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Abstract. The time dependence of the exchange anisotropy was studied in Co/NiO bilayers. In order
to only observe the relaxation phenomena inside the antiferromagnetic (AF) layer and to eliminate the
dynamic behaviour inside the ferromagnetic (F) layer, we have developed an experimental method where
a small a.c. magnetic field is applied perpendicular to the main anisotropy axis. All data are obtained
by magneto-optical (m.o.) experiments. We observe a logarithmic time dependence of H,q, the exchange
unidirectional anisotropy. We prove that the key parameter for the rate of relaxation is the anisotropy
of the AF layer which depends strongly of the preparation method. We use the random field model as
proposed by Malozemoff and suppose a breakdown of the AF interface into regular domains of size close
to the crystallite size (10 nm width). If we further develop a Fulcomer and Charap relaxation model, we
can propose from the distribution of relaxation times an analysis in terms of a spread of AF anisotropy
energies. High magnetic pulsed field experiments (55 T) complete the experimental study and the results
are analysed assuming that the Zeeman energy balances the anisotropy energy of the AF domains and

switches them into the opposite direction.

PACS. 75.50.Ee Antiferromagnetics — 75.60.-d Magnetic domain effects, magnetization curves, and
hysteresis — 75.70.-i Magnetic properties of thin films, surfaces, and interfaces

1 Introduction

The phenomenon of exchange bias was discovered more
than fifty years ago by Meiklejohn and Bean [1]. They ob-
served that fine Co particles, oxidized at their surface, ex-
hibit a shift of the magnetic hysteresis along the field axis,
the center of the hysteresis loop being displaced to H # 0,
as though there were an internal exchange field H,,. In re-
cent years, numerous investigations of this effect have been
carried out on ferromagnetic (F)-antiferromagnetic (AF)
bilayer systems. The hysteresis loop displacement is the
most characteristic feature of exchange bias, but also an
enhancement of coercivity is often observed. The interfa-
cial exchange coupling gives an efficient method for tech-
nical applications like pinning or hardening of some fer-
romagnetic layer magnetization. Several groups have used
FeMn antiferromagnetic films as an exchange biasing layer
to study their spin-valve-like response for magnetic sensor
applications [2-5]. One can also use NiO as an antifer-
romagnet, as already reported by several groups [6-10].
Compared to intermetallic antiferromagnets like FeMn,
NiO is an insulator with a good resistance to corrosion and
a relatively high blocking temperature Tp (the Néel tem-
perature for bulk NiO is 525 K, but clearly lower for thin
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films). This biasing effect is the consequence of exchange
coupling across the AF/F interface. This phenomenon is
particularly observed when an external field is applied
while cooling the ferromagnetic layer through Ty, the
Néel temperature of the AF layer. The role of the ex-
ternal magnetic field is subject of discussion. Despite a
great variety of works on this subject, the exact mecha-
nism of exchange bias is still controversial, mainly because
the observation of the interfacial magnetic structure is dif-
ficult. Meiklejohn and Bean developed a simple model to
explain the loop shift when ferromagnetic particles are em-
bedded in an AF. The model considers single domain F
particle with uniaxial anisotropy — K., cos?6 (6 is the an-
gle between the magnetization MF and the uniaxial axis)
and subject to an unidirectional field H, 4 along the same
axis which transfers the exchange coupling to a rigid AF.
In the case of an ideal F/AF bilayer system, we suppose
an uncompensated interface where only one type of AF
sublattice spins is present. In a Stoner and Wohlfarth de-
scription the switching fields H.; and H (in positive and
negative direction along the anisotropy axis) do not have
the same value because of the additional contribution of
the interface coupling and the hysteresis loop is displaced
by an amount Hy;qs = 1/2(He1 + Hea) = —Hyq. The bias
field estimated in this simple model where the interface is



uncompensated is, however, two orders of magnitude
larger than experimental values. Mauri [11] also assumes a
non compensated interface but the AF spins at the inter-
face reverse simultaneously with the F spins when the F
magnetization layer is reversed. In fact he supposes that
a planar domain wall parallel to the interface is formed
inside the AF layer. Malozemoff [12] supposes that rough-
ness at the interface induces a random exchange field be-
tween the two layers, much as in the Imry-Ma random field
problem. A minimization of energy argument suggests to
break up the AF into magnetic domains (lateral size L
and depth h = L/2) due to random fields. Writing the
local unidirectional exchange interface energy (expressed
in erg/cm?) in the form o, = £2.J;/a? (J; is the individual
exchange constant at the interface and the model assumes
a simple cubic structure with lattice parameter a and z
the coordination number) in the random field problem,
the local interface energy will be random and its average
value in a region of area Lo will go down statistically as
o = 0;/V'N where N = L?/a® the number of sites pro-
jected onto the interface plane.

This model yields a result very similar to the one of
Mauri and explains the order of magnitude of the bias
field observed in AF-F interfaces. But in the Mauri model
the AF domain wall is parallel to the interface, it is cre-
ated for one direction of the applied magnetic field and
disappears for the opposite direction, exactly as when you
exert a rotation strain on a mechanical sample, an elas-
tic stress (a twist) appears to absorb the strain. This dy-
namic aspect is very interesting. On the contrary, in the
Malozemoff model, the AF magnetization breaks down
into numerous domains at the interface, most of them be-
ing oriented in the same direction as the F magnetization.
These domains are a priori static during the reversal of
the F layer magnetization, but when the F magnetization
remains in reverse position, the AF domains are submit-
ted to a torque that tends to reverse their magnetization.
This phenomenon is thermally activated and a relaxation
of the exchange anisotropy could be observed, and this will
be the presently studied phenomena in Co/NiO bilayers.
These last years some experimental studies have demon-
strated that the exchange field at the AF/ F interface is
time dependent. Several authors have observed a slight
decrease or increase in time of the bias depending of the
history and final state of the F magnetization. We have
observed, in particular when studying magnetic proper-
ties of NiO/ Co bilayers, that if we do not pay attention
to restore the sample with the same final Co magnetiza-
tion state the bias is strongly modified a couple of days
or a week after. For the two states accessible in zero mag-
netic field and corresponding to the Co magnetization in
the same (forward) or in the opposite (reverse) direction
to the bias field, the after-effects are strongly different.

In the present paper, we describe the preparation
method of samples Glass/NiO/Co and the experimental
procedure based on a small a.c. magnetic field applied
perpendicular to the easy anisotropy axis, the measure-
ments being done by magneto optical methods. We de-
velop a simple model based on the relaxation of interfa-

cial AF magnetic domains to analyze the observed after
effects.

2 Experimental procedure

We have studied various types of Co/NiO samples corre-
sponding to different preparation methods that we have
described in detail in a previous paper [13] where we find
out conditions for obtaining strong uniaxial anisotropy
in the Co layers grown on nickel oxide. NiO was de-
posited using an RF facing target magnetron, the stan-
dard DC magnetron method being used for the Co layer.
For deposition of NiO layer, with a constant 1250 A thick-
ness, two distinct processes were adopted. For the first one
the substrate was in a fixed position (FIX), by this way
we obtained a well-defined anisotropy in the AF layer,
due to oblique incidence deposition, and a subsequently
anisotropy in the Co layer deposited on it. We also pre-
pared samples with desired anisotropy by depositing NiO
with a rotation of the sample holder, in order to avoid
oblique incidence deposition, but the sample holder was
equipped with two permanent magnets (MAG) generating
an applied magnetic field of 1kOe. In this last case the
morphology of the interface is smoother. Magnetic tun-
nel junctions [13] of NiO/Co/Al;O3/Co type made with
both processes for the bottom electrode show sharp mag-
netoresistive responses and yield more than 20% of tun-
neling magneto-resistance (TMR) at room temperature
along the easy axis. We will present here the results ob-
served with three samples FIX60, FIX80, and MAG50 (the
sample name indicates the type of growth process and the
Co layer thickness in Angstrom unit) selected from many
others. The whole magnetic study was realized by mag-
neto optical (m.o.) measurements. To measure the Kerr
rotation we used a balanced optical bridge composed of a
Wollaston prism to divide the reflected light at the sample
surface into two orthogonal polarized beams. Their inten-
sities are detected by two matched Si photodiodes. The
differential signal is converted using a 16 bit analog-digital
converter. A linearly polarized He-Ne laser was used as a
probe. The sample is placed in the center of a copper coil
and an accurate current supply generates a magnetic field
at its center.

First results on the value of the exchange anisotropy
were obtained by classical hysteresis loops measurements.
The applied magnetic field was along the easy magneti-
zation axis of the Co film, and the observed Kerr rota-
tion was proportional to the Co longitudinal magnetiza-
tion (component parallel to the field and to the plane of
incidence of the light). For these measurements the ap-
plied magnetic field was periodic with a 50 Hz frequency
and an amplitude up to 1kOe, but in order to avoid the
warming of the coil, the computer limited the number
of periods to six and evaluated the hysteresis loop data
during the last period of the magnetic field. Moreover it
stopped the magnetic field to manage the final direction of
the Co magnetization always in the same direction (pos-
itive or negative). At the beginning of the experiments
the sample was set up and the Co layer magnetized in the
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Fig. 1. Hysteresis loops obtained at ¢ = 0 and ¢ = 28 min
after reversal of the Co magnetisation at ¢ = 0.
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Fig. 2. Time dependence of the bias field HB after reversal of
the Co magnetisation (at ¢ = 0 and ¢ = 140 sec). The arrows
indicate the direction of the Co magnetisation.

positive direction, we measured successively the hysteresis
loop measurements at regular time intervals and verified
that the value of the bias remains constant. After this test
and in order to study the relaxation of the bias, we ap-
plied, at ¢ = 0, the magnetic field in order that the final
state of the Co magnetization was reversed (in the neg-
ative direction) and we carried out successive hysteresis
loop measurements. Figure 1 presents the hysteresis loops
for t = 0 and t = 28 minutes for sample FIX60 deposited
without rotation of the substrate. Note that the bias field
has relaxed from a value close to 56 Oe to 37 Oe. This
kind of experiment is repeated and the time dependence
of the bias is shown in Figure 2. We observe a continuous
decrease of the bias when the Co magnetization is in a re-
versed position (the bias is close to zero after 6 days) and
an increase of the bias if the Co magnetization is switched
back to the first positive direction.

The analysis of the hysteresis loop was done using the
classical model (Meiklejohn and Bean - M.B.) written in
the case where a F layer is deposited on an AF layer with
an uncompensated interface. Taking into account a ferro-
magnetic exchange interaction between F and AF spins,
the energy of this configuration could be written in the
form

E=—H,Mptpcos — Kyatpcos?0 — Jcos® (1)
where Mp is the F magnetization by unit vol-
ume (emu/cm?), H, is the applied magnetic field supposed

along the easy axis, K, is the uniaxial anisotropy by unit
volume (erg/cm?), tr is the thickness of the F layer, Jin
is the exchange interaction energy at the interface by unit
surface (erg/cm?). In a Stoner-Wohlfarth (S.W.) model
description, the switching fields H.; (forward) and H.o
(reverse), derived by considering the stability of states
# =0 and 0 =7 are

Hcl = _(2 KuatF + Jint)/MF tp
Hc2 == (2 KuatF - Jznt)/MF tF~

We could introduce, as was done by M.B., an uniaxial
field Hyq = 2Kyq/Mp and an unidirectional field H,q =
Jint/Mptr which translates the effect of the interface cou-
pling into H.1 = —Hyo — Hyg and Heo = Hyy — Hyg-
Due to the contribution of the interface exchange
coupling, the two switching fields are not equal and
the hysteresis loop is displaced by an amount —H,q =
—Jint/Mptr which appear inversely proportional to the
F layer thickness as expected for an interfacial effect. From
hysteresis loop measurements the exchange anisotropy
(uniaxial and unidirectional parts) is deduced from the
two coercive fields H.; and H.y. Moreover the coercive
fields depend strongly on the rate at which the applied
field is varied. Many phenomena must be taken into ac-
count like nucleation or propagation processes and ther-
mal activation, and a S.W. model is generally not con-
venient for describing the reversal process. Moreover the
hysteresis loops depend on dynamic effects (magnetic vis-
cosity) in the F layer resulting from the rate of change of
the applied field. In order to observe only the relaxation
phenomena inside the AF layer, the dynamic behavior in-
side the F layer must be eliminated. For these reasons we
have developed an experimental method close to that pro-
posed by Krivotorov [14], probably being more efficient
because the magnetic state of the F layer is unchanged
during exchange anisotropy relaxation measurements. In
the Krivotorov’s experiments a small a.c. magnetic field is
applied perpendicularly to the main easy anisotropy axis
in the plane of the Co/CoO sample and by help of a tech-
nique based on the anisotropic magnetoresistance effect
(AMR) they obtain the a.c. response of the Co magnetiza-
tion whose amplitude depends on the exchange anisotropy
field He, = Hyo + Hyq. We have developed an equivalent
method based on magneto optical (m.o.) measurements.
The anisotropy axis of the sample is oriented perpendic-
ularly to the incidence-reflection plane of the laser beam
(see Fig. 3), the a.c. magnetic field (amplitude 10 Oe, fre-
quency 60 Hz) is applied in this plane and in the plane
of the sample, by this way the longitudinal Kerr effect
(obtained by help of a numerical lock-in amplifier) gives
directly the component of the magnetization along the ap-
plied a.c. magnetic field (perpendicular to the easy mag-
netization axis). In our measurements the magnetization
of the Co layer is locked in one of the two stable posi-
tions corresponding to # = 0 or m and we observe a small
a.c. Co magnetization component resulting from the a.c.
applied field. From the amplitude of this component we
could deduce the exchange anisotropy field and study its
time dependence. With this method, we separate the time
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Fig. 3. Experimental configuration for the a.c. perturbation
method: position of sample, of the laser beam and of the two
applied magnetic field components Hg. (static) and Hq.c. (al-
ternate).

dependent effects in the AF layer from dynamic effects in
the F layer. Using the expression (1), completed by the
term —H,. Mptrsinf, we could deduce from the mea-
surements of M,. the value of H., by the simplified for-
mula (we suppose small angles and a zero dc magnetic
field)

(2)

analogous to expression (2) in Krivorotov’s paper. The
smaller important is the exchange field, the smallest is
the amplitude of transversal magnetization oscillations.
For larger amplitudes of oscillation a numerical calculus
replaces this simplified formula.

Mac = MFHac/(Hua + Hud)

3 Results

Before presenting the direct relaxation study of the ex-
change anisotropy field H.,, we have realized a series of
preliminary measurements in order to test the a.c. method
chosen to obtain H,, and H,q. They are to carry carry
out, by m.o. measurements, the amplitude of the transver-
sal a.c. magnetization component M,. and using expres-
sion (2) we deduce Hey. Figures 4 and 5 present the ex-
change field versus time for the sample FIX60. The sample
was prepared with the Co magnetization saturated in the
forward direction, H,, and H,q are in the same direction
corresponding to the more stable state of the AF layer
and Hep = Hyo + Hyg = 941 Oe. At t = 65 seconds (see
Fig. 4), we switch the Co magnetization in the reverse
direction, the interface coupling changes its sign and the
exchange field becomes H., = Hyq — Hyq = 777 Oe (we
have supposed that H,4 was not modified during the short
time of the Co reversal). By this simple way we can de-
duce both values of the uniaxial and unidirectional field
H,, = 859 Oe and H,q = 82 Oe before any relaxation
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Fig. 4. Exchange field H., vs. time for sample FIX60. The
arrows indicate the direction of the Co magnetisation.
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Fig. 5. Same experiment as in the Figure 4, but with opposite
initial cobalt magnetization.

phenomenon. These values of H,, and H,4 can be com-
pared to those obtained, before any relaxation, by the clas-
sical hysteresis cycle method (see Fig. 2). We deduce from
the shift of the hysteresis loop a slightly different value of
the unidirectional field, H,4 ~ 50 Oe. As explained above,
the hysteresis loop method supposes that the S.W. model
is appropriated to describe the switching of the Co mag-
netization, however, this is not the case.

Moreover, for 65 < ¢t < 100 seconds, we observe in Fig-
ure 4 the onset of the relaxation of H,q. At ¢ = 100 sec-
onds, switching back the Co magnetization to the positive
direction, we observe H., = 930 Oe. Considering that the
uniaxial anisotropy has a constant value, we could deduce
the unidirectional field H,4(100) = 71 Oe value obtained
after the relaxation of the AF domains during 35 seconds.
The second preliminary study concerns the same sample,
but 3 days after that the Co layer was saturated in the
reverse direction. We consider that H,, has not changed
and that H,4 has relaxed during this time towards a value
corresponding to some more complex and stable state of
the NiO layer obtained after three days of reverse orien-
tation of Co. Measurements presented Figure 5 show that
H,., ~ 869 Oe. When reversing at ¢ = 60s the Co mag-
netization in the forward direction, a very small change
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Fig. 7. Same experiment as in Figure 6, but with opposite ini-
tial cobalt magnetization. Contrary to sample FIX60 (Fig. 5),
it could be observed that the unidirectional field H,q has
changed its sign after several days with a reverse Co magneti-
sation, proving a larger relaxation rate of the bias field.

of the exchange field is observed. As previously, we can
deduce both values of the uniaxial and unidirectional field
H,, ~ 875 Oe¢ and H,q ~ 6 Oe. We observed that H,,
has kept the same value (the discrepancy between 875 and
859 Oe is not significant) but the unidirectional field has
relaxed during the three days to some value close to zero.
Moreover, we observed for 60 < ¢ < 95 s , when the Co is
back in a forward position, that H,4 begins to increase to
recover a positive value.

The same preliminary study was realized with sample
MAGS50 corresponding to a lower anisotropy of the antifer-
romagnetic layer. Results are presented in Figures 6 and 7.
We observed that, after several days with a reverse mag-
netization of the Co layer, the unidirectional field H,4 has
changed its sign which proves that the NiO magnetization
was partially reversed.

After these preliminary studies, we have investigated
the relaxation of H,4(t) following the experimental pro-
tocol:

1. saturation of Co in the positive direction during several
days to recover the magnetic state S1 observed after
the preparation of the samples,
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Fig. 8. Comparison of normalised unidirectional field H,q4 vs.
time for samples FIX60 FIX80 and MAG50. Solid lines are fits
to equation (3).

2. reversal of the Co magnetization in the negative direc-
tion at t = 0,

3. measurements of M,.(t) for t > 0, Hyq(t) being de-
duced using expression (2).

In Figure 8 we present the results obtained for the
three samples FIX60, FIX80 and MAG50. In order to
compare the relaxation process for the different samples,
H,4(t) was normalized by the value of H,4(0). We observe
that H,q is roughly constant during the first instants of
measurements 0 < ¢t < ¢; (¢; is sample-dependent but is
always of the order of magnitude of ten seconds). For t; <
t < texp We observe a logarithmic time dependence of Hyq
that could be written as Hyq4(t) — Hyua(t1) = —K Log t/t;.
The time t.;p corresponds to the end of the M,. acquisi-
tion measurements. Clearly several experiments were done
with a greater t.;, (for example 12 hours) and seems to
prove a logarithmic time dependence for larger time range
but the signal to noise ratio of dH/dt becomes smaller and
smaller and prevents a precis analysis of the time depen-
dence of H,q for longer times. The various parameters
characteristic of the samples FIX60, FIX80 and MAG50
are summarized in Table 1. For each of them, the val-
ues of the relaxation speed K, uniaxial and unidirectional
fields H,, and H,4 are presented for the relaxation from
the state S1 which is the quasi stable state obtained af-
ter preparation of the samples. Table 1 also shows the
main parameters deduced from a next experimental step
where the relaxation is studied from an intermediate state,
called S2 for simplification, carried out several days after
reversal of the Co magnetization. The relaxation is then
studied when reversing one more time the Co magnetiza-
tion in the positive direction, the system coming back to
state S1. We observe a value of the slope K larger in the
case of NiO deposited with rotation of the substrate, this
sample corresponding to lower anisotropy of the NiO layer.
The values of H,4 are close to zero after 2 hours of mea-
surements, the unidirectional field H,4(t) changes its sign
and the reversal of a large part of the AF domain magne-
tization is achieved. On the contrary, for a sample without
rotation of the substrate, the unidirectional field H,q(t) is



Table 1. Table of parameters H,, and H,q4 resulting of the
preliminary studies (short reversal).

sample state Hyq (Oe) Hyq (Oe) K (Oe/dec) Knorm

FIX60 S1 865 86 18.7 0.22
S2 832 4.7 -34.2

FIX80 S1 515 53 10.4 0.20
S2 503 -11 -19.8

MAG50 S1 851 160 51.0 0.32
S2 881 -116 -98.0

close to zero only after several days. These results demon-
strate that the behavior of H,4(t) depends strongly on
the anisotropy of the AF layer. As already discussed, a
difficult experimental problem is met when analyzing the
behavior of H,4(t) for a very long time (a couple of days
or a couple of weeks) after the reversal of the Co mag-
netization. Moreover most of our tentatives to obtain the
final value of H,q seem to indicate that it is obvious to
consider that the final AF state is symmetric with respect
to the state at t = 0 before reversal. Clearly the time de-
pendence of the exchange field results from the relaxation
of the AF domains dragged by the reversal of F' magneti-
zation and excited by thermal activation. The initial state
can be considered as a quasi stable state after the sample
preparation process. When switching the Co magnetiza-
tion a torque appears due to F coupling which tends to
reverse progressively the various AF domains. But taking
into account numerous crystallites of different size due to
the sputtering technique used for preparation but also the
roughness of the interface we have to consider that the
various intermediate states of AF layer are very complex
and numerous, similarly as in frustrated spin systems such
as spin glasses, and it is difficult to suppose an exact sym-
metry of the system even after a very long time.

4 Analysis

As proposed by Malozemoff, and due to random field cre-
ated by roughness, we assume the formation of regular
AF domains, at the interface. Let us justify, in our case,
this Malozemoff approach. Miltényi et al. [21] have pro-
posed that the exchange bias is due to magnetic domains
in the volume of the AF layer. This hypothesis is as-
serted by an experimental study on systems AF/F with
diluted AF'. In this case, the number of domains depends of
the defect density inside the bulk AF layer, each defect be-
ing a pinning center for a domain wall (and not on disorder
or defects at the interface). Results obtained by A. Mougin
et al. [22] on irradiation effect on exchange bias systems
are consistent with the Miltényi model. But in our case
the structure of magnetic domains is linked to the prepa-
ration process of the NiO layer, and we have shown [13]
that for non rotating substrate, the inclined deposition in-
duce columnar growth with 10 to 15 nm wide grains (the

grains crossing the whole AF layer with a rather constant
dimension). We consider that the AF domains size is cor-
related to the crystallite size and the problem of exchange
bias differs, in our case, from the phenomena observed in
diluted AF. We suppose, as in the Malozemoff model, that
the magnetic configuration in the bulk AF layer (125 nm
thick) is fixed when the Co is reversed. The torque ex-
erted by the reversal of the F magnetisation involve only
the drag of an interfacial part of the AF domains.

With this hypothesis, each domain presents a weak
net magnetic moment resulting from the non total com-
pensation of the spins. As a consequence of the prepara-
tion method (cooling with an applied magnetic field) most
of these magnetic moments are oriented along the easy
anisotropy axis and are ferromagnetically coupled with
the adjacent Co layer magnetization. It induces a bias field
and the hysteresis cycle is not centered at H = 0. When
the Co magnetization is reversed (due to negative applied
magnetic field) most of the AF domains are submitted
to a torque that tends to reverse their magnetization in
the same direction as the Co layer. This phenomenon is
thermally activated and explains the after-effects observed
concerning the bias field. Following the presentation of
Fulcomer and Charap [15] we consider that the AF do-
mains are identical and non-interacting and that they are
exchange coupled to the magnetization of the Co film. The
total energy E4p for one of these identical domains can
be written:

EAF:KC‘?F Vv sin27—|—J><S Cos 7y

where v is the angle between the AF moment and the
common AF and F easy axis, K" is the unit volume
anisotropy of the AF layer, V is the AF domain volume,
S is the contact area between AF domain and Co film,
J is the unit area interface exchange coupling constant
(in the paper of Malozemoff J is called o) and J results
from the incomplete compensation of the AF moments at
the interface and can be written as inversely proportional
to v/N, where N is the number of interface spins in an
AF domain. For JS < 2 KAF V| there are two equilibrium
states for the AF domain magnetization which are v =0
(state 1) and v = 7 (state 2), separated by a maximum of
the total energy equal to

Epaw = KAFV [1 +(JS/2 KAF V)Q} .

The switching of the AF domain magnetization above
Enaz 1s activated by thermal fluctuations. The barrier en-
ergies are of distinct amplitudes when going from state 1
to state 2 and inversely

AE+ = KMV [1+J5/2 KA V)

The probability to overcome the barrier is thermally
activated and consistent with an Arrhenius law 7 =
70 exp (+AE/kT) where T is the temperature of the ex-
periment, AFE the barrier energy and 79 being a charac-
teristic attempt time for spin reversal. AE being stronger
when going from state 2 to state 1, the AF domain mag-
netization approaches a new equilibrium corresponding to



Table 2. Table of parameters H,, and H,q4 resulting of the
preliminary studies (short reversal).

sample  Tmin ()  Tmax () K (Oe/dec)
FIX60 12.1 2.28 x 1019 18.7
FIX80 44 1.55 x 10'*  10.4
MAG50 8.7 2.33x 10" 51.0

AF moments in the same direction as the Co magnetiza-
tion. The two process 1—2 and 2—1 are characterized by
two relaxation times 71 and 72 and finally the total time
constant 7 will be given by the expression

1/r=1/n1+1/m
= 1/70[exp(E1 = Epnaz) /KT + exp(B — Epnaa) /KT).

The unidirectional field (or bias field) evolves in time ac-
cording to

Hya(t) = Hud(00) = [Hua(0) — Hua(o0)] exp(—t/T)

where H,4(0) and H,q4(o0) are the initial and final fields.
As often in similar systems an appropriate size, volume
or energy distribution leads to a logarithmic time depen-
dence. The unidirectional magnetic field can be then ex-
pressed in the form:

Hyq(t) — Hua(t1) = [Hua(0) — Hya(ty)]
X / o p(7) exp —t/rdr

Tmin

= Slogt/t (3)

where S is the viscosity characteristic of the relaxation
rate. The time dependence of H,4 observed experimen-
tally in various cases (see Fig. 8) is well described by a
logarithmic function of time. These results are in agree-
ment with the existence of a distribution of domain sizes
or energies. The parameters T4, and Tyin, determining
the range of time constant distribution, can be obtained
by fitting the experimental H,4(t) to the above equation
under the assumption p(7) = 1/7 and are presented in
Table 2 [16].

5 Discussion

The Fulcomer and Charap model [15] can be developed
or applied to our system when assuming some hypothesis.
The main one concerns the size of the AF domains and this
point will be discussed at first. In a second part, taking
into account the distribution of 7 (relaxation characteris-
tic time) which results from the experimental study, we try
to deduce most of the characteristics of the NiO/Co sys-
tems. As in most of the models, the ferromagnetic layer
is regarded as a single domain. This assertion is not ob-
vious because the F domain size, during magnetization
reversal, has been observed to be much smaller in an ex-
change biased bilayer than in a single F layer. Neverthe-
less we have observed for systems Glass/ NiO/ Co [17]

F domains of sufficient large size (in the range 1 pum —
1 mm) compared to the size of the AF domains to con-
sider the F layer as single domain. Moreover we consider
that the domain size of NiO may be strongly correlated
to the crystallite size. By HREM we have noticed regu-
lar columnar grains of 10 to 15 nm wide. The NiO films
are in our experiments 125 nm thick, but taking into ac-
count the work of Malozemoff the reversal does not con-
cern the whole AF film, only a thickness of order of 5 nm
(the half width of the domains) is involved. Consequently
the mean AF domain volume could be estimated to V =
0.5x 1078 cm?. This small size of the AF domains is con-
firmed by the work of Wang et al. [18]. When they pat-
tern in micronic dots a NiO/NiFe bilayer, if the NiO film
is epitaxially deposited the exchange field increases when
reducing the pattern size proving that, in this case, the
AF domains are larger than one micron. On the con-
trary, the exchange field of patterned polycrystalline NiO
on Si does not depend of the pattern size, demonstrat-
ing a considerably smaller AF domain size, close to the
grain size. The order of magnitude of the AF domain
size can be also approached considering that the domains
tend to contract, as explained by Malozemoff, until the
size equals the wall width, whose classical expression is
d=m\/Aar/ KfF . Taking into account the absolute val-
ues of the exchange constants 4; = 1.6 x 1077 erg/cm
between first neighbours, Ay = 6.7 x 107 erg/cm be-
tween second next neighbours and a mean anisotropy con-
stant KA = 3.3 x 105 erg/cm?, we obtain the value
0 = 14 nm. This value is consistent with the above men-
tioned order of magnitude obtained when considering that
the domain is similar to the grain size (10 to 15 nm). Nev-
ertheless the breakdown of the AF layer, close to the inter-
face, into small conventional magnetic domains is clearly
a strong simplification of the physical reality. Due to in-
terface roughness there is a strong magnetic frustration
in the AF layer leading to magnetic disorder at the inter-
face as in any system with random anisotropy. The after
effects reported above, when we reverse the Co magnetiza-
tion, is characteristic of frustrated spin system. Complex
transitions between metastable states are thermally acti-
vated and the simple model of regular AF domains at the
interface is a rough approximation. If one further allows
that the interface exchange coupling constant J between
the Co layer and a perfectly uncompensated AF plane is
close to the value Jy = 10 erg/cm? [19], one can expect, as
in the Imry-Ma random field problem, that the effective
coupling energy per unit area would go down statistically
as J = JO/\/N where N is the number of Ni magnetic
sites at the interface between the AF domain and the
Co layer. Taking into account the mean surface of each
AF domain at the NiO/Co interface we can deduce an
averaged coupling energy associated with an AF domain
surface: Jg = 0.2 x 10712 erg.

We now discuss the experimental results in terms of re-
laxation time range. As shown in Figure 8, the typical re-
laxation time range characteristic of the decrease of H,4(t)
is roughly equal to 1 < 7 < 1000 s. Taking into account
7o = 1079 s, and JS = 0.2 x 10712 erg, assuming that



all the AF domains are equal in size and a distribution of
anisotropy energy, we can deduce the range of anisotropy
energies 0.72 x 106 < KA < 0.84 x 10% erg/cm?®. These
values are completely in the order of magnitude that we
would expect taking into account that K fF (associated
to magnetocrystalline anisotropy) of NiO is at maximum
equal to 3.3x 106 erg/cm?®. Note that we have not observed
a possible texture in the NiO film and that consequently
the easy (111) planes are randomly distributed. We recall
that the anisotropy is in our case, and for non rotating
substrate, the result of oblique incidence deposition. In
case of a rotating substrate the anisotropy results from
magnetoelastic effects due to deposition under 1 kOe ap-
plied magnetic field. When comparing these results with
results obtained by Dubourg [17] in the case of a purely
rotating substrate we observe that he obtained a value
roughly ten times smaller KA = 0.1 x 10% erg/cm?.

6 High magnetic field experiments results
and analyze

These experiments were done subsequently to our recent
results [20] for various exchange-biased systems exposed
to pulsed magnetic fields. A 55 T magnetic field pulse
was applied on the same series of samples in two direc-
tions, namely along the exchange unidirectional field and
opposite to it. In the first case, and for sample FIX60,
no change in exchange bias was detected after the pulse,
its value remaining 56 Oe (as observed by hysteresis cy-
cle measurements). In the second case, where the 55 T
pulsed field reverses the Co magnetization, we observed,
as shown in Figure 9, an immediate bias field decrease to
zero, the decay time being probably reduced to the field
pulse duration (less than 500 ms).

This evidences that, during the high magnetic field
pulse, the Zeeman energy on non-compensated moments
of the AF domain balances or overcomes the anisotropy
energy barrier and switches some of the AF domain mag-
netization into the opposite direction.

It has to be noted that used m.o. method does not
allow to reveal constant contribution to the magnetization
(magnetic moment from non-compensated AF domains),
and hysteresis loops in Figure 9 are manually centered
along vertical axis.

By these high magnetic field experiments we can ex-
pect a new possible estimate of the energy barrier and
have a confirmation of the previous model. At first we can
evaluate the mean magnetic moment associated with the
non compensation of the AF domain volume whose size
was discussed earlier. We know the average number N of
spins in a volume corresponding to the AF magnetic do-
mains N = 2.5 x 10%. The statistically non-compensated
magnetization of each AF domain could be written in the
form M =2 pugVvV/N =29 x 10722 J T~

When a 55 T high magnetic field pulse is applied along
the uniaxial axis but opposite to the unidirectional field,
we have observed an immediate bias field decrease to zero.
An estimate of the Zeeman energy of the AF domain (vol-
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Fig. 9. Comparison of hysteresis loops for sample FIX60, be-
fore and after a reverse pulsed field.

ume V and magnetization M) gives the value

Ezeeman =2 ppVN H = 1.5 x 10712 erg.

This energy is larger than the barrier energy due to the
anisotropy. It could explain the immediate reversal of a
lot of AF domains in the direction of the Co magneti-
zation inducing the observed decrease of the bias field.
The method consisting to apply a series of pulsed mag-
netic field of increasing amplitude could be an efficient
experimental process to probe the distribution of barrier
energies.

This conclusion could be debated, if we consider that,
in high magnetic field, the spin flop phase could be in-
duced in a large part of the antiferromagnetic domains.
This effect, probably favor the simultaneous reversal of
AF domains with the Co magnetisation in the direction
of the applied magnetic field.

7 Conclusion

We have developed a magneto-optical method to study
the relaxation of the exchange anisotropy. The results ob-
tained with Co/NiO systems show a systematic logarith-
mic time dependence of the unidirectional field H,4. The
relaxation rate of H,q is directly correlated to the uni-
axial anisotropy of the AF layer which results of the de-
position method. For example, when NiO is obliquely de-
posited, the characteristic time of relaxation is very long,
the bias tends to a value close to zero after about several
days when the Co magnetization is reversed. Assuming
the analysis developed by Malozemoff based on random
field model and the model of Fulcomer and Charap, we
propose a possible first description of this phenomenon.
Clearly real systems are more complex and the AF/F in-
terface presents more the characteristics of a frustrated
spin system.
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