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Appropriate adjustment of the tensile strain in (Ga, Mn)As/(Ga,In)As films allows for the
coexistence of in-plane magnetic anisotropy, typical of compressively strained (Ga, Mn)As/GaAs
films, and the so-called cross-hatch dislocation pattern seeded at the (Ga,In)As/GaAs interface.
Kerr microscopy reveals a close correlation between the in-plane magnetic domain and dislocation
patterns, absent in compressively strained materials. Moreover, the magnetic domain pattern
presents a strong asymmetry in the size and number of domains for applied fields along the easy
[110] and hard [110] directions which is attributed to different domain wall nucleation/propagation
energies. This strong influence of the dislocation lines in the domain wall propagation/nucleation
provides a lithography-free route to the effective trapping of domain walls in magneto-transport
devices based on (Ga, Mn)As with in-plane anisotropy. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4704385]

(Ga, Mn)As (Ref. 1) has demonstrated to be a good model
system for the study of a number of magneto-electric properties
with a marked potential for applications in spintronics. Among
these properties, hole-mediated ferromagnetism®™ and strain-
controlled magnetic anisotropy” stand out as the most promis-
ing and have been thoroughly investigated using a wide variety
of device designs. The material growth parameters have shown
to be of crucial importance for controlling these key magnetic
and electrical properties in (Ga, Mn)As systems. One of the
most prominent examples is the use of epitaxial buffer layers
such as GaAs or (Ga,In)As to induce in-plane or perpendicular
anisotropy, respectively. These procedures rely on the high sen-
sitivity of (Ga, Mn)As magnetic anisotropy to compressive and
tensile epitaxial strain.* !

In this work, we present the study of the in-plane mag-
netic domain wall propagation/nucleation behaviour in (Ga,
Mn)As/(Ga,In)As. The system studied combines in-plane
magnetic anisotropy, typical of compressively strained materi-
als, with the structural features of the tensile strained (Ga,
Mn)As/(Ga,In)As. In order to realize the coexistence of these
properties the material composition, given by the growth pa-
rameters, was set close to that of the transition from in-plane
to perpendicular anisotropy. Magnetic imaging studies of (Ga,
Mn)As/(Ga,In)As with in-plane or perpendicular anisotropy in
the literature have been almost exclusively dedicated to the
observation of the magnetization component perpendicular to
the plane.'? Therefore, it is interesting to perform a more
detailed characterization of the in-plane magnetic domain
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structure in (Ga, Mn)As/(Ga,In)As systems with in-plane ani-
sotropy. In the following, we present the domain wall propa-
gation/nucleation behaviour in (Ga, Mn)As/(Ga,In)As under
in-plane magnetic fields. A marked asymmetry in the domain
pattern is found for fields applied along the [110] and [110]
directions. The origin of this asymmetry is discussed in terms
of direction dependent nucleation/propagation energies.

The (Ga, Mn)As/(Ga,In)As samples under study were
grown by low-temperature molecular beam epitaxy and consist
of a 180nm thick (Ga, Mn)As film grown on a 3.5 um thick
(Ga,In)As buffer layer. The Curie temperature and hole concen-
tration are 66 K and 3.6 x 10%° cm ™, respectively. The Mn and
In compositions are 5% and the growth temperatures of the
magnetic and buffer layers are 250 °C and 430 °C, respectively.
A more detailed description of the growth procedure can be
found elsewhere.!' For these samples, the lattice mismatch at
the (Ga, Mn)As/(Ga,In)As interface induces a tensile stain of
—0.08% on the (Ga, Mn)As film accompanied by well known
structural features. These features are multiple dislocations at
the (Ga,In)As/GaAs interface that share the lattice misfit and
form the so-called cross-hatch pattern.'® The role of crystal
defects and in particular of the cross-hatch pattern has been
widely studied in connection with the magnetic domain pattern
in ferromagnetic films.'*'*> In general, a domain wall pinning
potential can build up at the dislocation lines'® and conse-
quently the magnetic domains arrange in patterns that resemble
the crystalline defect structure. In (Ga, Mn)As/(Ga,In)As, the
dislocations at the (Ga,In)As/GaAs interface give rise to undu-
lations of the upper (Ga, Mn)As magnetic layer that have
shown to strongly interact with the magnetic domain walls in
films with perpendicular anisotropy.'*'” The interaction
between domain walls and surface undulations is evidenced as

© 2012 American Institute of Physics
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a cross-hatched magnetic domain pattern and can be related to
a strain modulation, and therefore a magnetic anisotropy modu-
lation, that reflects the underlying dislocation pattern.'>

Fig. 1 displays the calculated anisotropy energy landscape
of the (Ga, Mn)As samples under study given by the depend-
ence of the normalized free energy F;,(m) on the orientation m
of the magnetization M with respect to the crystalline axes. As
shown in Fig. 1(a), the calculated energies have contributions
from crystalline (tetragonal symmetry), shape, and in-plane uni-
axial anisotropy. These contributions have different coefficients
and dependencies on the projection of the magnetization vector
on the crystalline axes. The values of the coefficients account-
ing for each anisotropy contribution are: By = —30 mT,
By =—20 mT, By =15mT, and B;;p=-5 mT for
in-plane crystalline, out-of-plane crystalline, shape -+ uniaxial
out-of-plane (mf terms), and in-plane uniaxial anisotropy,
respectively. It is worth noting that the magneto-elastic interac-
tions in this system are contained in the values of By, B4, , and
B, (the latter included in Bgg;) which are strain dependent.
The values of all the coefficients were obtained by the analysis
of angle-dependent magneto-transport measurements performed
at a temperature of 4K (not shown). A detailed description of
this procedure can be found in previous publications.'"'®!° The
plot of the total energy in Fig. 1(a) indicates that even in
the presence of a tensile strain of —0.08% provided by the
(Ga,In)As buffer layer the out of plane axis remains a hard axis.
Therefore, the magnetization is compelled to lie within the
(001) plane. The energy contour along the (001) plane in
Fig. 1(b) shows the in-plane anisotropy landscape given by the
in-plane crystalline and uniaxial anisotropy components.

The energy barriers set by the magnetic anisotropy can,
in general, be overcome by a high enough magnetic field. In
this case, the in-plane anisotropy is rather weak since a mod-
est magnetic field of 450 Oe perpendicular to the plane of the
sample is enough to create domains, where the magnetiza-
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FIG. 1. (a)Total normalized free energy F,,(m) as a function of the magnet-
ization direction. The calculation considers contributions from crystalline
(tetragonal symmetry), shape, and in-plane uniaxial anisotropy. The easy
axes lie in the plane of the sample for a tensile strain of —0.08%, the energy
contour line (b) shows the energy minima in the (001) plane.
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tion aligns with the out-of-plane hard axis at a temperature
of 4 K. The magnetic domain pattern obtained in this experi-
ment is shown in Fig. 2. The interaction between surface
undulations and the magnetic domain walls results in a char-
acteristic cross-hatch domain pattern where well defined
areas between strong pinning lines have different magnetiza-
tion orientation. The polar Kerr microscopy image in Fig. 2
shows these differently magnetized regions as dark and
bright areas. The dark areas indicate the regions where the
magnetization aligns with the external perpendicular mag-
netic field. The bright areas indicate the parts where the mag-
netization still remains in the plane of the film. Similar
magnetic imaging studies of the out-of-plane magnetization
component in (Ga, Mn)As/(Ga,In)As with in-plane easy axes
can be found in the literature and are in agreement with the
Kerr microscopy image presented in Fig. 2.'2

The same (Ga, Mn)As/(Ga,In)As system imaged in
Fig. 2, patterned into Hall-Bar structures, was investigated
under in-plane magnetic fields. In this case, longitudinal
Kerr microscopy at 4K provided the necessary magnetic
contrast to visualize the in-plane magnetic domain pattern.
The images in Fig. 3 correspond to the time evolution of the
in-plane domain pattern in a constant magnetic field oriented
at approximately 10° away from the [110] uniaxial easy
direction ((a) to (c)) and along the [110] hard direction ((d)
to (e)). The constant magnetic field was applied after satura-
tion in the opposite polarity (2000 Oe). The field values are
34 Oe and 25 Oe for the [110] and [110] orientations, respec-
tively. These values are the minimum needed for the appear-
ance of reversed areas in the film for a waiting time of
approximately 30s after the application of the magnetic
field, thus the system is in the thermally activated depinning
regime. The times informed in Fig. 3 for each image (At) are
taken with reference to a time to (time zero) at which the first
switched area is observed. It is important to notice that both
orientations were measured in one and the same (Ga, Mn)As
device.

Fig. 3 shows a clear asymmetry between the domain
wall propagation/nucleation for the magnetic field applied

FIG. 2. Out-of-plane projection of the magnetization in a perpendicular field
of 450 Oe at a temperature of 4 K. Dark areas indicate domains with perpen-
dicular magnetization and bright areas domains with in-plane magnetization.
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FIG. 3. Time evolution of the domain pattern at 4 K in a constant magnetic
field oriented close to the uniaxial easy [110] direction ((a) to (c)) and the
hard [110] direction ((d) to (f)). The field values are 34 Oe and 25 Oe,
respectively. The time At elapsed since time zero (the time at which the first
switched area is observed) is indicated in each image.

along the [110] uniaxial easy and [110] uniaxial hard direc-
tions. For the field applied close to the [110] uniaxial easy
direction, the domains are clearly defined by the position of
the surface undulations (and underlying dislocation lines)
known to be oriented along the [110] and [110] directions."
This gives a domain pattern composed in its majority of
domains with well defined square and rectangular shapes
whose edges are aligned with the [110] and [110] directions.
When the field is applied along the uniaxial hard axis direc-
tion, the domain pattern shows a critical reduction in the size
of the domains. In addition, the magnetic domains are signif-
icantly augmented in number with respect to the scenario for
the field applied along the uniaxial easy direction.

As mentioned, due to the interaction between domain
walls and surface undulations the domain pattern follows the
underlying cross-hatched dislocation pattern which is identical
for the field applied along the uniaxial easy and hard axis
since all measurements were performed on the same device.
This indicates that the reason for the asymmetry in the domain
pattern may be a dependence of the domain wall pinning
strength of the surface undulations on the direction of the
applied magnetic field used to nucleate the magnetic domains.
A similar asymmetry was shown in previous publications only

J. Appl. Phys. 111, 083908 (2012)

in compressively strained (Ga, Mn)As/GaAs 1“1lms,21 in the ab-
sence of the cross-hatch dislocation pattern. The cited work
shows how the direction of the applied magnetic field can dra-
matically affect the domain wall dynamics. Going from the
uniaxial easy to the uniaxial hard axis, the domain wall dy-
namics changes from a propagation dominated to a nucleation
dominated scenario, respectively. In addition, the estimation
of the nucleation/propagation energies from angle resolved
coercivity measurements reveals the existence of different
types of domain walls for the two different field directions.
These two domain wall types (in this case 60° and 120° do-
main walls) given by the interplay between in-plane crystal-
line and uniaxial anisotropy have different values of the
estimated nucleation/propagation energies explaining the
observed differences in the domain wall dynamics behaviour.

In view of these facts, it is likely that the in-plane do-
main nucleation/propagation behaviour in tensile strained
(Ga, Mn)As/(Ga,In)As shares a similar scenario with the
compressively strained (Ga, Mn)As/GaAs materials. Differ-
ent domain wall types maybe generated for fields applied
along and perpendicular to the [110] direction, giving rise to
different interactions with the surface undulations. A possi-
ble explanation could be given by a larger pinning efficiency
of the undulations for domain walls generated under fields
applied along the [110] hard direction. Within this frame-
work, the system would evolve as a large collection of small
domains where domain wall propagation is largely impeded
and the reversal is driven by multiple domain nucleation. On
the other hand, the domain walls generated with fields along
the uniaxial easy direction may still have a strong interaction
with the surface undulations but smaller than that of the pre-
vious case. Consequently, the domain walls are able to over-
come pinning energy barriers that were active for domain
walls generated with fields along the uniaxial hard axis. This
would determine that the reversal along the [110] direction
is slightly more propagation dominated than that of the [110]
direction showing a smaller quantity of larger domains rather
than a large amount of small domains. This interpretation,
derived from results reported on compressively strained (Ga,
Mn)As/GaAs systems may be a reasonable scenario for the
domain wall propagation/nucleation behaviour in tensile
strained (Ga, Mn)As/(Ga,In)As with in-plane anisotropy.

It is worth discussing at this point the known asymmetry
in the dislocation distribution that can be found at the
(In,Ga)As/GaAs interface in relation with the magnetic
domain patterns presented earlier. Studies in the literature iden-
tify an anisotropic distribution of dislocations along the [110]
and [110] directions for (Ga,In)As/GaAs (Ref. 20) and also in
(Ga, Mn)As/(Ga,In)As (Ref. 12) films. The asymmetry is
caused by the unequal number of o and f dislocation lines
along the two (110) perpendicular directions. The « and f dis-
location types differ in their core structure and in their dynamic
and electronic properties. Assuming that the interaction of a
magnetic domain wall with a surface undulation could depend
on the structure of the o and f underlying dislocations, this
would only lead to an anisotropic domain wall propagation.
Namely, if the wall has a stronger interaction with the undula-
tions produced by one of the dislocation types, the propagation
along the crystalline direction that is rich in this dislocation
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type would be largely impeded with respect to the perpendicu-
lar direction. This would lead to domains that grow preferen-
tially along the direction with the least number of strongly
interacting undulations, regardless of the direction of the
applied field. In the case presented in this work, the domain
wall propagation does not show a preferential direction. There-
fore, the presence of an anisotropic o and £ dislocation distri-
bution cannot be the origin of the observations presented.

In conclusion, we have shown the close correlation
between the cross-hatch dislocation pattern and the in-plane
magnetic domain pattern in tensile strained (Ga, Mn)As/
(Ga,In)As materials. A strong asymmetry in the size and
number of magnetic domains has been identified for applied
fields along and perpendicular to the in-plane uniaxial easy
axis. By analogy with compressively strained materials, we
propose this asymmetry to be linked to the generation of dif-
ferent domain wall types upon changing the direction of the
applied field. This different domain wall types would gener-
ate different interactions with the surface undulations gener-
ated by dislocations at the (Ga,In)As/GaAs interface giving
rise to the observed asymmetry in the domain wall propaga-
tion/nucleation behaviour.

It is important to note that the observed strong correlation
between the dislocation lines and the magnetic domain pattern
may be used as a lithography-free route to the effective trap-
ping of domain walls in magneto-transport devices based on
(Ga, Mn)As with in-plane anisotropy. For devices of reduced
dimensions, the dislocation lines can generate surface undula-
tions that cross the entire width of the device providing well
defined regions of opposite magnetization that can be used for
the study of single defect depinning processes as done in other
materials such as FePt.*> Additionally, it is known that mag-
netic domain walls in (Ga, Mn)As with in-plane anisotropy
have a rather complex alignment with respect to the crystal-
line axes.”> Therefore, the presence of pinning lines along
crystalline directions provides a natural way of obtaining
aligned domain walls for applications, where the defined ori-
entation of flat domain walls is required, such as in current-
induced domain wall motion experiments.
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