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Abstract

The magnetic field dependencies of Hall resistance are studied for GaggsMnggsAS/INg15GaggsAs film. The Hall resistance
shows a slanted hysteresis cycle, emphasizing the existence of both in-plane and out-of-plane magnetization components.
The anisotropy constants of the sample with out-of-plane magnetization are extracted from the angular dependence of Hall
resistance measurements. The angular dependence of free magneto-crystalline energy theoretical analysis allows us to
confirm the dominance of uniaxial magnetic anisotropy at specific temperatures. Here, precise angular dependence of
magnetoresistance Hall Effect measurements and careful analysis using free energy model, enable us to demonstrate how the
magnetic easy axis could be reoriented by the temperature within the ferromagnetic phase at the temperature far from the
Curie Weiss value. This promising property will offer applicative opportunity of GaMnAs material with temperature induced
transition of easy magnetization axis in detection of weak magnetic fields within the cryogenic range of low temperature

phenomenon. Copyright © 2017 VBRI Press.
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Introduction

Dilute magnetic semiconductors (DMS) are interested in
advanced research to find out new materials for magneto-
electronic (spintronic) devices, because this materials
offers to manipulate both charge and spin properties of
the charge carriers. The GaMnAs epitaxial thin film is one
of desired DMS materials. Since they are based on galium
arsenide — one of semiconductors widely used for
optoelectronic devices, one may foresee the spintronics
devices based on GaMnAs to be eligible for applications
with easily accessible temperatures. Currently, GaMnAs
films are developed with relatively high Curie
temperature (T¢ ~185K [1], T¢ ~ 200 K [2]) which makes
them promising for applications. However the magnetic
anisotropy and magnetization reversal mechanisms in
GaMnAs-based structures are still under investigation.
These properties depend on parameters such as hole
concentration, temperature and growth-induced strain [3,
4] i.e., the magnetic properties of the layers could be
predefined by the selection of these parameters.

As investigated theoretically [5] and experimentally
[6, 7], the magnetic anisotropy of GaMnAs can be
efficiently controlled by epitaxial strain. In the case of
GaAs based ternary alloy, such as GaMnAs, the strain
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state of the thin epitaxial layers can be easily defined by
the use of a thick, relaxed InGaAs buffer layer deposited
on GaAs substrate. Instead of InGaAs one may use also
other GaAs-based ternary (or multinary) alloys such as
GaAsSh, GaAsP, GaAsBiI, but ternary InGaAs buffers are
the easiest choice in terms of the MBE growth conditions
and possible in-situ composition control (by RHEED
oscillations [8, 9]). The percentage of Indium content in
relaxed InGaAs buffer layer has a direct effect on the
GaMnAs diluted semiconductor materials with the lattice
mismatch, the so-called epitaxial strain.

With a tensile strain control of In,Ga,.,As(100) under
layer, the magnetization of Ga,,Mn,As layer is in-plane
with low composition of Mn (low concentration of holes),
and the magnetization is in out-of-plane configuration
with high composition of Mn [10, 11]. In contrast for a
compressive strain control by an underlayer i.e., GaAs,
the magnetization of Ga;,Mn,As layer is confined in-
plane with high concentration of holes [3, 5, 7, 12] and
out-of plane with low concentration of holes. Moreover,
the in-plane easy magnetization axis of the very thin
GaMnAs layers [13] can be rotated within the thin film
plane by adjusting the concentration of holes (via voltage
applied to gate electrodes).
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However, the much more application-significant
dedicated with changing of magnetization direction
from in-plane to out-of-plane orientation of GaMnAs
thin film has not been demonstrated yet, neither for
GaMnAs layers under compressive strain, nor under
tensile strain. In this paper, we study the magnetization
along the main crystallographic directions of
Gag g4Mng gsAS/INg 15Gag gsAS samples through Hall Effect
measurements. Our aim is to understand and then control
the in-plane and out-of-plane magnetization with
temperature using the Hall Effect characterization. The
Curie temperature of the sample was estimated from the
maximum of the resistivity curves, corresponding to
dp/dT =0 (Fig. 1).
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Fig. 1. (a) Resistivity vs. temperature of the investigated sample. (b)
Method to determine Currie temperature (Tc).

Experimental

The Ga4xMn,As layers were growth by a molecular beam
epitaxy at 230 °C on a semi-insulating GaAs(001)
substrates using the KRYOVAK MBE system at MAX-
Lab, Lund University, Sweden [14, 15]. The growth was
performed with As, flux generated from an arsenic valve
cracker source. The GaAs(001) substrate (1.5x1.5 cm)
were glued by Indium to the molybdenum holder. After
loading into the MBE growth chamber, the substrates
were thermally dehydrated by heating the holder to 590
°C under As, flux. Then GaAs/Gaggslng 1sAs buffer layers
were growth at the optimized conditions i.e., substrate
temperature of 590 °C for growing GaAs layer and 480 °C
for growing InGaAs layer; As,/Ga flux ratio is about 5.
The quality of InGaAs epitaxial layer was determined by
in-situ X-ray diffraction using reciprocal space mapping
around asymmetrical 224 reciprocal lattice points. Then
the substrate temperature was lowered down to 230 °C,
and stabilized for half an hour before the growth of
Gag g4Mng geAs (1000 nm) layer (As/Ga ratio of about 1.5,
the growth rate of 0.2 monolayer/s). Both Ga and As,
impinging fluxes were well measured by RHEED
oscillations for GaAs growth [15-17].

The devices were patterned into the Hall bar of 50
pm width and 2mm length by photolithography and wet
chemical etching. The bars are aligned along [110]
crystallographic direction. The contact pads are made of
ZnAu layer (500x500 pm? 300 nm) for ohmic contacts
using a sputtering deposition, and using photolithographic
lift-off method. Transport properties measurements were
carried out under precise controlled temperature of an in-
house cryostat. The temperature of the cryostat could be
well controlled from T = 5 K to 300 K. During the Hall
measurements, a DC field was applied along the [110]
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crystallographic  direction aligned to the current
polarization axis. The Hall voltage was measured in a
transverse direction with the crystallographic direction, as
shown in Fig. 2a. To ensure the uniformity of
magnetization of the films, a DC magnetic field of 0.5 T
was applied prior each measurement.

Fig. 2. (a) Scheme of a Hall bar pattern, the current is polarized and
flows along the [110] direction. The four lateral pads indicate voltage
contacts for both longitudinal R, and Hall resistance R,, measurements.
(b) Coordinate systems (6n, ¢n) and (6, @) are corresponding to the
orientations of the magnetic field H and the magnetization M.

For theoretical calculation, the value of anisotropy
constant was estimated as the arithmetic mean among a
set of fitting results, the absolute uncertainty AK was
estimated in function of the standard deviation (o) of a
series of n measurements as:

_c _ Zjn=1(Kj_I_<)2 - =th
AK = —== ’W . Where K; is the result of the j

fit and K is the arithmetic mean of the considered n
results.

Results and discussion

Hall effect measurement: When a current-carrying
ferromagnetic semiconductor is placed in a magnetic
field, the charge carriers, in the sample, are submitted to
the Lorentz force perpendicular to both magnetic field and
the current. At equilibrium, a Hall voltage appears at the
semiconductor edges, and a corresponding resistance is
measured [18-24].

R—R°H9 RS M ekM'92'2 1
H_T COSH+T cos +E( sin @)° sin 2¢ (1)

In equation (1), first term is the ordinary Hall
resistance. Ry is the ordinary Hall coefficient. H cosfy is
the magnetic field’s component perpendicular to the
current direction. The second term is the anomalous Hall
resistance arising from the asymmetric scattering of the
conduction electrons from the magnetic moments in the
sample; it is proportional to the component of the
magnetization perpendicular to the current. Rs is the
spontaneous Hall coefficient. The third term is Planar
Hall resistance. In this term, the constant k is related to
the difference in resistivity between the directions parallel
to and perpendicular to the current. If there is an in-plane
component (M sing) then, because of the
magnetoresistance, the equipotential may not be
perpendicular to the current, and a Hall-like voltage is
generated [25].
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The anomalous Hall resistance (Eq.1) is an odd
function of M, whereas the planar Hall resistance is an
even function of M. Consequently we can extract these
components separately by subtracting (or adding) from
the experimental curves of Ry. Fig. 3 shows the Hall
resistance as a function of magnetic field of the
investigated sample GaggsMng osAS/INg15Gag gsAS, in the
ferromagnetic phase at T = 5 K. The data plotted in
Figs. 3a,b and Figs. 3c,d are the measured Hall resistance
and extracted planar Hall resistance when the magnetic
field applied out-of-plane (64 = 0°) and in-plane (64 = 90°
and gy = 0°) to the samples. The Hall measurements were
carried out with the magnetic fields applied normal to the
sample plane. The slanted Ry curve (Fig. 3a) indicating
that the in-plane component of magnetization is
dominated for the GagesMngosAs layer, even with the
presence of the buffer layer Ing15GaggsAs. This is in good
agreement with previous results studied by Kim et al [26].
The strong in-plane anisotropy of the sample is also
confirmed by the two-step switching behaviour when the
magnetic field is applied in-plane, as shown in Fig. 3c.
In summary for the sample at 5 K, in-plane magnetic
anisotropy is dominated.

We further investigate magnetic anisotropy at higher
temperatures (20 K and 40 K). The Ry curves at 20 K are
more square-like shape (Fig. 3e), and when the
temperature is further increased, reaching the fluctuation
zone near T¢ (42 K), the Ry curves are closer to square
shapes (Fig. 3f). This data set allows us to confirm that
the out-of-plane magnetization component in the
investigated sample is increased with the temperature.
The same results were observed for sample with Indium
concentration in the buffer layer close to 20 % [27].
Furthermore, there is a significant increasing in the
coercive field (H.) with the increment of 64. H, increases
from 50 Oe to 210 Oe for 64 increasing from 0° to 90°. In
other words, the out-of-plane magnetization component is
easier to rotate than the in-plane magnetization
component. These results confirm that the magnetic
anisotropy of the sample is tunable by controlling the
temperature.

Analysis of magnetic anisotropy

The magnetization behaviour of the sample can be
described using the free energy formula given by [28].

F = —MH [cos & cos 6, +sin @sin 6, cos(p — oy )] + [erM 2coszﬁ]

[H, cos?6+H,,sin’asin?p 1|
1 4 1 .4 2 | (2)
LJr—HMcos 6+—=H,,sin" 6 cos (2<0)J
2 4

The first term is the Zeeman energy; the second term is
the demagnetizing energy (shape anisotropy); and the
third term is the energy due to the uniaxial and cubic
anisotropies. H,vr (Hy;) and Hsv (Hgy) represent the
perpendicular (planar) uniaxial and cubic anisotropy
constants, respectively. Gy, on, 6 and ¢ represent
respectively the orientation of magnetic field and
magnetization as depicted in Fig. 2b. The in-plane field
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Fig. 3. The measured Ry at T = 5 K and extracted planar Hall resistance
for the measurement with external field applied in the out-of-plane
direction (a) and (b) and for the measurement with the external field
applied in-plane of the sample (c) and (d). Hall resistance measurement
as function of magnetic field with the field orientation from in-plane
(6= 90°) to out-of-plane (f4=0°) at T=20 Kand T =40 K (e) - (f).

anisotropy (H,;) reflects the fact that in a zinc blende
structure the directions [110] and [110] are not equivalent
[29].

Since the magnetization follows the position of the
minimum magnetic energy, the equilibrium condition for
any given field orientation can be obtained from equation
(2) by minimizing the free energy with respect to 6 and ¢.
The anisotropic field components can be independently
determined from the angular dependence of the Hall
measurements performed within either (001) or (110)
plane (Figs. 4 and 5).
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Fig. 4. Angular dependence of the measured Hall resistance (Open
circle) for different fields applied in-plane of the sample at 5 K, 20 K
and 40 K. The solid lines are the fitting results using Equations (3) and

4).
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To determine in-plane component of anisotropy
fields, we have performed planar Hall resistance
measurements within (001) plane where (6 = 64 = /2).
Then equation (2) can be written as:

M .2 1 2
F = —7[2H cos(p — @) — H, sin @‘ZHM/COS (291

(3)
In this case, the Hall resistance takes the form:

R KM 2si
W sin 2¢ (4)

The zero torque condition for the -equilibrium
implies 0F /3¢ = 0, the stability is given by the second
derivative condition d2F /d¢? > 0.

Fitting the experimental data with respect to Hy, and
Hy, in Fig. 4 yields the values of in-plane anisotropy
depicted in Table 1. The in-plane cubic anisotropy field
of H,;y = 1100 + 50 Oe is the largest value at 5 K, where
H,;, = 400 + 50 Oe. This indicates the dominance of cubic
magnetic anisotropy and therefore the easy axes lie in the
plane at low temperature, which confirms the result found
in the configuration of classic Hall measurement.

The out-of-plane components of the anisotropy
fields can be studied by performing Hall resistance
measurements within the (110) plane where (¢p = ¢y =
n/2). The Hall resistance can be simplified to the
equation:

R R
Ry = —2H cos 6, + —=M cos 0 (5)
d d

Then, equation (2) becomes function of only 6 and 6y as
following:

M 1

F :——[(Hu—47zM)c0329+—H4icos49+2H cos(0 -6y )..
2 2
.2 1 .4

+H,,sin 6’+ZH4,,sm 0] (6)

The conditions for the energy minima and stability should
satisfy 0F /06 = 0 and 0%F /362 > 0.

The data plotted with open circles in Fig. 5 can be
fitted with equation (5) and (6), using 4ntMs = 47M; H,L
and Hg. as fitting parameters.
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Fig. 5. Angular dependence of measured Hall resistance (Open circle)
for the field applied out-of-plane direction (500 Oe and 1000 Oe) at 20
K and 40 K. The solid lines are the fitting results using Equations (5)
and (6). Insets show the measurement configuration.
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Table 1. Anisotropy fields analysis from the calculation. For all
calculations AH = 50 Oe.

T Hay Hay Hyl 4nM st
(K) (Ce) (Ce) (Ce) (Ce)
5 1100 400 - -
20 450 300 -200 -1200
40 400 300 -200 -1400

The best fitting parameters  values  for
Gap.9sMng gsAS/INg 15Gag gsAs film were obtained in the
ferromagnetic phase. The results reveal a net dominance
of the uniaxial anisotropy field (H,L = 4nM - 4nM) at 20
K and 40 K, indicating that at these temperatures, the
magnetic easy axes lie along with the out-of-plane
direction.

The preference for the magnetization to lay in
particular direction can be illustrated by comparing the
values of the magnetic free energy in the different
crystallographic directions. Using the obtained values of
the anisotropy fields, we have represented the angular
dependence of the free magnetic energy in a polar plot in
Fig. 6. We observed that the minimal energies occur in
the [001] direction at 40K and 20K, This confirms the
dominance of uniaxial magnetic anisotropy (HL >> H,1)
in the sample.

90
120 _—r—. 60

-100 | 150, 30
200 { /
-300 180} [00-1]
200 | |

-100 {210 330

[001] 'O

Free Energy (a.u)

240 300
270
0(°)
Fig. 6. 2D polar plot of free energy for the investigated sample at 40 K
and 20 K, the plane contains 2 out-of-plane energy minima.

Conclusion

In this paper, measurements based on Hall Effect were
performed on GaggsMngsAS/INg 15GaggsAs thin film to
detect and control the magnetization orientations. At T =
5K, we evidenced a coexistence of both out-of-plane and
in-plane magnetization components, with a net dominance
of the in-plane component. With increasing temperature
the out-of-plane magnetization component increases at the
expense of the in-plane component. Analysis of magnetic
anisotropy in this sample allows us to understand deeply
the type of anisotropy as a function of temperature. At 5
K, the in-plane cubic anisotropy is dominance in the
sample. At 20 K and 40 K out-of-plane uniaxial
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anisotropy is formed. So that combining temperature
condition and precise angular Hall effect measurements
constitute a way to control the magnetic anisotropy
in the DMS thin film. Further, this approach of
controlling the rotating applied field constitutes a
sensitive method for domain pinning fields in
ferromagnetic single layers.
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