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Magnetic aftereffect in compressively strained GaMnAs studied using Kerr microscopy
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We study the magnetic aftereffect in compressively strained GaMnAs by means of Kerr microscopy. Under
constant magnetic field conditions, a dramatic decrease in domain-wall velocity with time is observed, which
is attributed to the irreversible magnetic aftereffect. The time- and space-resolved dynamics of single domain
walls are used to derive the time dependence of the magnetization that is modeled considering two coexisting
relaxation processes on fast and slow time scales. From fitting of the magnetization vs time curves, the
activation volumes for two different GaMnAs samples have been estimated.
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The ferromagnetic semiconductor GaMnAs 共Ref. 1兲 has
been shown to be an excellent model system for the up-andcoming combination of semiconductor electronics and
magnetism.2 In connection with practical applications, magnetic aftereffects3 are often studied in materials used for
magnetic-recording media where the time stability of magnetization is of crucial importance.4,5 Studies in the literature
present the observation of the magnetic aftereffect in both
compressively6 and tensile7 strained GaMnAs. However, a
detailed analysis of this magnetic relaxation process in a diluted magnetic semiconductor is still to be done and is the
motivation for the present work.
Relaxation effects during domain-wall transitions as described by Néel3,8 have two distinct origins and are called
reversible and irreversible aftereffects. In the irreversible aftereffect, the time variation in the magnetization is attributed
to the thermal activation of the magnetization reversal. The
reversible aftereffect 共or diffusion aftereffect兲 is also a thermally activated process but it is associated to the diffusion
and reorientation of the symmetry axis of point defects inside
the structure of the ferromagnet.9,10 This diffusion of defects
is a consequence of the general tendency of the system to
find a lower-energy minimum. In this case, a new lower
minimum can be found by changing the orientation of the
symmetry axis of the defect with respect to the local magnetization direction within the domain wall. The most effective
path to realize this is a short-range migration to a different
neighboring site. This lower-energy minimum can only be
found if the symmetry of the defect 共interstitial兲 sites differs
from that of the ideal lattice 共substitutional兲 sites.11,12
Although GaMnAs seems to be a good candidate to show
the reversible aftereffect due to the well-known presence of
interstitial Mn atoms in the lattice,13 the symmetry of interstitial and substitutional sites prevent it. In GaMnAs, the
interstitial sites can have either tetrahedral or hexagonal symmetry, however, from experimental and theoretical work, it is
1098-0121/2010/81共9兲/094412共6兲

known that interstitial Mn atoms exclusively occupy tetrahedral sites.14,15 As previously mentioned, this has important
consequences for the magnetic aftereffect. Since the nonequality of the symmetry of the interstitial sites with respect
to the substitutional sites is not fulfilled in GaMnAs 共both
sites are tetrahedral兲, the reversible aftereffect is not expected. Therefore, taking into account these symmetry considerations, we attribute the relaxation processes observed in
this study to the irreversible aftereffect.
Viscosity measurements have been carried out on two
samples grown in two different molecular-beam epitaxy
laboratories to confirm that the present study on the magnetic
aftereffect has a far-reaching validity in the field of ferromagnetic GaMnAs materials. The as-grown samples employed in this study 共samples A and B, respectively兲 have
different Mn concentrations 共2.5% and 8% Mn兲 and Curie
temperatures 共53 and 65 K兲 and are also of different thicknesses 共170 and 50 nm兲. Details of the growth procedure of
samples A and B can be found elsewhere.16–18
We reveal the irreversible magnetic aftereffect in compressively strained GaMnAs by tracking the position of individual domain walls versus time. The respective position is
monitored in movies taken during Kerr microscopy.19 To obtain a well-defined initial magnetization state, the magnetic
film was first saturated in a positive field of 500 Oe. After
reducing the field to zero in one step, an opposing magnetic
field of a certain value was applied that remained constant
through the time of the Kerr microscopy measurement. All
measurements were carried out at a temperature of 3 K and
with the magnetic field applied along the uniaxial easy axis
direction 共关110兴 and 关11̄0兴 for samples A and B,
respectively兲.
The time variation in the position of the domain wall is
tracked as a function of the applied magnetic field and always in the exact same section of the film. The starting time
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FIG. 1. 共Color online兲 共a兲 Normalized magnetization vs time for
samples A 共diamonds兲 and B 共circles兲 at a constant magnetic field of
28.0 Oe and 24.6 Oe, respectively. The derivation of the magnetization values from the domain area 共DA兲 at a given time is also
schematized. 共b兲 Kerr microscopy images corresponding to the
curves in 共a兲 for samples A 共top兲 and B 共bottom兲 at the indicated
times.

of the measurement 共t = 0兲 is considered to be the time corresponding to the frame 共in the Kerr microscopy movie兲 that
precedes the first image where the smallest switched area is
observed. The reverse domain area 共DA兲 at different times is
normalized with respect to the size of the whole image
共500 m ⫻ 500 m兲 and by considering the difference between the switched and the unswitched areas, a local value of
the magnetization 共M̃兲 for the portion of material under
analysis can be evaluated. This calculation is schematized in
Fig. 1共a兲 where M s is the saturation magnetization of the film
obtained from superconducting quantum interference device
magnetometry. The corresponding saturation magnetization
values for samples A and B are 10 emu/ cm3 and
40 emu/ cm3, respectively. In the following, the magnetization values used in the calculations of the magnetic aftereffect will correspond to M̃.
In-plane magnetized GaMnAs/GaAs materials with Curie
temperatures and magnetization values in the range of those
corresponding to the samples studied here are known to exhibit a biaxial anisotropy landscape at low temperatures that
evolves into an uniaxial regime at higher temperatures.20–23
The angle between the global easy directions and the biaxial

and uniaxial easy axes is a material- and temperaturedependent property. While for sample A, we have shown that
the global easy axes are located approximately  = 30° away
from the uniaxial easy axis along 关110兴 共Ref. 16兲 and for
sample B, the global easy direction is at  = 45° with respect
to the uniaxial easy axis 共关11̄0兴兲. Since the magnetic field is
applied along the uniaxial easy axis, the value of the projection of the magnetization on the direction of the applied field
for the initial state 共magnetization in zero field after saturation兲 is approximately −M s cos共30°兲 for sample A and
−M s cos共45°兲 for sample B and with domain-wall displacement 共120° and 90° domain wall, respectively兲 this value can
grow up to M s cos共30°兲 and M s cos共45°兲, respectively, for
the switched state. Therefore, for the areas occupied by the
reverse domains, the change in magnetization is ⌬M
= 2M s cos共30°兲 for sample A and ⌬M = 2M s cos共45°兲 for
sample B with respect to the initial state. We consider Stoner
rotation processes negligible in the present case since the
applied magnetic fields are very low. Only at much higher
fields, the magnetization would further rotate in a coherent
way.
A typical curve of normalized magnetization vs time calculated in the described manner 关and divided by M s cos共30°兲
and M s cos共45°兲 for normalization兴 is presented in Fig. 1共a兲
for samples A and B at a constant magnetic field of 28.0 Oe
and 24.6 Oe, respectively. We observe that the slope of these
curves, namely, the domain-wall velocity, decreases dramatically as a function of time which is a signature of the magnetic aftereffect.
The Kerr microscopy images in Fig. 1共b兲 correspond to
four points of the curves in Fig. 1共a兲 for samples A 共top兲 and
B 共bottom兲 taken at the indicated times. On a larger scale, the
domain is mainly moving in one direction, however, kinks in
the wall shape are observed which we attribute to infrequent
strong pinning events at large domain-wall pinning centers
共macropins兲. These stronger pinning events introduce inhomogeneous variations in the domain-wall velocity on a local
scale.
It remains to verify that the observed time dependence of
the domain-wall velocity is not an artifact due to the influence of light penetrating the sample during the acquisition of
the Kerr microscopy movies. From the time-dependent magnetotransport measurements shown in the following, it becomes evident that the aftereffect is also visible in the absence of the Kerr microscope illumination. The Hall-bar
structures employed for these measurements are of 100 m
width and fabricated by photolithography. The 90° orientation of the Hall-bar longitudinal axis with respect to the direction of the magnetic field favors the nucleation of magnetic domains at the sides of the Hall bars.22 This also allows
for the investigation of the aftereffect in a magnetization reversal involving more than one domain.
The time and the magnetic field dependence of the planar
Hall voltage of sample B are presented in Fig. 2 共left兲 and
共right兲, respectively. The time dependence is again recorded
under constant magnetic field conditions with fields of 33.4
Oe 共bottom兲, and 33.9, 34.0, and 39.6 Oe 共top兲. The decrease
in domain-wall velocity over time observed in the single
domain case 共Fig. 1兲 is also evident in the overall magne-
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FIG. 2. 共Color online兲 共Left兲 Planar Hall voltage vs time for sample B at different constant values of the magnetic field: 33.4 Oe 共bottom兲,
and 33.9, 34.0, and 39.6 Oe 共top兲. The steps observed in all the curves 共see inset兲 correspond to the growth of single magnetic domains.
共Right兲 Planar Hall voltage as a function of magnetic field.

totransport signal from t = 0 to 3300 s. Moreover, looking
more closely to the time dependence of the planar Hall voltage, small steps corresponding to the displacement of single
domain walls after nucleation can be observed. In the inset of
Fig. 2 共left兲, a few of these small steps are shown in more
detail. The shape of the magnetoresistive signal of a single
step strongly resembles those shown in Fig. 1共a兲 for the time
dependence of the domain size for a single domain process,
suggesting a similar dynamics. However, it is important to
mention that in a multidomain configuration, other contributions to the domain-wall dynamics may arise with respect to
the single domain scenario. Interactions between neighboring
domain walls can influence the dynamics by including affinities between neighboring Néel walls.24 At the same time,
pinning effects at the Hall-bar edges can play a role. Two
typical Kerr images of the Hall device during magnetotransport are shown in Fig. 2, one in the early stage of reversal
共left兲 and the other approximately 1 h after applying a constant magnetic field 共right兲. For comparison on the right side
of Fig. 2, the planar Hall voltage vs magnetic field is shown
while sweeping the magnetic field between ⫾1000 Oe representing a full magnetization reversal of the entire device.
The full domain-wall transition at Hc = ⫾ 44 Oe switches the
device between two well-defined magnetoresistive states corresponding to ⬇ ⫾ 325 mV, and the time-dependent graphs
in Fig. 2共a兲 can be compared to these values.
In the following, the results of domain size vs time for
samples A and B will be analyzed in terms of the known
models describing the magnetic aftereffect.
I. MODELING OF THE MAGNETIC AFTEREFFECT

The description of the magnetic aftereffect involves deriving an expression for the time dependence of the magnetization M共t兲. This can be done in a simple way by considering
the effect as a relaxation process with a relaxation time ,25,26
M共t兲 = ␣ + ␤ exp关− t/兴.

共1兲

The constants ␣ and ␤ are time independent and the relaxation time , for the case where the transition occurs via
domain-wall motion, depends both on temperature and magnetic field according to26,27

 = 0 exp关EA/kBT兴.

共2兲

Here 0 is a pre-exponential factor fairly independent of the
field, T is the temperature, and EA is the activation energy
that has the following expression:
EA = 2M s cos共兲V共HA − H兲,

共3兲

where V is the activation volume, 2M s cos共兲 is the total
magnetization change during the switching process projected
on the field direction, and HA is the propagation field without
thermal activation. In a more complex scenario where a wide
distribution of relaxation times are present, the following expression is commonly used assuming a flat-topped distribution function for :
M共t兲 = ␥ − S ln关t兴,

共4兲

where S is the coefficient of magnetic viscosity that includes
the activation volume.25
In the present study, the best fitting of the time dependence of the magnetization is obtained neither considering a
single relaxation process nor a flat-topped distribution of relaxation times. This disagreement with the Néel formulation
has also been reported in studies analyzing the relaxation of
the thermoremanent magnetization in GaMnAs within the
cluster/matrix model28 and in other materials such as manganite compounds. In the latter case, the time dependence of
the magnetization is well described by a stretched exponential function but also by a model with an exponential and a
logarithmic term which the authors suggest may be due to
the existence of two relaxation processes acting in series.29
The stretched exponential function can also fit our experimental data, however, a model considering two relaxation
processes gives an equally satisfying result. The fittings
shown in Fig. 3 correspond to the combination of two distinct relaxation processes of the form of Eq. 共1兲 with relaxation times 1 and 2. The first relaxation time describes the
fast increase in M共t兲 at short time scales while 2 covers the
slow increase for t Ⰷ 1.
Small contributions from other relaxation processes cannot be excluded but from the good agreement between fit and
data, we conclude the aftereffect is dominated by two main
relaxation processes.
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FIG. 3. 共Color online兲 Magnetization 共M̃兲 vs time plots 共sample
B兲 for different values 共23.8, 24.1, and 24.6 Oe兲 of the applied
magnetic field and the corresponding fit curves 共solid lines兲. The
fitting was done considering two coexisting relaxation processes
each one described by Eq. 共1兲 with relaxation times 1 and 2.

According to Eqs. 共2兲 and 共3兲, the activation volume can
be derived from the magnetic field dependence of the relaxation time at a given temperature. The logarithm of the relaxation times 1共H兲 and 2共H兲 plotted in Figs. 4共a兲 and 4共b兲
共for samples A and B, respectively兲 were extracted from fittings shown in Fig. 3 for sample A and from those corresponding to sample B.

FIG. 4. 共Color online兲 Linear dependence of ln关共s兲兴 vs magnetic field for 1 共circles兲 and 2 共squares兲 关共a兲 sample A and 共b兲
sample B兴, the corresponding linear fittings of the data points are
shown in solid lines.

At this point we want to shortly comment on the possibility to derive the activation volume also from the temperature
dependence of the relaxation time in Eq. 共2兲, a method often
found in the literature.30 This method is not applicable in the
case of GaMnAs in which the anisotropy energy and saturation magnetization are strongly temperature dependent. In
fact, we would expect a temperature-dependent activation
volume due to the strong changes in the magnetic anisotropy.
In contrast, by measuring the magnetic field dependence of 
at a single temperature of 3 K as shown in this work, we
keep most of the magnetic quantities in Eq. 共2兲 constant. In
Fig. 4, the slope of the curves of ln关1兴 and ln关2兴 vs magnetic field is then equal to 2M S cos共兲V / kBT from which the
activation volume can be estimated. From the field dependence of 1, volumes VA1 = 共3.4⫾ 0.2兲 ⫻ 104 nm3 for sample
A and VB1 = 共1.5⫾ 0.1兲 ⫻ 104 nm3 for sample B are obtained.
From the plot of ln关2兴, we get VA2 = 共3.7⫾ 0.7兲 ⫻ 104 nm3
and VB2 = 共1.6⫾ 0.4兲 ⫻ 104 nm3 for samples A and B, respectively. Comparing these values to the literature, we find that
activation volumes of similar size are found in magneticrecording materials such as barium ferrite films.31
Activation volumes calculated from aftereffect measurements are related to the energy barrier involved in the first
elementary magnetization reversal.32 The activation volume
is the volume of material that changes magnetization as the
result of going from a maximum 共activated state兲 to a local
minimum-energy state by a change in the position of the
domain wall. This volume is often not only related to this
elementary magnetization reversal but also to the entire volume swept by the domain wall between different pinning
centers called Barkhausen volume, which is closely related
to the structural properties of the material.27 On the other
hand, it was stated by Gaunt33 that in the case of strong
domain wall pinning, the volume swept between pinning
centers 共which in this model contains in average the volume
associated with one additional pinning site兲 cannot be directly related to the activation volume calculated from aftereffect measurements but is inversely proportional to the density of pinning centers. Under these conditions, the
Barkhausen volume can be several orders of magnitude
larger than the activation volume. In some experimental
studies, this distinction is clearly done by calculating the
activation volume from aftereffect measurements and independently estimating the Barkhausen volume from the pinning site distribution.34
It is important to notice that the value of the activation
volume cannot be obtained by fitting of the aftereffect measurements on long time scales. Several studies in the literature show that the value V⌬M / kBT can be obtained from
constant domain-wall velocity measurements at fields where
the domain-wall motion is not yet in the viscous regime but
in the thermally activated depinning regime that can be described by an Arrhenius law. Measurements of a constant
domain-wall velocity as a function of the applied magnetic
field in the Arrhenius regime lead to activation volumes
which are in excellent agreement with values calculated from
aftereffect measurements.35 More specifically, these constant
velocity measurements have been performed also in GaMnAs materials36 obtaining the corresponding values for the
activation volume V. In the cited GaMnAs work, the authors

094412-4

PHYSICAL REVIEW B 81, 094412 共2010兲

MAGNETIC AFTEREFFECT IN COMPRESSIVELY…

TABLE I. Sample properties and overview of the extracted activation volumes.

Sample name
A 共Rome兲
B 共Nottingham兲

Mn concentration
共%兲

Curie temperature
共K兲

Film thickness
共nm兲

V1
共104 nm3兲

V2
共104 nm3兲

2.5
8

53
65

170
50

共3.4⫾ 0.2兲
共1.5⫾ 0.1兲

共3.7⫾ 0.7兲
共1.6⫾ 0.4兲

used nonlocal magnetotransport measurements to monitor
constant domain-wall velocities at different fields. Most
likely, the typical aftereffect profile present at long time
scales has not been observed in Ref. 35 possibly because of
both the small size of the devices used and, though still in the
thermally activated depinning regime, larger magnetic fields
than those used in our study.
Our values for the activation volumes obtained from the
aftereffect measurements together with the magnetic and
structural parameters of samples A and B are summarized in
Table I. The magnitude of the activation volumes calculated
in this work are comparable to results in the literature obtained by analyzing the field dependence of the constant
domain-wall velocity in both compressively36 and tensile
strained37 GaMnAs. The difference or nearly a factor of 2 in
the values of the activation volumes for samples A and B, we
attribute to the difference in the manganese concentration.
Since the activation volume is a parameter closely related to
the density of defects, a smaller activation volume is expected for a larger manganese concentration should each
manganese center be considered as a point defect.
II. CONCLUSIONS

A detailed analysis of the irreversible magnetic aftereffect
is presented in two different in-plane magnetized GaMnAs/
GaAs samples A and B. The effect is measured using Kerr
microscopy and magnetotransport and manifests itself in a
drastic decrease in domain-wall velocity over time under
constant magnetic field conditions below the coercivity. The
experimental results of the time-dependent domain-wall velocity have been modeled considering two coexisting relaxation processes with different relaxation times describing the
time dependence of the magnetization at fast and slow time
scales. Two similar activation volumes of 共3.4⫾ 0.2兲 ⫻ 104
and 共3.7⫾ 0.7兲 ⫻ 104 nm3 for sample A and 共1.5⫾ 0.1兲
⫻ 104 and 共1.6⫾ 0.4兲 ⫻ 104 nm3 for sample B have been obtained from the magnetic field dependence of the relaxation
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times 1 and 2, respectively. We show in this way that modeling the aftereffect signature could be of use for calculating
activation volumes in a very low-field range. In this case, the
pronounced curvature of the magnetization vs time dependence will allow for a linear approximation to obtain the
domain-wall velocity vs magnetic field curve only at very
short times. Therefore, in the low-field regime modeling, the
aftereffect over a long measurement time 共a larger set of data
points兲 becomes a more reliable method to calculate the
activation volume.
The origin of the two relaxation processes on fast and
slow time scales considered in our model could be related to
different length scales of the pinning centers that can impede
domain-wall motion in this material. The well-known structural defects created during the GaMnAs growth such as interstitial manganese atoms, arsenic antisites, and the substitutional manganese itself can play a role in the pinning of
domain walls at the nanometer scale. However, defects in the
micrometer range such as surface imperfections can also
greatly influence the domain-wall dynamics. Both types of
pinning centers progressively reduce the mobility of the domain wall as its area grows larger. However, approximating
the energies involved in these pinning events using a flattopped distribution seems not to be the best choice considering the large difference in the length scales where these two
processes take place. The approximation we propose is built
by considering two distinct independent processes that occur
simultaneously and is in excellent agreement with the experimental data. This close correspondence between the presented formulation and the results of the measurements may
indicate a higher degree of accuracy of our biexponential
relaxation model in resembling the complex scenario that is
behind the magnetic aftereffect in GaMnAs.
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