent degree of freedom for the
exchange-biased sample energy. Significantly, in polycrystal-
line samples, the rotatable anisotropy results from the exis-
tence of grains and grain boundaries at the FM/AFM inter-
face and can be tailored mainly by the unidirectional
anisotropy field. Thus, it can be said that, in the BLS experi-
ments done at the 10717 s time scales, for spin-wave frequen-
cies at 20 GHz, the easy axis of the AFM had to overcome
energy barriers resulting from the AFM partial domain walls
and from anisotropy fields in the FM region. Thus, to under-
stand the physical origin of this angle-independent aniso-
tropy, we should eventually think about the time scales at
which anisotropies are measured. Obviously, the BLS fre-
quency up-shift was influenced and quantatively described
by the exchange-bias field and other anisotropy fields ex-
pressed in terms of anisotropy constants.

We have shown then, that all types of anisotropies ob-
served in epitaxial materials have their origin in magneto-
crystalline symmetries resulting from spin-orbit coupling.
More particularly, the structural factors influencing the ex-
perimental observations of exchange bias and other aniso-

TABLE 1V. Effective anisotropy constants of the MgO(110)/CoO/Co sample obtained from the BLS
measurements at 293 and 140 K. Below each value of the anisotropy constant, in brackets, the subsequent
value of a given anisotropy easy axis position is provided (in deg.).

KECC (2 / d) kL[WOfOId) K%?urfold) K%\;/ofold) (2 / d) kEB
(10* J/m?) (10* J/m?) (10* J/m?) (10* J/m?) (10* J/m?)
Temp. (dree) (D(wofold)) (Dtourtoldy=0)  (D(ewotold) =0) f (dep)
-5.8+0.4 0.70+0.03* 1.040+0.01
3K (35741) (178+1) ~1
-16.4+1.3 -32.5+1.2 1 8.1+2.8b
140 K (99+2)

Y= (2.120.1) X 107 J/m?,
Pkpp=(24.3+8.4) X 107 J/m>.
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FIG. 2. Hysteresis loops measured by SQUID in the
MgO(110)/Co(6 nm)/CoO(20 nm) sample. Experiments at (a)
293 K and (b) 140 K were done at the angle positions of 0°, 45°,
and 270°. The 45° orientation is equivalent to the field cooling
direction. The 0° and 270° orientations are equivalent to hard
directions.

tropy fields, their symmetry and modifications, after the
field-cooling process were as follows: the substrate crystal-
lographic symmetry, the layer deposition sequence, twinning
and the domain structure of CoO controlled by a dilution, the
directional distortions at the FM/AFM interface, and the lat-
tice mismatch between Co and CoO. The BLS technique was
especially useful for probing nondestructively these effects
confined within the exchange-biased Co/CoO films.
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FIG. 3. Hysteresis loops measured by SQUID in the

MgO(110)/CoO(20 nm)/Co(6 nm) sample revealing the switching
of the anisotropy axes. Experiments at (a) 293 K and (b) 140 K
were done at the position of easy axis of magnetization (90°) and in
the hard axis direction perpendicular to it (0°).
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