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Magnetization reorientation in Ga,Mn;_,As films: Planar Hall effect measurements
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The process of magnetization reorientation in a ferromagnetic semiconductor GaMnAs films was investi-
gated using planar Hall effect measurements. In addition to the well-known two-step switching behavior that
occurs during this process, we have observed two additional distinct features in field scan data of the planar
Hall resistance (PHR). First, the region of the external field required to begin and complete the reorientation of
magnetization from one easy axis to another strongly depends on the direction of the applied field. And second,
the maximum amplitude of PHR is significantly reduced during magnetization reversal when the applied field
is oriented near one of the easy axes of the GaMnAs film. We provide an explanation of these phenomena using
the magnetic field dependence of the free-energy density and assuming the coexistence of multiple domains
with three different directions of magnetization in the sample.
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I. INTRODUCTION

The ferromagnetic semiconductor GaMnAs has recently
been receiving a great deal of attention due to the possibili-
ties which it offers for spintronic applications.!> The proper-
ties of this material have already been studied extensively by
structural,>* optical,>”’ magnetic,®!° and electrical charac-
terization techniques.''~'* Among those experimental meth-
ods, magnetotransport measurements have served as a pow-
erful tool for studying the process of magnetization
reorientation in GaMnAs films due to their high sensitivity to
the direction of magnetization within this ferromagnetic sys-
tem. Here the planar Hall effect (PHE), which depends on
the angle between the magnetization and the current direc-
tion, has proven to be particularly useful in the study mag-
netic anisotropy, which governs the process of magnetization
reorientation during field reversal in GaMnAs films.'"-1>

The two-step switching behavior observed in PHE in
GaMnAs films is now well understood as the sequential re-
orientation of magnetization in 90° steps in a system with
four in-plane easy axes that originate from the strong cubic
magnetic anisotropy in this material.'® In addition, there are
other noticeable features appearing in the reversal of magne-
tization in GaMnAs films. For example, the field region re-
quired for the reorientation of magnetization between the
adjacent easy axes strongly depends on the direction of the
applied field. Moreover, the maximum amplitude of the pla-
nar Hall resistance (PHR) is significantly smaller when the
data are taken with the field applied near one of the easy axes
than for fields applied away from the easy axes. Although
these features are commonly observed in PHE measurements
on GaMnAs films, they have not been discussed in the
literature.'>!>17-19 In this paper we focus on these two phe-
nomena. Specifically, we show that the above effects ob-
served in PHR during magnetization reorientation can be un-
derstood by analyzing the magnetic free energy and magnetic
domain structure when the concept of nucleation and propa-
gation of the domains is included in the analysis.
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II. SAMPLE FABRICATION AND
EXPERIMENTAL PROCEDURE

Ferromagnetic GaMnAs films with Mn concentrations of
3.1% and 6.2% were grown at 250 °C on (001) GaAs sub-
strates in a Riber 32 R&D molecular-beam epitaxy machine
to thicknesses of 100 nm. A 6 X4 mm? rectangular piece
was cleaved from each GaMnAs sample. For transport mea-
surements, a Hall bar was then patterned on this piece using
photolithography and chemical wet etching. The Hall device
was in the shape of a 300X 1500 um? rectangle, with the

long dimension along the [110] crystallographic direction,
and with six terminals for signal detection. The Curie tem-
peratures T for the films with 3.1% and 6.2% Mn were
estimated from the temperature dependences of their resistiv-
ities to be 50 and 62 K, respectively.?%?! As expected, the
Hall measurements revealed that the easy axes are in the
plane of the sample. For investigating the PHE, the sample
was mounted in a holder designed such that a magnetic field
could be applied in the plane of the sample at an arbitrary
azimuthal angle ¢g. In the data presented in this paper ¢y is

always measured counterclockwise from the [110] crystallo-
graphic direction.

III. DEPENDENCE OF THE RATE OF MAGNETIZATION
TRANSITIONS ON APPLIED FIELD DIRECTION

Figure 1 shows field scans of the PHR observed on the
two GaMnAs films at 4 K for different orientations ¢ of the
external magnetic field H. In addition to the two-step switch-
ing behavior, the PHR data of the two films shows conspicu-
ous differences in the transition rate dRpyr/dH at the first
and second transitions (i.e., first and second reorientations of
the magnetization direction), as indicated by the shaded re-
gions in Fig. 1. In the PHR data taken with ¢5=20° (see
second row of left column in the figure), the first transition is
completed within a very narrow field region while the second
transition takes place over a much broader field range. The
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FIG. 1. Field scans of the PHR measured at 4 K for two GaM- /N ~ / \'U VY, ‘
nAs films at several field directions ¢g. The PHR data shown in left § I A L . A L " ,
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rection with ¢y=50° (i.e., the first transition now occurs
over a wider field region than the second transition), as seen,
e.g., in the fifth row of Fig. 1.

This behavior of the PHR transitions can be understood in
terms of the magnetic free-energy density Ej,,, given by'®%

H H
Efoel M = j’sin2 o+ ?cosz 2¢0—H cos(e— ), (1)

where H is the external magnetic field; M is the magnetiza-
tion; H, and H, are the uniaxial and cubic anisotropy fields,
respectively; and ¢ and ¢y are angles of magnetization and

of the applied magnetic field measured from the [110] crys-
tallographic direction (i.e., from the direction of the current).
The values and angular positions of local minima of the
magnetic free-energy density Ey,, given by Eq. (1) deter-
mine the direction of magnetization in the system for any
given applied field orientation. To locate these minima one
must know the values of H, and H, for the system of interest.

It is now well established that the magnetic anisotropy
fields for a GaMnAs film can be obtained by fitting the an-
gular dependence of the PHR data.>>*>> By following the
measurement and analysis procedure demonstrated in Refs.
24 and 26, we obtained the values of H,=393 Oe (150 Oe)
and H.=1182 Oe (850 Oe) for the uniaxial and cubic aniso-
tropy fields, respectively, for the 3.1% (6.2%) samples.
These anisotropy fields allow us to calculate the free-energy
density profile for our GaMnAs layer for different strengths
and directions of the applied field H. In Fig. 2 we plot the
calculated progression of the energy density profiles with
increasing magnetic field for two representative field orien-

¢,, (degree)

FIG. 2. Evolution of magnetic free-energy density with increas-
ing field in reverse direction for ¢z=20° (left column) and ¢
=50°(right column) for the 3.1% sample. The corresponding first
and second transitions are schematically shown at the top of each
column. The arrows on the minima indicate the directions of mag-
netization in the sample at the given field.

tations, ¢;=20° and ¢=>50°, for the 3.1% sample. Although
the presence of H, leads to a slight deviation (about 9.7°) of
the magnetic easy axes from the in-plane (100)
directions,'®?* in discussing the behavior of PHR investi-
gated in this study we will for convenience refer to the easy
axes of the film simply as the (100) directions.

The reorientation of magnetization depends on the rela-
tive depths of the minima in the magnetic free-energy den-
sity given by Eq. (1) and illustrated in Fig. 2 for the 3.1%
sample.?® The energy density differences between neighbor-
ing minima, AEy,,,/M =(E%£’e'1 —E%éﬁz)/ M, can be found for
different field strengths and orientations from plots such as
those shown in Fig. 2. As an illustration, in Fig. 3 we show
calculated values of AEy,,,/M obtained for the field direc-
tions ¢y=20° and 50° for the GaMnAs sample with 3.1%
(upper panels) and 6.2% Mn concentration (lower panels). In
the left-hand column of Fig. 3, the solid and open symbols
represent the values of AEL!Y/ M =(EELSS]—EOIO])/M and

‘free free

AE[IIO]/ M =(E[010]—E[I00])/ M for the first and second reori-

ree ree ree

entations of magnetization M obtained for @y=20° (as
shown schematically on top left of Fig. 2). One can see that
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FIG. 3. Difference of free-energy density AEj,,/M between
two neighboring energy minima involved in the reorientation as a
function of magnetic field for two field directions, ¢5=20° (right
column) and ¢@z=>50° (left column) for the 3.1% and 6.2% samples.
The solid and open symbols represent AEy,,./ M related to the first
and the second reorientations, respectively. It is clear that the slopes
of AEy,,./M for the two reorientations are different, although both
of them show a linear dependence on the field. The Ey/M—-E-/M

for crossing the [110] and [110] axes are shown as shaded regions.

for this ¢y the value of AEy,,,/M for the first reorientation
(i.e., when M crosses the [110] axis, shown by solid sym-
bols) increases faster with magnetic field than for the second

(i.e., when M crosses the [110] axis shown by open sym-
bols). In the right-hand column of Fig. 3 the solid and open

values for AE}EBJ/M = (EL1]

symbols represent the S free

—EE%B])/ M and AEL 1O M =(E][¢9;S]—E[igg])/ M, respectively,
for the first and the second reorientations of magnetization M
when the field is applied at ¢;=50° (shown schematically on
top right of Fig. 2). For this field direction the behavior is

different from that for ¢,=20°: now the first reorientation

(corresponding to crossing of the [110] axis) proceeds at
nearly the same rate as the second (when M crosses the

[110]) for both samples. From the magnetic field dependence
of AEy,./M for the two reorientations illustrated in Fig. 3
for ¢5=20° or 50° one can qualitatively understand the rea-
son for the opposite behavior of the first and the second
transition rates seen in the field scans of PHR in Fig. 1 for
these field orientations.

For a more complete description of such PHR transitions,
however, one must also know the domain nucleation field
Ey/M and the completion field E-/M of the transition, i.e.,
fields that correspond to the start and the end of the reorien-
tation, respectively. The angular dependences of the start and
the end fields of the two transitions can be obtained from the
data shown in Fig. 1 and we plot them as open and solid
symbols in Fig. 4. In analogy with the method of finding
domain pinning fields demonstrated in Refs. 24 and 26-28,
the angular dependences of the start and the end fields of a
given reorientation can be fitted using the free-energy model
to obtain Ey/M and E-/M, as shown in Fig. 4. From these
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FIG. 4. Angular dependence of Hy and H. obtained from field
scans of PHR for the 3.1% and 6.2% samples shown in Fig. 1. The
circles and squares are used for reorientations of magnetization as it
crosses the [110] and [110] axes, respectively. The solid and the
open symbols represent Hy and H for each reorientation. Dashed
lines are fitting curves from which the values of Ey/M and E-/M
were obtained using the methods demonstrated in Refs. 26 and 28.

fits we obtained the values of Ey/M and E-/M for the two

samples for crossing the [110] and [110] axes. For the 3.1%
sample, Ey/M and E-/M were found to be 16.09 and 27.53

Oe for crossing the [110] axis, and 44.26 and 49.14 Oe for
crossing the [110] axis. In the case of 6.2% sample, Ey/M
and E-/M were found to be 14.41 and 21.11 Oe for crossing

the [110] axis, and 24.9 and 29.37 Oe for crossing the [110]
axis.
When the direction of magnetization crosses the [110] and

[110] axes, this corresponds to the first and the second reori-
entations in the panels in row 2 of Fig. 1. The reorientation
sequence is reversed in the fifth row of Fig. 1, i.e., crossing
the [110] axis now corresponds to the second reorientation,

and crossing of [110] to the first (see top panels of Fig. 2). In
Fig. 3 we have shaded the regions of (Ey—E.)/M represent-

ing the full reorientation process across the [110] and [110]
directions. As soon as the AEy,./M for a given magnetic
field direction becomes larger than the domain nucleation
field Ey/M, a new magnetic domain will begin to nucleate
and expand until it occupies the entire area of the sample at
the value of E./M.>*3°

In the left-hand column of Fig. 3, it is clear that with field
oriented at ¢5=20° a wider field range is required to start
and complete the second reorientation of magnetization,
[010]—[100] (i.e., crossing the [110] axis), than the first
reorientation, [ 100]—[010] (i.e., crossing [110]), as seen in
the second row of Fig. 1. The situation is different when the
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FIG. 5. Magnetic field dependence of AEj,,./M for the condi-
tion when Rpyg nearly vanishes in Fig. 1 (¢5=30° for the 3.1%
sample and 40°, 6.2%). Unlike the cases for ¢yz=20° and 50°
shown in Fig. 3, the first and the second reorientations in both the
upper (3.1% sample) and lower panel (6.2% sample) overlap in a
certain field region, indicating a coexistence of multiple domains
with three different directions. In the field region between 35 and 47
Oe for the 3.1% sample, and between 25 and 28 Oe for 6.2%
sample, the reorientation occurs directly from the [100] to the [100]
direction by a 180° rotation.

field direction is ¢@z=50°, as seen in the right-hand column
of Fig. 3, where a wider field region is needed for completing

the first reorientation (i.e., for crossing [110]) than for the

second reorientation (i.e., for crossing the [110] axis). This
leads to a broader field region for the first transition than for
the second in the PHR measured for ¢,=50°, as seen in the
fifth row of Fig. 1.

IV. COEXISTENCE OF THREE DIFFERENT DIRECTIONS
OF MAGNETIZATION

Another noticeable feature of the PHR data shown in Fig.
1 is the striking line shape change and reduction in the mag-
nitude of PHR during reorientation as ¢y approaches one of
the easy axes of GaMnAs (see, e.g., data taken at ¢g=30°
and 40° for the 3.1% and 6.2% samples, respectively, in Fig.
1). The concept of nucleation and propagation of magnetic
domains also provides an understanding of this behavior. The
magnetic field dependence of the energy density differences
between two neighboring minima of the free energy (i.e.,
AEf,,./M) for the two samples are shown in Fig. 5 for ¢y
=30° (for the 3.1% sample) and 40° (6.2% sample). The
solid and open symbols represent AEj,,./M for the first and
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the second reorientations, respectively, and the regions of
Ey/M—-Eq/M for the two reorientations are indicated as
shaded areas in the figure. Unlike cases for ¢5=20° and for
¢p=50° in Fig. 3, in which the first and the second magne-
tization reorientations take place from start to finish in two
well-separated magnetic field regions in Fig. 5 we see that
the field regions for the two reorientations overlap. This in-
dicates that the second reorientation (i.e., from [010] to the

[100]) begins before the first reorientation (i.e., from the
[100] to the [010]) is completed in the entire area of the
sample. Thus during the magnetization reversal for this ¢y
three directions of magnetization (along [100], [010], and

[100]) will coexist within the sample as the field is being
reversed. This is represented by the overlapping crosshatched
area in Fig. 5. Such reorientation phenomena involving three
coexisting directions of magnetization have already been ob-
served by magneto-optical imaging in earlier studies.’

The coexistence of domains with three different directions
of magnetization will be reflected in PHR, because its value
is a sensitive function of the direction of magnetization,
given by!6:23:31.32

k
Rpyg = ;Mz sin 2¢, (2)

where ¢ is the film thickness; ¢ is the angle between the
direction of the current flow and the magnetization M; and k
is a constant related to the anisotropic magnetoresistance
(i.e., the difference of resistivity for the magnetization paral-
lel and perpendicular to the current direction). Equation (2)
indicates that PHR has a maximum (positive) value for mag-

netizations along the [100] or the [100] directions (i.e., ¢
=45° and ¢=225°) while a minimum (negative) value occurs

for magnetizations along [010] or [010] (i.e., ¢=135° and
¢=315°). Therefore, if the first 90° reorientation (i.e.,
[100]—[010]) is completed in the entire area of the sample

before the second 90° reorientation (i.e., [010]—[100]) be-
gins, both the maximum and the minimum values of the PHR
are fully observed during magnetization reversal, as is seen
for field directions far from the magnetic easy axes (e.g., for
@ =20° and for @5 =50° in Fig. 1).

In contrast, in the case when the external field is applied
near the magnetic easy axes (e.g., along the [100] direction),
the Zeeman energy due to the field has the strongest effect on
the free energy for the opposite direction (i.e., [100]). This
makes the energy minimum corresponding to the reversed
direction (i.e., to [100]) much deeper than that corresponding
to the intermediate [010] direction (i.e., that of the magnetic
easy axis orthogonal to [100]). Therefore, as the first transi-
tion of 90° (i.e., [100]—[010]) begins to occur during the
process of field reversal, the condition for the second 90°
transition (i.e., [010]—[100]) is already established due to

the deep free-energy minimum for [100]. Such free-energy
profile results in the two 90° consecutive transitions (i.e.,
[100]—[010] and [010]—[100]) occurring almost on top of
each other when the field reversal takes place near an easy
axis.
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If the second reorientation starts before the first reorien-
tation is completed in the entire sample, during reorientation
the sample will consist of areas with magnetization along

[100], [010], and [100] directions. The PHR value for such
overlapping transition region is then given by the sum of the
contributions from all three different directions of magnetic
domains, weighted by areas occupied by each of these mag-
netization orientations. This can be expressed as>?

RPHE . .
RPHE,normalized= R = (1 —P)251n 2()01 + (p _p,)ZSIH 2@2
Max
+p'?sin 2¢;, (3)

where R, is the maximum value of PHR when the magne-

tization is along either the [100] or the [100] direction in the
entire area of the sample and ¢, are the directions of the easy
axes given as /4+(n—1)ar/2. If we consider magnetization

reorientation from [100] to [100], as is the case for ¢y
=30° for the 3.1% sample, then ¢;, ¢,, and ¢3 correspond to

magnetizations along the [100], [010], and [100] directions,
respectively. In Eq. (3) p and p’ are portions of the sample
area occupied by domains magnetized along the [010] and

the [100] directions, respectively, and can vary between 0
and 1. One can see from Eq. (3) that for the case of magnetic
multidomains with nonzero p’ the PHR cannot attain its
maximum value during reorientation from the [100] to the

[100] direction. Such reduction in PHR caused by multido-
mains with three different directions of magnetizations that
occur simultaneously when the field is applied close to one
of the easy axes, as can be seen very nicely in the PHR data
observed at ¢y=30° and 40° for two samples, respectively,
in Fig. 1.

It is also interesting to note in Fig. 5 that the second
reorientation (i.e., [010]—[100]) can be completed even be-
fore the completion of the first reorientation (i.e., [100]
—[010]). Once the second reorientation is completed, the
area with magnetization along the [010] direction disappears
and only two magnetic domains (along the original [100] and

the final [100] directions) are involved in the rest of the
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reversal process. Therefore, after completion of the second
reorientation, the reversal of magnetization occurs directly

by a 180° rotation from the [100] to the [100] direction This
corresponds to the field region between 35 and 47 Oe in the
upper panel and to the field region between 25 and 28 Oe in
the lower panel of Fig. 5.

V. CONCLUSION

We carried out a detailed study of the phenomena occur-
ring in the process of magnetization reorientation in GaM-
nAs films with dominant cubic anisotropy. Magnetic field
scans of PHR showed that the transition rate between the
maximum and the minimum values of PHR (dRpyr/dH) for
the first and the second transition strongly depends on the
applied field direction. This phenomenon can be understood
by analyzing the magnetic free energy in the presence of the
magnetic field, which shows that the energy differences
AE},../ M between two adjacent energy minima involved in
the reorientation of magnetization strongly depend on the
direction of the external field. This approach also shows that
the observed reduction in the PHR magnitude occurring
when the field is applied near one of easy axes arises from
the coexistence of magnetic domains with three different
magnetization directions. We have also shown that the fea-
tures observed in the magnetization reorientation process—
and particularly the shape of the PHR “steps”—can be quali-
tatively understood in terms of the nucleation and
propagation of domains. It is known, however, that the mag-
netic domains in a GaMnAs film are also characterized by a
distribution of pinning fields.>* This effect needs to be con-
sidered for further quantitative description of magnetization
reorientation in the GaMnAs films and of its effect on PHR.
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