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An investigation of time-dependent domain wall pinning
effects in Tb/Fe multilayer thin films
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Abstract

Reverse domain nucleation time measurements have been performed on two Tb/Fe multilayer magneto-optic films

exhibiting different degrees of domain wall pinning. A linear relationship between ln (reverse domain nucleation time)

and the applied field has been predicted and observed for a sample exhibiting weak domain wall pinning. This is in

agreement with theoretical work presented which addresses time dependence in systems possessing weak domain wall

pinning. A non-linear relationship applicable over a restricted field range has been derived for a sample exhibiting

strong domain wall pinning. Experimental results have indicated that this relationship is also valid. r 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Tb/Fe multilayer thin films have shown poten-
tial as a media for magneto-optic recording [1].
Magnetisation reversal in such films is usually
described in terms of a well-established two-
coercivity model whereby reverse domains nucle-
ate and then grow [2]. Distinct energy barriers exist
for reverse domain nucleation and domain wall
motion which are, therefore, characterised by two
separate coercive fields [3]. Domain growth via
wall motion is governed by the strength of the

domain wall pinning exhibited by the film. Where
weak domain wall pinning is prevalent reverse
domains once nucleated will expand rapidly and
magnetisation reversal will proceed swiftly. If
strong domain wall pinning occurs, then reverse
domain growth will be hindered and reversal will
be less rapid.
Magneto-optic films generally exhibit a time

dependency of magnetisation reversal, which is
non-linear in lnðtÞ; arising from thermal activation
over local energy barriers that possess a narrow
distribution [4–6]. Gaunt [7,8] has addressed such
time-dependent magnetisation reversal for materi-
als exhibiting weak and strong domain wall
pinning, and also for single domain particles.
Expressions were derived for the activation energy
required to overcome weak and strong domain
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wall pins, the associated activation volumes and
their equivalent fluctuation fields. Gaunt defines
weak domain wall pinning as the case when the
wall breaks away co-operatively from many
pinning sites at the coercive field. Similarly strong
domain wall pinning is defined as when the wall
breaks away from individual pins to sweep out a
volume containing on average one more pin.
This paper uses the theoretical work of Gaunt as

a basis to predict a linear relationship between
lnðtnÞ and H is for magnetisation reversal via the
nucleation and rapid expansion of reverse domains
(due to weak domain wall pinning), where tn is the
time taken for a reverse domain to nucleate and
become unpinned and H is the applied field. This
relationship is confirmed experimentally at applied
fields where weak domain wall pinning occurs. A
non-linear relationship is predicted and observed
over a restricted field range where strong domain
wall pinning is prevalent.

2. Theory

Gaunt [7] addressed thermally induced magnetic
viscosity in terms of energy barriers. The waiting
time t before an energy barrier is overcome was
given by

t�1 ¼ f0 expð�Ea=kTÞ; ð1Þ

where Ea is the activation energy and kT is the
Boltzman energy. f0 is the spin precession
frequency with a value between 109 and 1012Hz.
The activation energy was considered to be the
difference between the maximum and minimum
energy positions of domain walls and for weak
pinning was given by [7,8]

Ea ¼ Eweak½1� ðH=H0Þ�; ð2Þ

where Eweak is a constant energy term dependent
on the wall width and domain wall energy and H0

is the field required to unpin the wall without
thermal activation. Magnetisation reversal in
materials exhibiting weak pinning was assumed
to proceed by domains becoming unpinned from
many sites simultaneously in a co-operative
process. Such reversal is the result of a breakdown
in the Friedel steady-state model [8], which

describes reversal in materials exhibiting strong
domain wall pinning. In this model, a domain wall
on becoming unpinned is assumed to sweep out a
volume that contains an average of one replace-
ment pin. The activation energy for this process
was given by [7,8]

Ea ¼ Estrong½1� ðH=H0Þ
1=2�3=2; ð3Þ

where Estrong is proportional to the domain wall
width and the maximum pinning force on the
domain wall. From Eq. (1) it is possible to write

tn=t ¼ tnf0 expð�Ea=kTÞ; ð4Þ

where tn is the time taken for the magnetisation of
a sample to reverse by a pre-defined amount, after
the application of a field. The magnetisation of the
sample is assumed to change via reverse domain
nucleation and the unpinning of domain walls. If
tn=tB1 then Ea varies linearly with lnðtnÞ [7]:

Ea ¼ kT lnðtnf0Þ: ð5Þ

Thus, by combining Eqs. (2) and (5) we obtain

lnðtnÞ ¼ �
Eweak

kTH0

� �
H þ

Eweak

kT
� lnðf0Þ

� �
: ð6Þ

Eq. (6) indicates that lnðtnÞ is a linear function of
applied field where weak domain wall pinning
prevails. It has been shown that the fluctuation
field Hf ¼ DH=DlnðtÞ [9] and that Hf is inversely
proportional to the activation volume va [7]. Thus,
the slope of Eq. (6), i.e. DlnðtnÞ=DH; is propor-
tional to va: This is consistent with Gaunt who
stated that va is constant for weak domain wall
pinning [7].
By combining Eqs. (3) and (5) it is possible to

derive an equation relating lnðtnÞ and H for the
strong domain wall pinning regime

lnðtnÞ ¼
Estrong

kT
1�

H

H0

� �1=2
" #3=2

�lnðf0Þ: ð7Þ

The slope of Eq. (7) is

DlnðtnÞ
DH

¼
�3Estrong

4 kTH0

H0

H
�

H0

H

� �1=2
 !1=2

pva ð8Þ

which is field dependent. It is important to note
that Eq. (8) breaks down when H > H0; therefore,
Eq. (7) can only be compared with experiment at
fields less than H0:
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3. Sample preparation and experiment

Two sputter deposited samples were studied, the
preparation of which is described in detail else-
where [10]. Sample A had the structure 24(14.3 (A
Tb+8.5 (A Fe) and sample B 18(19.8 (A Tb+8.5 (A
Fe). Both samples possessed glass substrates and
were deposited without seed layers. A 90 (A
protective layer of Al was deposited on top of
the magnetic layers to prevent oxidation. Fig. 1
shows that both samples possessed hysteresis loops
with very high squareness. The loops exhibit
shearing, beginning at �0.5Ms and +0.35Ms for
samples A and B, respectively. The shearing of the
loops is typical of that observed for magneto-optic
films exhibiting domain wall pinning [3] and
indicates the fields at which such pinning occurs.
Thus, at fields less than or equal to the coercivity,
domain wall pinning is expected to be weak for
sample A and strong for sample B. Sample A had
a coercivity of 701Oe and sample B a coercivity of
154Oe.
Magnetic measurements were performed at

room temperature using a commercial alternating
gradient force magnetometer (AGFM)1 possessing
a very low-noise base of 2� 10�8 emu, fast data
acquisition time, high applied field sweep rate,
small settling time, and field control to within 1Oe
[11]. In order to probe tn; a series of what we term
nucleation time experiments were performed on
each sample. Each measurement consists of
applying a saturating field to the sample, followed
by a reversing field of appropriate value. The
magnetic moment is then monitored until it drops
by a predetermined amount, at least two orders of
magnitude larger than the noise base of the
AGFM (7.5% for sample A and 10% for sample
B) and the elapsed time (tn) recorded. To obtain
statistically valid sets of data these measurements
were repeated 130 times for sample A and 500
times for sample B at each applied field. Applied
fields less then the coercivity were used for sample
A as it exhibited extremely rapid time dependence,
while applied fields around the coercivity were
used for sample B.

4. Results and discussion

A distribution in tn over a range of the order of
seconds was observed for both samples. Examples
of the data are shown by the histograms in Figs. 2
and 3. For ease of interpretation the x-axis is
plotted on a loge scale. The range is at least two
orders of magnitude greater than the time resolu-
tion of the AGFM (B10ms) and hence the
distribution cannot be attributed to experimental
uncertainties. The observed distributions are a
result of the random nature of the thermal
fluctuations responsible for time-dependent rever-
sal. It is clear from Figs. 2 and 3 that modal values
of tn may be identified from the peak in the
distributions, hence the variation of tn with
applied field may be probed.
Figs. 4 and 5 show the variation of tn with

applied field for samples A and B, respectively.
For comparison with the theory, tn is plotted on a
loge scale. Fig. 4 reveals a linear relationship
between lnðtnÞ and H for sample A. This is
observed at applied fields where reversal is
expected to proceed by reverse domain nucleation
and rapid expansion due to weak domain wall
pinning. The following function, which is of the
form of Eq. (6) has been fitted to the experimental
data and is indicated by the dashed line in Fig. 4:

lnðtnÞ ¼ aH þ b; ð9Þ

Fig. 1. Hysteresis loops for samples A and B. The shaded areas

indicate where reversal is mainly by either reverse domain

nucleation followed by weakly pinned domain wall motion or

strongly pinned domain wall motion.

1Princeton Measurements Corporation ‘‘Micromag’’ 2900.
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where a and b are fitting parameters. The fit of
Eq. (9) to the experimental data is good. This
implies that for this field range magnetisation
reversal for sample A is described by the theore-
tical framework developed by Gaunt for the case
of weak domain wall pinning [7,8].
A non-linear relationship is observed between

lnðtnÞ and H for sample B with a minimum being
observed at around �100Oe. Following the
discussion of Eqs. (7) and (8) it is only appropriate
to try to fit data to the right of the minimum,
however, due to the small data set the point at

�104Oe has been included in the data to which
the following curve has been fitted

lnðtnÞ ¼ a 1�
H

b

� �1=2
" #3=2

þc; ð10Þ

where a; b and c are fitting parameters. The fit of
Eq. (10) to the experimental data is not good,
although it does lie within the error bars. This
indicates that magnetisation reversal may proceed
in accordance with the Freidel steady-state model
and that the theoretical framework of Gaunt is

Fig. 3. Histogram of 500 nucleation time experiments per-

formed on sample B at an applied field of �200Oe. The x-axis

is plotted on a loge scale.

Fig. 4. lnðtnÞ vs. H for sample A, the y-axis is plotted on a loge
scale for ease of interpretation. The dashed line is a least-

squares fit of Eq. (9) to the experimental data and indicates that

domain wall pinning is weak in the indicated field range for this

sample.

Fig. 5. lnðtnÞ vs. H for sample B, the y-axis is plotted on a loge
scale for ease of interpretation. The dashed line is a fit of

Eq. (10) to the experimental data, the solid line is the slope of

the fitted curve.

Fig. 2. Histogram of 130 nucleation time experiments per-

formed on sample A at an applied field of �400Oe. The x-axis

is plotted on a loge scale.
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probably applicable in this field range. It should be
stressed that the evidence is not absolutely
conclusive and that a larger set of experimental
data would allow more accurate fitting and further
clarification.
If it is assumed that the Freidel steady-state

model is applicable between 0 and �100Oe, then
the solid line in Fig. 5, corresponding to the slope
of the fitted curve, indicates that the activation
volume decreases as H0 is approached. This is due
to the large demagnetising field associated with
thin films possessing perpendicular magnetic ani-
sotropy. Under such conditions the total field
provides enough energy to either nucleate large
domains, or nucleate small domains which are
then able to expand via weak domain wall pinning
energy barriers being overcome. In both cases,
strong domain wall pinning prevents explosive
expansion of the nucleated domains. As H0 is
approached, the magnetisation and demagnetising
field of the sample decreases. There is now
insufficient energy to nucleate large domains or
for energy barriers due to weak domain wall
pinning to be overcome. Hence, the activation
volume drops to a minimum.

5. Conclusion

The theoretical work of Gaunt addressing time
dependence in systems possessing weak and strong
domain wall pinning has been used to derive a
linear relationship between lnðtnÞ and applied field,
where tn is the reverse domain nucleation time, for
magneto-optic films exhibiting weak pinning. A
non-linear relationship, applicable over a re-
stricted field range, was derived for the strong
domain wall pinning case. The results of reverse

domain nucleation time experiments performed on
a Tb/Fe multilayer film exhibiting weak domain
wall pinning have quantitatively confirmed the
linear relationship. Experimental results for a
sample exhibiting strong domain wall pinning
provide initial confirmation of the validity of the
relationship derived for strong pinning over a
restricted range of applied fields.
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