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By using the recently developed alternating-gradient magnetometer, that combines very high
sensitivity and measurement rapidity, we have made observations of magnetic aftereffect in fer-
romagnetic films of a few atomic layers. These Co films have a perpendicular easy axis due to a
large interface anisotropy and square hysteresis loop. The study of the field dependence of the re-
laxation rate gives information on the activation energy. The results are discussed in connection
with the possible existence of domains and wall motion.

It is well known, after Neel, ' that magnetic aftereffect
due to thermal activation is a general property of all fer-
romagnetic materials. In bulk materials, the time scale
for magnetic aftereffect is often so large that aftereffect
cannot be observed. On the other hand, when the dimen-
sions are very small, aftereffect becomes very important
(small particles, rock magnetism). One can therefore
raise the question of whether aftereffect can be observed
when one dimension only is very small, i.e., in ultrathin
61ms.

In order to be able to observe aftereffect in ultrathin
61ms, one has to fu1611 the following conditions: (1) Be-
cause of the ultralow thickness of the samples, one must
use a very sensitive magnetometer. (2) One must be able
to measure rapidly enough to follow the time dependence
of the magnetization. The vibrating sample magnetome-
ter is fast but not sensitive enough, whereas the torsion os-
cillation magnetometer and the SQUID magnetometer
are very sensitive but not fast enough.

The recently developed alternating-gradient magnetom-
eter (AGM) is both very sensitive and relatively fast, and
is therefore well suited for studying dynamical effects in
ultrathin 61ms. We have used a laboratory built AGM
working at room temperature to study the time depen-
dence of magnetization in Au/Co/Au sandwiches with ul-
tralow Co thickness (a few atomic layers), which, due to a
large interface anisotropy, have a perpendicular easy axis
below 12 A and a square hysteresis loop.

Our measurements unambiguously show the presence
of an unusually important aftereffect in Co ultrathin films.
To our knowledge this is the first observation of such
effects in ultrathin 61ms. The field dependence of the re-
laxation rate gives information on the activation energy.
It is-shown that the time stability of the remanent magne-
tization varies by several orders of magnitude in a narrow
thickness range. We discuss the mechanism of magneti-

zation reversal, and suggest that the latter is due to wall
motion.

The existence of walls and domains in the monolayer
range is currently of great interest. It has been recently
studied theoretically by Yafet and Gyorgy. 3 However, on
the experimental point of view, this question remains
open. Our method for studying the dynamical behavior of
the magnetization proves to be very efficient and provides
useful information on the dynamics of (possibly existent)
Bloch walls in the monolayer range.

I. THE SAMPLES

A detailed description of the preparation and structural
characterization of the Au/Co/Au sandwiches can be
found in Ref. 4. The samples are grown on glass by
thermal evaporation in ultrahigh vacuum. After anneal-
ing, the gold substrate, about 250 A thick, is polycrystal-
line, with (111)texture and a crystallite size around 2000
A. The surface is constituted of atomically flat terraces of
width 200 to 300 A., separated by monoatomic steps. The
Co 61m grows expitaxially on Au, with a hcp (0001)
structure. The growth is not layer by layer, so that the
second interface has a larger roughness than the 6rst one.
The film is then covered by a Au layer of about 250 A. in
order to prevent corrosion of the Co. This Au layer grows
epitaxially on Co, so that the crystalline coherence is kept
through the total thickness. For the magnetic measure-
ments, the Au/Co/Au sandwiches are peeled off from the
glass with amyl-acetate varnish.

The magnetic properties of the samples have been stud-
ied by ferromagnetic resonance and SQUID magne-
tometry. These experiments, reported in previous publica-
tions, ' show the presence of a large interface anisotropy
competing with the demagnetizing anisotropy, and driving
the easy axis out of plane for Co thicknesses below 12 A.
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from one sample to another can therefore result in a
tremendous change of r(H 0).

III. DISCUSSION

From Eq. (2), we have ln(r) ln(ro)+E~/ktt T; assum-
ing that ln(ro) depends only slightly on H, as compared to
E~, the above results show that the activation energy de-
pends linearly on the field, i.e., it can be written (for
H &0)

Eg VttMg(Hg+H) . (3)
In order to explain this behavior, we have to discuss the
mechanism of magnetization reversal. There are two pos-
sible mechanisms for magnetic reversal: (i) individual re-
versal of the magnetization of more or less independent
particles; and (ii) magnetization reversal by wall motion.

In mechanism (i), for particles of volume V and
effective anisotropy field Hz, the activation energy is (for
K&0)"

VMs 2 (Htt+H) /Hx= VMs(2 H~+H) (4)

300 400 500 s oo - H, (Oe)

FIG. 4. Plot of 1n(r) vs H for the 8.1-A film.

TABLE I. Characteristics of the samples, stability time of
resonance z(H 0), and "Barkhausen length" Ia.

Sample Thickness (A) Easy axis r(H-0) I, (A)

4.1

5.4
8.1

9.5
22.2

J
J
J
J
II

5.5 h
11.4 yrs
1.3 yrs

14 d
9.3 months

400
480
300
280
310

be shown that the maximum value of the slope in a M-
vs-ln(t) plot yields a measure of the ratio &I'-z/k&T,
which, in the present case, is found to be AI:-g/kttT = 6.
However, for the early stage of the relaxation, one can al-
ways de6ne an initial relaxation time, which corresponds
to an average activation energy. We therefore chose to
analyze the experiments just by measuring this initial re-
laxation time.

We have plotted in Fig. 4 the logarithm of the relaxa-
tion time versus the 6eld, for the 8.1-A film. One observes
that the points can be 6tted very nicely by a straight line
over a wide range. Only the points corresponding to high
values of the 6eld deviate from the straight line: Actually,
in these cases the relaxation is so fast that we cannot ob-
serve the early stage of the magnetization reversal. This
linear behavior is observed for all of the samples.

By making a linear extrapolation down to zero applied
6eld, we can obtain the stability time r(H 0) of the
remanent magnetization. The latter is shown in Table I.
It appears that this stability time can vary by several or-
ders of magnitude in a very narrow thickness range. This
is due to the exponential dependence of r(H 0) with
respect to the activation energy: A small variation of Ez

for K&&Htr. The activation energy therefore follows Eq.
(3), with H~ 2 H» and Vs V.

In mechanism (ii), we have to consider the obstacles to
wall motion. According to Neel, " these can be due to in-
homogeneities of the wall energy. In that case, one can
show9 that the activation energy is of the form given in
Eq. (3), where Kg is related to the propagation 6eld
without thermal activation and where Vs is the volume of
the obstacles.

This shows that both mechanisms would lead to the ob-
served behavior. In both cases, V&Ms is the elementary
magnetization reversal, i.e., it corresponds to Barkhausen
jumps, and we can call Vs the "Barkhausen volume. "
Similar interpretations have been given for aftereffect in
amorphous ferromagnets. '2'3

The slope of the straight line in Fig. 4 yields VsMs/
kit T. Assuming the bulk value for M~, we can thus evalu-
ate Vs. We have reported in Table I the "Barkhausen
length" ltt J(Vs/It ) (h is the Co thickness).

For all the samples, ls is in the range of 300-500 A.
The weak variation of ls from one sample to another sug-
gests that it is actually a relevant parameter of the prob-
lem.

From the point of view of hypothesis (i) for the magne-
tization reversal mechanism (single-particle reversal), ls
would be the average diameter of the "magnetic grains, "
and should be related to the size of the "crystallographic
grains" (D =2000 A).

On the other hand, within hypothesis (ii) (magnetiza-
tion reversal by wall motion), ltr would be related to the
size of the obstacles impeding the wall displacements; the
roughness of the films results in obstacles, the size of
which is given by the correlation length g of the interfacial
irregularities (f=200 A).

We therefore suggest that the magnetization reversal
occurs by wall motion, and that the thermal activation is
responsible for the observed aftereffect. However, a com-
plete interpretation of the present experiments ~ould need
the direct observation of the walls, which still remains a
challenge for 61ms of a few atomic layers.
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