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We have studied the dependence of the cubic and uniaxial magnetic anisotropy terms in Ga;_Mn,As on
temperature 7" and hole concentration p. For the purpose of this study we prepared a series of Ga;_ Mn,As
layers with low Mn concentration (x=~0.01), codoped by Be in the range 3.0 X 10" <p<8.5X 10" cm™3, and
grown on hybrid ZnSe/GaAs substrates. The use of such hybrid substrates was intended to obtain Ga;_ Mn,As
layers in which—due to the small lattice mismatch between GaggoMng y;As and ZnSe—the uniaxial and the
cubic anisotropy terms are comparable, so that the contributions of both types of anisotropy could be investi-
gated. The effects of magnetic anisotropy were studied by polar magneto-optical Kerr effect, which allowed us
to monitor the reversal process of perpendicular magnetization. The results showed that cubic anisotropy is
highly sensitive to both p and 7. Specifically, we have found that in samples with high p the cubic anisotropy
term is dominant at low 7, but decreases rapidly as 7 increases. In sharp contrast, uniaxial anisotropy shows
only a weak dependence on p and 7, thus dominating at temperatures close to 7 even in samples with high p.
These results show that magnetic anisotropy and the magnetization reversal process in Ga;_Mn,As can be

engineered by an appropriate choice of the temperature and carrier concentration.
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I. INTRODUCTION

In order to take advantage of the magnetic properties of
IIT,_Mn,V ferromagnetic (FM) semiconductor alloys in
spin-based devices, the process of magnetization reversal has
to be well understood. Unlike ferromagnetic metals, in fer-
romagnetic semiconductors such as Ga;_Mn, As the demag-
netization field is quite small due to the fact that the mag-
netic ions in these systems are quite diluted."?> Consequently,
magnetocrystalline anisotropy plays a decisive role in the
process of magnetization reversal. This is true for both con-
figurations that are generally of interest: in-plane, when the
magnetic field is applied parallel to the ferromagnetic layer;
and perpendicular, when the field is applied normal to the
layer plane. In order to be able to design spin-based devices
using ferromagnetic III;_ Mn,V semiconductor alloys, it is
therefore essential to understand the behavior of magnetic
anisotropy in this family of materials. In addition, it has been
observed that magnetic properties of IIl;_,Mn,V alloys can
be externally manipulated by doping, by applying an electric
field, or by varying the temperature.>~® These findings make
III;_Mn,V ferromagnetic semiconductors attractive as po-
tential candidates for magnetic logic devices.

In the context of our current understanding of magnetic
anisotropy in thin IIT;_,Mn,V layers, the in-plane anisotropy
and the in-plane magnetization reversal have already been
studied rather thoroughly by several research groups.”~'? In
this configuration different hysteresis loops have been ob-
served by standard magnetization measurements® and/or by
longitudinal magneto-optical Kerr effect (MOKE)® when the
external magnetic field H is applied along the three high-

symmetry in-plane crystal axes: [110], [110] and [100] (here
the [001] direction is taken as the normal to the layer plane).
Moreover, precise values of the cubic and uniaxial magnetic
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anisotropy fields were determined by ferromagnetic reso-
nance experiments.” Finally, magneto-optical imaging was
also used to visually reveal the in-plane magnetization rever-
sal process in Ga;_Mn,As films, i.e., the nucleation and
propagation of domains when H is applied in the plane of the
sample.!!

In contrast, experimental studies of the out-of-plane mag-
netization and its anisotropy parameters are far from com-
plete, and this will be the main focus of the present paper.
Our intention is to investigate this in Ga,;_Mn,As, since this
material is the most thoroughly understood; but the results
obtained are expected to apply in principle to III;,_ Mn,V
ferromagnetic semiconductors generally. In this study we
choose Ga;_,Mn,As with a low Mn concentration (x
~0.01) grown on ZnSe buffer layers. Ga,_,Mn,As with a
low value of x is interesting for several reasons. First, it gives
us the opportunity to study magnetic anisotropy at the very
onset of ferromagnetism in III;_ Mn,V alloys. Second, at x
~(.01 the biaxial strain in the Ga;_Mn,As layer is small,
since the lattice constant of ZnSe exceeds that of
Gaj goMny ;As by only a very small amount. As a result, the
strain-induced uniaxial anisotropy in these specimens is rela-
tively small. Therefore—unlike Ga;_,Mn,As specimens
studied in most investigations (x=0.05 grown directly on
GaAs substrates, where the perpendicular magnetization re-
versal is overwhelmingly dominated by uniaxial
anisotropy)—thin Ga,_,Mn, As films with x~0.01 grown on
hybrid ZnSe/GaAs substrates are unique in that the uniaxial
and the cubic anisotropy terms are comparable in magnitude,
thus enabling us to study the competition between these an-
isotropy components. In particular, since the cubic and
uniaxial anisotropies are observed to have different depen-
dences on temperature 7" and on the hole concentration p,
one can change their relationship by varying T and/or p, and
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by these means manipulate the magnetization reversal in a
controlled fashion.

II. EXPERIMENT AND SAMPLE CHARACTERISTICS

We have strategically designed Ga;_Mn,As samples
where magnetic anisotropy parameters can be varied by dop-
ing and/or by the temperature. A series of 300 nm thick
Ga,_Mn,As layers (x=0.01) were grown by molecular
beam epitaxy (MBE) on 300 nm ZnSe buffers which were
previously deposited on GaAs substrates. During the growth
of Ga;_Mn,As the substrate temperature was kept at T
=270 °C. X-ray diffraction measurements show that the
ZnSe buffers used in the growth were not fully relaxed. As a
result the biaxial strain in the Ga;_Mn,As layers, while still
tensile, is very small (g,,=<0.001, about half of the strain of
Gag goMng y;As grown on a fully-relaxed ZnSe buffer with
thickness of 4 um).'> During the Ga,_,Mn As deposition the
temperature of the Mn effusion cell in the MBE growth
chamber was kept constant (7;,=700 °C), yielding approxi-
mately a 1% Mn concentration (x=0.01) in the Ga,_,Mn,As
layers.

In order to vary the hole concentration, the Ga;_Mn,As
layers were codoped with Be during the growth, the resulting
apparent hole concentration ranging from p=3.0
X 10" cm™ to 8.5X 10" cm™, as determined by room tem-
perature Hall measurements.'? Although the carrier densities
obtained from Hall measurements are not rigorously valid
due to the contribution of the anomalous Hall effect, they
nevertheless provide a useful indication of the relative hole
concentration level, particularly in the limit of low x.'4

As an experimental method for studying the perpendicular
component of the magnetization (and thus the perpendicular
magnetic anisotropy terms) we have chosen the polar
magneto-optical Kerr effect (PMOKE), since this method of-
fers important advantages. First, the Kerr rotation angle mea-
sured at normal incidence is a linear function of the normal
component of the magnetization of the sample,'> thus mak-
ing it ideally suited for studying the behavior of the out-of-
plane magnetization. Second, the Kerr signal, although quite
small, can be recovered from the noise by means of piezo-
electric modulation of polarization and the lock-in detection.
And third, unlike the case of direct magnetization measure-
ment (e.g., SQUID), PMOKE is not overshadowed by the
diamagnetic signal from the GaAs substrate in the studied
samples. The latter two advantages are especially important
for samples with small Mn concentrations, such as those in-
vestigated in this paper. The experimental PMOKE apparatus
used in the present investigation is identical to that described
in the recent article by Lang et al.'®

In what follows, we will use PMOKE as a measure of the
projection of the magnetization on the normal to the
Ga;_,Mn As layer, which will allow us to deduce informa-
tion on the anisotropy parameters that dominate the behavior
of perpendicular magnetization and its reversal in
Ga;_Mn As. In the process we will also attempt to establish
how these parameters can be engineered and controlled.

III. EXPERIMENTAL RESULTS
Figure 1 shows PMOKE data taken at 7 K plotted as a
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FIG. 1. Magnetic field dependence of the PMOKE signal at
7.0 K for samples with various hole concentrations.

function of the applied magnetic field H for a series of four
Ga;_,Mn,As samples with different hole concentrations: p
=3.0x 10", 3.4 10", 4.4 x 10", and 8.5X 10 cm™. The
corresponding Curie temperatures of these four samples are
12 K, 16 K, 20 K, and 26 K, respectively. Note that in the
high field limit all PMOKE data show a small but finite slope
that varies linearly with H, which may be attributed to the
paramagnetic contribution from isolated Mn spins to the total
magnetization. At low fields, however, all M vs H curves
initially increase sharply as the field increases, saturating at
H=0.5 kOe for all four specimens. We attribute the behavior
of magnetization shown in Fig. 1 to the specific properties of
magnetic anisotropy of the four Ga;_Mn, As films.

It is generally accepted that the magnetic anisotropy of
Ga;_,Mn,As films is largely controlled by epitaxial strain,
tensile and compressive strains inducing in-plane and out-of-
plane magnetic moment orientations, respectively.!”-!® Al-
though all four Ga,_,Mn,As films are under a very small (but
finite) tensile strain from the ZnSe buffer, our data suggest
that the easy axis of magnetization of all ferromagnetic
Gaj goMny ;As films in Fig. 1 must be in the plane of the
sample, so that our PMOKE measurements are actually de-
termined by the hard axis of magnetization. One should note,
however, that the data in Fig. 1 are not in contradiction with
theoretical predictions: specifically, theoretical analysis indi-
cates that the existence of an in-plane magnetic moment ori-
entation can still occur for Ga;_Mn,As layers under tensile
strain as long as the strain is small.?

On the other hand, it is evident in the figure that the
hysteresis profile of the samples evolves very systematically
with increasing hole concentration. In particular, in the case
of the sample with the lowest hole concentration (top left),
the PMOKE curve resembles the magnetization curve for a
uniaxial single-domain ferromagnetic film when the applied
field is perpendicular to the easy axis of magnetization, ex-
cept that the hysteresis is a tilted and elongated, with a small
but finite remanent magnetization. We attribute the latter fea-
ture to domain wall movement during the process of magne-
tization reversal. As one follows the evolution of the M vs H
curves with increasing hole concentration, the elongated hys-
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FIG. 2. Temperature evolution of the hysteresis curves revealed
by PMOKE for a sample with p=8.5x 10! cm™.

teresis seen in the top left panel of Fig. 1 is gradually re-
placed with a double-hysteresis-loop feature occurring
around 0.5 and -0.5 kOe, which becomes progressively
more pronounced with increasing hole concentration p.
Moreover, the remanent magnetization also disappears as p
increases, indicating that the entire magnetic moment of the
sample lies in the layer plane at zero field, as is typical for a
ferromagnetic sample with uniform magnetization (i.e., for a
single-domain system). We note parenthetically that such
complex hysteresis profiles are usually observed in magnetic
multilayer structures comprised of layers with different mag-
netic properties. In our case, however, as we will show later,
the complicated hysteresis seen in Fig. 1 is recognized as an
intrinsic property of the material. Specifically, it is an explicit
manifestation of the fact that Ga,_Mn,As layers are charac-
terized by both uniaxial and cubic magnetocrystalline
anisotropies which compete with each other, and the double
hysteresis feature reflects the complicated form of the free
energy density function that can have several local minima
as a result of such competition.

Figure 2 follows the temperature evolution of the hyster-
esis loop for the sample with the highest hole concentration
used in this study (p=8.5X 10" cm™). At higher tempera-
tures (20 K) the low-field magnetization curve is evidently a
straight line before it reaches saturation near H=0.3 kOe. As
the temperature is lowered, the double-step feature already
seen in Fig. 1 gradually evolves, with small hysteresis loops
appearing and broadening around the two steps in the mag-
netization curve. With further decrease in temperature the
broadening of these hysteresis loops gradually becomes the
dominant feature, transforming the M vs H curve, so that at
1.5 K there is a significant remanent magnetization, with
only a hint of the double-step feature superimposed on the
nearly square hysteresis loop. The temperature progression
of the hysteresis loop for the sample with the carrier concen-
tration 4.4 X 10" cm™ looks quite similar, except that the
double-step feature is much less pronounced. In the section
that follows we will present arguments that the double-step
hysteresis feature can be understood in terms of a complex
magnetization reversal process combining coherent moment
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FIG. 3. Temperature evolution of the hysteresis curves revealed
by PMOKE for a GaMnAs sample with p=3.0 X 10" cm™.

rotation, non-coherent moment switching, and domain nucle-
ation and expansion.

Figure 3 shows the evolution of the hysteresis loop with
temperature for the sample with the smallest hole concentra-
tion (p=3.0X10'" cm™), corresponding to the upper-left
panel of Fig. 1. In this case no hint of the double-step feature
can be found over the entire temperature range shown in the
figure. Ignoring for the moment the hysteresis loop itself, one
can see that near H=0 the magnetization monotonically in-
creases with the applied magnetic field until it saturates—a
typical behavior for a uniaxial specimen when the applied
magnetic field is perpendicular to the easy axis of the mag-
netization. Note that when the temperature decreases, the
remanent normal magnetization increases and the hysteresis
loop becomes more pronounced. The latter effect may sug-
gest a more complex incoherent mechanism of magnetization
reversal, such as the presence of a large number of domains
with different hystereses associated with chemical inhomo-
geneities or with dislocations in the crystal lattice.

In brief, from Figs. 1-3 one can see a rather dramatic
difference of magnetic behavior evolving between
Ga,;_,Mn,As samples as a function of changing carrier con-
centration and temperature: the double-step magnetic rever-
sal process is dominant when the carrier concentration is
large; in contrast, this feature completely disappears when
the carrier concentration is small. In addition, the width of
the hysteresis loop (with or without the double-step feature)
becomes systematically wider as the temperature decreases
for all hole concentrations studied.

IV. DISCUSSION
A. Definition of relevant magnetic anisotropy terms

In order to understand the unusual shape of the hysteresis,
and of its progression with carrier concentration and/or tem-
perature in the present series of samples, we need to examine
the various components of magnetic anisotropy that are ex-
pected to contribute to the magnetization of Ga;_,Mn As.
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Although a comprehensive theory of magnetic anisotropy of
Ga;_,Mn, As still needs to be developed, valuable insights
into the properties of this system can be gained from a
simple empirical model. A good starting point for this pur-
pose is the Stoner-Wolfarth single homogeneous domain
model.?! In this model, for a given applied magnetic field H
the direction of the magnetization is determined by the
minima of the free energy density function, which takes into
account the magnetocrystalline anisotropy. Within this
framework, and with magnetic field applied perpendicular to
the layer plane (i.e., along the [001] direction), the free en-
ergy density F for one of the easy planes of magnetization®”
[i.e., either the (010) or the (100) plane] can be expressed as
follows:’

22, M 2
F=—MH cos 6+ 2mM* cos 0—; H,, cos™ 6
1 4 1 4 1 5
+EH4l cos® 0+ 5H4“ sin 0+EH2H sin® 6. (1)

In this expression the first term is the Zeeman energy of the
system in the applied magnetic field; 6 is the angle between
the sample normal (i.e., the [001] direction) and the magne-
tization vector; and the second term (the so-called “shape
anisotropy”) is usually quite small in the case of dilute fer-
romagnetic semiconductors due to their relatively low values
of saturation magnetization (as compared to metallic ferro-
magnets).

The remaining four terms in Eq. (1) represent the com-
bined effects of magneto-crystalline anisotropy, which is the
subject of this study. Specifically, H,, is the perpendicular
uniaxial anisotropy field resulting from the biaxial strain in-
troduced during the MBE growth of Ga;_,Mn,As layers on
substrates with a different lattice constant. H, is the in-plane
uniaxial anisotropy stemming from the inequivalence of

[110] and [110] directions, and is usually weak.”?> The
terms H,, and Hy, represent the cubic anisotropy fields of
zinc-blende Ga;_,Mn,As. Cubic anisotropy, which reflects
the inequivalence of the (100) and (110) directions, is domi-
nant in the case of strain-free or very lightly strained
Ga;_Mn As. It is, however, extremely sensitive to the car-
rier concentration and temperature and—depending on the
values of those parameters—it can favor either (100) or (110)
as the easy axis of magnetization.!° Since growth on a
lattice-mismatched substrate introduces tetragonal distortion
and breaks the purely cubic symmetry of the crystal lattice,
the in-plane (H,;) and perpendicular (H, ) cubic anisotropy
fields need to be distinguished (they are of course equal in
the limit of no strain).

In our samples the strain is expected to be quite small
because of the small lattice mismatch between the ZnSe
buffer and the Gaj 9oMn o; As layer, and therefore we expect
the uniaxial anisotropy to be of the same order of magnitude
as the cubic anisotropy. Additionally, in order to draw quan-
titative conclusions from the PMOKE data, it will be conve-
nient to make two simplifying assumptions. First, since the
in-plane uniaxial anisotropy H,, is known to be significantly
weaker than the uniaxial perpendicular and the cubic aniso-
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tropy fields for Ga;_ Mn,As films with low Mn
concentration,’ we will ignore the effects of this term. And
second, because—as noted—the Ga;_,Mn,As layers in our
series of samples are under very weak strain, we can also
disregard the effect of the small tetragonal distortion of the
crystal lattice on the cubic anisotropy parameters, and as-
sume Hy and H,, to be equal. In what follows we will then
express both these terms simply as H,. Finally, since the
shape anisotropy and the perpendicular uniaxial anisotropy
always appear together, we will treat them as a single term
(477 M—-H 2 J_).

B. Relation between magnetic anisotropy and magnetization
reversal

In terms of the picture outlined above, it can be shown
that the double-step form of the observed hysteresis curves is
a consequence of the interplay between the anisotropy com-
ponents H,, and H,. The application of this model to the
magnetization reversal in Ga;_,Mn,As layers is discussed in
detail elsewhere.?* Here we will only list the principal con-
clusions to which this model leads, and will use them to
analyze the dependence of various anisotropy terms in our
sample series on temperature and on carrier-concentration.

As shown in Fig. 4(a), at zero magnetic field the magne-
tization lies along the easy axis in the plane of the
Ga;_Mn,As layer (i.e., the free energy density has a mini-
mum at #=7/2; see dashed curve in the figure). When the
external magnetic field is applied normal to the layer, the
minimum begins to shift, causing the magnetization to co-
herently rotate away from its in-plane orientation towards the
normal. One can show from Eq. (1) that the normal compo-
nent of the magnetization (i.e., the component which we
measure by PMOKE) increases proportionally to the applied
field with the slope?*

dM;, 1
dH ~(4mM—-H,, +H,)’

()

Also, in an applied field the local minimum at §=0° be-
comes increasingly pronounced as the field increases, as seen
in Fig. 4(a). At a particular threshold magnetic field H; the
energies of the two local minima (at 6~ 80° and #=0° be-
come equal). This field can be expressed in terms of the
anisotropy parameters as follows:?*

Hp=~ (4wM - H,, + H,) —\VH,(47M —H, | + H,). (3)

As long as the energy barrier that separates the two
minima is sufficiently smaller than k7, it can be overcome by
the process of domain nucleation and expansion with the aid
of thermal excitations, and the magnetization will then align
itself with the external magnetic field through incoherent
moment switching.?* At fields exceeding H; the magnetiza-
tion then remains oriented along the applied field, i.e., along
0=0°. When the field (which is normal to the sample plane)
is decreased and then reversed, the magnetization first jumps
back towards the in-plane orientation, and then again aligns
itself with the applied field at —Hy. It is precisely those
“jumps” at the characteristic fields H; and —Hy that explain
the double-step profile observed in the hysteresis loop. To
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FIG. 4. Free energies plotted as the function of the angle 6
between M and the sample normal for several fields (bottom panel).
The initial status (i.e., “a”) is set to H=0 Oe, #=90°; i.e., M is in
the sample plane. As the applied field increases, the local energy
minimum moves continuously to the applied field direction, 6=0°,
in the sequence of “a”-“b”-“c”-“d.” The calculated perpendicular
magnetization curve is plotted as a dash-dot curve in the bottom
panel, with experimental data observed on the sample with the
highest hole concentration shown as the solid curve. Note that at
H7=389 Oe the two local energy minima are equal.

illustrate this, we plot both the experimental data (solid
curves) and the calculated magnetization (dash-dot curve) in
Fig. 4(b).

We now address the occurrence of the hysteresis loops
which accompany the step-like switching near H=H; and
—Hp. In reality the jumps (i.e., the incoherent moment
switching) do not occur simultaneously for all magnetic mo-
ments. Instead, reorientation of the magnetization is expected
to take place by nucleating small regions (domains) with
magnetization pointing in the direction that is determined by
the lowest free energy minimum for that region, and by ex-
pansion of those regions. It is this complicated process that
produces the hysteresis loops observed around the two
switching fields Hy and —Hy. At lower temperatures, domain
nucleation and the movement of domain walls becomes more
difficult due to increased pinning and smaller thermal exci-
tations, resulting in widening of the hysteresis loops and in
increased overall coercivity, as seen in the experimental data
(see, e.g., Fig. 2). We can determine both dM,/dH (i.e., the
slope of the M vs H curve at H=0) and H; (i.e., the center
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FIG. 5. Calculated values of the anisotropy fields as a function
of temperature for the sample with (a) p=8.5X 10! cm™3, (b) p
=4.4x10" cm™, and (c) p=3.0%x 10" cm™.

points of the hysteresis steps) from the PMOKE curves mea-
sured at different temperatures.

When the double-step feature is not present, so that the
value of Hy is not defined, we can instead find the field at
which the normal component of magnetization starts to de-
crease (relatively abruptly) from its saturation value as the
external magnetic field is decreased.’*?> We define this field
as

HN=47TM—H2L—H4. (4)

C. Dependence of magnetic anisotropy on hole concentration
and temperature

Having determined the experimental parameters dM ,/dH,
Hy and Hy, we can now use Egs. (2)—(4) to calculate the
cubic (H,) and perpendicular uniaxial (47M—H, ) aniso-
tropy fields. The resulting fields are plotted as a function of
temperature for the GaygoMngo;As layer with hole concen-
trations  8.5X 10 cm™3, 4.4x10Y cm™>, and 3.0
% 10" em™ in Fig. 5. The results for p=3.4 X 10" cm™ lie
between those shown in the two lower panels of the figure,
but much closer to the p=3.0X 10" ¢cm™ data, consistent
with the trend which the figure illustrates. For the highest
hole concentration, p=8.5X 10" cm™, the cubic anisotropy
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term appears to be dominant at low temperatures. However,
it drops rapidly as the temperature is increased. Perpendicu-
lar uniaxial anisotropy, on the other hand, is significantly less
sensitive to the temperature, and surpasses the cubic aniso-
tropy at temperatures close to 7. As a result, at higher tem-
peratures the double-step profile of the hysteresis disappears
(see, e.g., 20 K curve in Fig. 2), and the magnetization curve
shows the typical behavior observed in samples with only
uniaxial anisotropy.

The temperature dependence of perpendicular uniaxial
and cubic anisotropy components of the sample with p
=4.4x%10" cm™ in Fig. 5(b) looks qualitatively similar to
that obtained for the sample with the highest hole concentra-
tion: the cubic anisotropy is stronger than uniaxial at low
temperatures, but falls off more rapidly as the temperature
increases. The magnitude of the uniaxial anisotropy in this
sample is nearly the same as for p=8.5X 10" cm™, while
the cubic anisotropy term is clearly smaller. For comparison,
in Fig. 5(c) we also plot the temperature dependence of the
perpendicular uniaxial anisotropy for the sample with lowest
hole concentration, p=3.0 X 10" ¢cm™3. Information on cubic
anisotropy is difficult to obtain from the magnetization
curves of this sample, and we estimate it to be near zero,
since no double-step feature is observed for this sample, as
seen in Fig. 3.

The temperature dependence of the resistivity observed
on our GajgMnyAs sample series (p ranging from 3.0
X 10" cm™ to 8.5% 10" cm™; not shown here) shows a
gradual transition with increasing p from clearly insulating
behavior to somewhat metallic conductivity. Thus our mea-
surements serve to illustrate how the magnetic anisotropy
evolves at the point where the Fermi level in Ga;_Mn,As
just moves to the top of the valence band, and the holes are
just becoming free from their acceptor centers.

Figure 6 shows the dependence of the cubic and uniaxial
anisotropy fields on the hole concentration p, calculated us-
ing the PMOKE results for 7 K. While both anisotropy fields
are relatively close in magnitude at low values of p, the cubic
anisotropy field grows very rapidly with increasing p, and
eventually outweighs the uniaxial anisotropy field. The
strong dependence of H, on p is not surprising if we recall
that the cubic anisotropy reflects the symmetry of the Fermi
surface of the valence band, which is highly sensitive to the
Fermi level.!” The perpendicular uniaxial anisotropy field
4mM—-H, |, on the other hand, shows only a very slight in-
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crease as the hole concentration increases by almost a factor
of three. This is contrary to our expectation since according
to earlier theoretical studies'®!? the magnitude of the perpen-
dicular uniaxial anisotropy is predicted to increases as the
hole concentration increases. Although it is widely accepted
that the perpendicular uniaxial anisotropy arises from sym-
metry changes of the hole Fermi surface induced by strain,
our theoretical understanding of stress-induced effects on
both the valence band (e.g., the effect of splitting of the
heavy and light hole'®) and on the impurity band (e.g., the
splitting of the acceptor level?®?7), is still far from complete
for Ga;_,Mn,As with a low Mn concentration. Thus our data
serve to illustrate the complexity of the hole band profile
(including both valence and impurity band) for the
Ga;_,Mn,As film with low Mn concentration.

For GajgoMn,y;As samples with low p, the holes are
likely to be localized near the Mn** ions and to form an
impurity band, with the Fermi level positioned inside or near
the impurity band. Under these conditions the hole-mediated
ferromagnetic interaction is weak and short-range in charac-
ter; and magnetocrystalline anisotropy is almost entirely
dominated by the uniaxial term, originating most likely from
stress-induced splitting of the acceptor lever. As the hole
concentration increases, the Fermi level gradually moves
into the top of valence band, the holes becoming increasingly
free from their acceptor centers (i.e., increasingly delocal-
ized). As the ferromagnetic interaction becomes stronger and
acquires long-range character, the importance of the cubic
magnetocrystalline anisotropy correspondingly increases.
This increased prominence of the cubic anisotropy (i.e., the
difference between the (100) and (110) directions) with hole
concentration clearly reflects the four-fold symmetry of the
Fermi surface at the top of valence band.

D. Origin of hysteresis loops at low temperature

Finally, it should be noted that—although the coercivity
increases when the temperature decreases for all samples
studied—the physical mechanisms which dominate their
properties are in fact quite different from sample to sample.
For the lowest hole concentration the holes are expected to
become increasingly localized as the temperature approaches
zero, and the material can then be classified as a short-range
ferromagnet. Specifically, the material can then be regarded
as composed of a large number of small ferromagnetic clus-
ters (domains) with different magnetic properties (i.e., differ-
ent anisotropies and hysteresis loops) due to disorder of the
Mn ion distribution. In that case we observe a smooth (oval-
like) hysteresis loop, in which the observed coercivity and
remanence represent an average of the contributions from
individual magnetic clusters (domains). As the temperature
increases, the holes gradually become delocalized, thus in-
creasing the long-range ferromagnetism (i.e., forming mag-
netic clusters of larger size) and the overall homogeneity of
the specimen.

For samples with higher hole concentrations, on the other
hand, i.e., when the holes are delocalized, the material be-
comes metallic, and can thus be categorized as a single-
domain ferromagnet. As pointed out in Sec. IV A, however,
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an exception to the idealized single-domain picture occurs
during the magnetic switching near H; and —Hrp, i.e., when
the applied magnetic field must move the domain wall
through the material against various crystallographic ob-
stacles (e.g., point and line defects). As the temperature ap-
proaches zero and thermal excitations diminish, the energy
barrier between the two minima becomes more evident, and
the magnitude of the field required to accomplish such
switching becomes progressively larger [see Fig. 4(a)]. As a
result, the hysteresis loops occurring at Hy and at —Hp be-
come gradually wider, and eventually merge into a single
nearly-square hysteresis loop, with only residual kinks
around the center, as seen in Fig. 1 at 1.5 K.

V. CONCLUSIONS

We studied magnetic anisotropy in thin Ga;_,Mn,As films
in the regime of low Mn concentration, codoped by Be. The
films were grown on ZnSe buffer layers, used to reduce the
lattice-mismatch-induced strain in the magnetic film. In this
condition the cubic and the uniaxial anisotropy fields in
Ga;_,Mn,As become comparable, allowing us to study the

PHYSICAL REVIEW B 72, 165205 (2005)

interplay between the two for different values of hole con-
centration p and temperature 7. Our experimental results
demonstrate that the cubic anisotropy field H, decreases rap-
idly with temperature, and is very sensitive to the value of
the hole concentration. In sharp contrast, the perpendicular
uniaxial anisotropy field H,, remains relatively unaffected
by T and/or p. The different T and/or p dependences for
uniaxial and cubic anisotropy fields of thin GajgoMny y;As
films illustrates the complexity of the Fermi surface of the
holes in this material, reflecting the combined effects of the
valence and the impurity bands. This work has shown that,
by appropriately choosing the strain and the hole concentra-
tion, we can achieve a regime where the cubic and the
uniaxial anisotropy mechanisms can be made to compete,
providing a handle for manipulating the process of magneti-
zation reversal by appropriately adjusting the sample tem-
perature.
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