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Annealing effect on magnetic anisotropy in ultrathin (Ga,Mn)As∗
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We investigated the effect of low temperature annealing on magnetic anisotropy in 7-nm ultrathin Ga0.94Mn0.06As
devices by measuring the angle-dependent planar Hall resistance (PHR). Obvious hysteresis loops were observed during the
magnetization reversal through the clockwise and counterclockwise rotations under low magnetic fields (below 1000 Gs,
1 Gs = 10−4 T), which can be explained by competition between Zeeman energy and magnetic anisotropic energy. It is
found that the uniaxial anisotropy is dominant in the whole measured ferromagnetic range for both the as-grown ultrathin
Ga0.94Mn0.06As and the annealed one. The cubic anisotropy changes more than the uniaxial anisotropy in the measured
temperature ranges after annealing. This gives a useful way to tune the magnetic anisotropy of ultrathin (Ga,Mn)As devices.
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1. Introduction
Ferromagnetic semiconductor (Ga,Mn)As has attracted

great attention for both fundamental physics and potential
applications since its discovery in the 1990s.[1–4] Most of
the attractive properties of (Ga,Mn)As arise from magnetic
anisotropy, holding great promise for the development of mag-
netic memory devices.[5,6] Magnetic moments prefer to follow
magnetic easy axes in ferromagnetic materials due to mag-
netic anisotropic energy. In (Ga,Mn)As films, the magnetic
anisotropy is complex due to the coexistence of the cubic
anisotropy and uniaxial anisotropy,[7,8] while the latter dom-
inates in most ferromagnetic metals. Magnetic anisotropy
in (Ga,Mn)As films with thickness above 10 nm transforms
from a biaxial mode at low temperatures to a uniaxial mode
with increasing temperature, which has been attributed to the
interplay between the natural cubic anisotropy of the zinc-
blende structure and a uniaxial anisotropy that results from
surface reconstruction.[9,10] However, it is found that the two-
fold uniaxial anisotropy is dominant in the whole ferromag-
netism temperature range for very thin (Ga,Mn)As films.[11]

It is known that a magnetic anisotropic field can be tuned by
strain, carrier density, and temperature. Each substitutional
MnGa ion contributes one hole while the interstitial MnI is a
double donor which compensates holes in the system. Low
temperature post growth annealing can increase the hole den-
sity through the out-diffusion of interstitial MnI ions to the free
surface.[12–14] Therefore, it is important to investigate the influ-
ence of low temperature annealing on the magnetic anisotropy
in (Ga,Mn)As films.

In this paper, the method of measuring planar Hall
resistance (PHR) with varying magnetic field direction at

fixed magnitude has been used to investigate the magnetic
anisotropy for both the as-grown and annealed 7-nm ultra-
thin Ga0.94Mn0.06As devices. Because the PHR is very sen-
sitive to the magnitude and orientation of the local magneti-
zation, this method can provide a panorama of magnetization
reversal for continuously varying direction of external mag-
netic field, which can give information on the formation of the
domain structure during the magnetization reversal. So angle-
dependent PHR is a powerful technique to detect the magnetic
anisotropy and magnetic domain structures in (Ga,Mn)As.[15]

Here we also report our quantitative investigation of the tem-
perature dependence of magnetic anisotropic coefficients in 7-
nm ultrathin Ga0.94Mn0.06As devices before and after 180 ◦C
low temperature annealing, by measuring Hall configuration.

2. Experiments

The Ga0.94Mn0.06As film was grown on semi-insulating
GaAs (001) substrate by molecular beam epitaxy (MBE) at
around 240 ◦C. A 150-nm thick undoped GaAs buffer layer
was grown first, followed by 7-nm Ga0.94Mn0.06As epilayer.
A circular device with a diameter of 16 µm, as shown in
Fig. 1(a), for the ultrathin Ga0.94Mn0.06As film was fabricated
by standard electron beam lithography and wet etching. The
metallic Ohmic bond pads along the major in-plane axes were
deposited with 50-nm Ti and 150-nm Au by electron beam
evaporation. For comparison, a device with the same structure
with a 25-nm Ga0.94Mn0.06As epilayer was also fabricated.
The as-grown devices were annealed at 180 ◦C for 48 hours
in air to investigate the influence of low temperature annealing
on magnetic anisotropy.
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Fig. 1. (color online) (a) Photograph of the Ga0.94Mn0.06As device with
eight Ti/Au contacts. Diameter of the circle is 16 µm. (b) Sketch of the
definition of the external magnetic field, magnetization orientation, and
the major crystalline axes. (c) Temperature dependence of the resistiv-
ity for both the as-grown and annealed 7-nm ultrathin Ga0.94Mn0.06As
devices.

Temperature dependence of the sheet resistance (R-T) for
both the as-grown & annealed 7-nm ultrathin Ga0.94Mn0.06As
devices with current along the [11̄0] orientation was mea-
sured by using the standard four probes method and plotted in
Fig. 1(c). Angle-dependent PHR was measured under a series
of external magnetic fields at 3.5 K for counterclockwise ro-
tation (CCW) and clockwise rotation (CW), respectively, with
the current applied along the orientation. Before each rotation,
5000 Gs was applied to initialize the magnetization. The mea-
sured experimental results for both the as-grown and annealed
7-nm Ga0.94Mn0.06As samples are shown in Fig. 2. In addi-
tion, PHR for both the as-grown and annealed Ga0.94Mn0.06As
devices at a series of temperatures was measured to investigate
the temperature dependence of the magnetic anisotropy.

3. Results and discussion
The singularity in the temperature derivative of the re-

sistivity dρ/dT can be used to determine the Curie tempera-
ture (TC).[16] TC is found to be (64±2) K, and it increases to
(69±2) K after low temperature annealing for the 7-nm ultra-
thin Ga0.94Mn0.06As device. The resistivity of the device is
decreased by about 49%, indicating an increment of the hole
density. However, it is found that TC for 25-nm reference de-
vice increases from (57±2) K to (112±2) K after low temper-
ature annealing. The low temperature annealing removes the
interstitial MnI ions through out-diffusion,[13,17] resulting in
the increment of Curie temperature and reduction of resistiv-
ity. Our experimental results suggest that a higher percentage
of Mn ions occupy the interstitial sites with increasing thick-
ness of the films. In order to quantitatively obtain the change

of the hole density caused by low temperature annealing, Hall
measurements at rather low temperature and high magnetic
field have been performed because of the strong anomalous
Hall effect, where the magnetization is constant – i.e. fully
saturated (because the magnetization is easily saturated at low
temperatures). The Hall resistance Rxy for ferromagnetic ma-
terials is empirically known to be a sum of an ordinary Hall
term and an anomalous Hall term as:[18]

Rxy = R0B/d +RAM/d, (1)

where R0 is the ordinary Hall coefficient, RA the anomalous
Hall coefficient, d the sample thickness, and M the magnetiza-
tion of the magnetic materials; RA is proportional to longitudi-
nal resistance Rγ

xx, with regard to which it has been suggested
that the side-jump is likely to be the dominant mechanism in
(Ga,Mn)As.[19] An alternative treatment of the anomalous Hall
effect also gives γ = 2,[20] in which it is considered to arise di-
rectly from the band structure of the ferromagnet. According
to the high field Hall measurements using Eq. (1), we have
obtained the hole density 3.4×1020 cm−3 and 4.5×1020 cm−3

for the as-grown and annealed ultrathin 7-nm Ga0.94Mn0.06As
device, respectively. The increment of hole density of about
30% after low temperature annealing is in good agreement
with the theoretical prediction and previous experimental find-
ings, through the relationship between the change of TC and
hole density.[21,22]
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Fig. 2. (color online) Angle-dependent planar Hall resistance for as-
grown (circular black symbols) and annealed (triangular red symbols)
7-nm Ga0.94Mn0.06As devices measured under different external mag-
netic fields at 3.5 K, where the magnitude of PHR for the annealed
device has been multiplied by a factor of 5. The hollow symbols repre-
sent clockwise rotations and the solid ones represent counterclockwise
rotations, respectively.

Planar Hall resistance arises as a result of the nonequiv-
alent components of the resistivity tensor perpendicular and
parallel to the magnetization direction, leading to the appear-
ance of the off-diagonal resistivity components. According to
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the definition of PHR, the electric field in a ferromagnetic de-
vice is given by:[23]

Ex = jρ⊥+ j(ρ‖−ρ⊥)cos2
ϕM,

Ey = j(ρ‖−ρ⊥)sinϕM cosϕM, (2)

in which j is the current density, ρ‖ and ρ⊥ are the longitu-
dinal resistivity for current parallel and perpendicular to the
magnetization, and ϕM is the angle between the magnetization
orientation and current direction. The upper formula in func-
tion (2) represents the AMR and the lower one is for the PHR.
From function (2), we find that the PHR is directly related to
the local magnetic states in the device.

In Fig. 2, readily apparent hysteresis loops along 〈110〉
directions are observed in the CW and CCW PHR curves in
the as-grown and annealed 7-nm ultrathin Ga0.94Mn0.06As de-
vices with external magnetic fields below 1000 Gs. The hys-
teresis loops become wider with decreasing external magnetic
fields, implying the appearance of a multidomain structure.
Upon further increasing the external magnetic fields, the PHR
curves of Ga0.94Mn0.06As gradually transform into sinusoidal
curves without hysteresis loops, indicative of a coherent ro-
tation. The experimental CW and CCW PHR curves for the
annealed 7-nm Ga0.94Mn0.06As device have been multiplied
by a factor of 5, which is also shown in Fig. 2. The magni-
tude of the PHR is strongly suppressed after low temperature
annealing, which is due to the decrease of the resistivity of the
device after low temperature annealing. The hysteresis tran-
sition ranges become smaller after low temperature anneal-
ing. Unlike the 7-nm ultrathin Ga0.94Mn0.06As devices, read-
ily apparent hysteresis loops are observed along both 〈110〉
and 〈11̄0〉 orientations between CW and CCW PHR curves
for 25-nm reference Ga0.94Mn0.06As devices, which is similar
to previously reported findings.[24–26] This four-fold symmetry
originates from the cubic magnetic anisotropy dominating the
magnetic free energy.

The detailed characteristics of the PHR curves during the
magnetization reversal result from the competition between
the magnetic anisotropy energy and Zeeman energy in the in-
plane magnetized devices, which can be explained by the func-
tion of magnetic free energy,[27]

F = −MH[cosθM cosθH + sinθM sinθH cos(ϕM−ϕH)]

+2πM2 cos2
θM +

1
2

M[−HU⊥ cos2
θM

−HU‖ sin2
θM sin2

ϕM

− 1
2

HC⊥ cos4
θM−

1
4

HC‖ sin4
θM cos2 2ϕM], (3)

in which the first term describes the Zeeman energy, the sec-
ond term represents the shape anisotropy energy, and the last
term gives magnetic anisotropy energy; HU‖ and HC‖ are in-
plane uniaxial and cubic anisotropic fields, HU⊥ and HC⊥ are

perpendicular uniaxial and cubic anisotropic fields, H is the
external magnetic field, and ϕH indicate the angles of magne-
tization and external magnetic field to direction; θM and θH

represent the out-plane components of the magnetization and
external magnetic field. With in-plane magnetic easy axes and
the external magnetic field, θM and θH are both 90◦ in our
experimental configuration. Function (3) can be transformed
into,

F = −MH cos(ϕM−ϕH)

−
MHC‖

8
cos2 2ϕM−

MHU‖
2

cos2
ϕM. (4)

Under high magnetic fields, the Zeeman term dominates
the magnetic free energy. Therefore, the direction of magneti-
zation follows the external magnetic field closely. As the exter-
nal magnetic field is decreased gradually, magnetic anisotropy
energy plays a more important role in controlling the magne-
tization reversal. Thus the number of local magnetic free en-
ergy minima will be increased. The magnetization of the de-
vice will prefer to maintain the local energy minimum states.
Specifically, in the PHR transition hysteresis ranges, magneti-
zation moments need to overcome the pinning fields to enter
the lower neighboring energy minima.[26] In this process, the
transition happens only in the areas where pinning fields are
smaller than ∆F/M, in which ∆F is the difference between
two neighboring energy minima. That is the reason hysteresis
loops appear in the PHR curves.

The cubic magnetic anisotropy easy axes and uniaxial
magnetic easy axes in Ga0.94Mn0.06As are along the 〈100〉 and
〈11̄0〉 orientations, respectively. Therefore, when the uniaxial
anisotropy dominates the magnetic free energy, the hystere-
sis loops appear when the magnetization crosses the uniax-
ial hard axes 〈110〉. During rotation of the external magnetic
fields crossing 〈110〉 directions, fractional domains populate
one easy axis and the remaining domains populate the neigh-
boring easy axis, forming multidomain states. So the behav-
ior of magnetization is not coherent rotation in these transi-
tion ranges but nucleation and expansion of domains.[15] In the
25-nm reference Ga0.94Mn0.06As device, the cubic magnetic
anisotropy dominates at this temperature, the orientations of
neighboring energy minima follow four 〈100〉 directions and
the difference of the neighboring easy axes will be approxi-
mated at 90◦. Therefore, hysteresis loops in the PHR curves
can appear in both 〈110〉 and 〈11̄0〉 directions at low external
magnetic fields as reported.

In order to obtain the cubic anisotropic field HC‖ and uni-
axial anisotropic field HU‖ in the as-grown and annealed ultra-
thin Ga0.94Mn0.06As devices quantitatively, we fit the relation-
ship between and ϕH through the experimental PHR values on
the condition of minimal magnetic free energy. According to
the functions (2) and (4), where ∂F/∂ϕM = 0, we have ob-
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tained

ϕH = ϕM + arcsin
[

1
H

(
HC‖

4
sin4ϕM +

HU‖
2

sin2ϕM

)]
. (5)

The relationship between ϕH and for the 7-nm as-grown ultra-
thin Ga0.94Mn0.06As device under 1500 Gs at 3.5 K is shown
in Fig. 3. Under this external magnetic field strength, the
external magnetic field is slightly larger than the anisotropic
field and the hysteresis loops almost disappear. Therefore,
both the cubic anisotropy HC‖ and uniaxial anisotropy HU‖
can be obtained easily by fitting the curve with the function
(5). HC‖ = (446± 41) Gs and HU‖ = (1040± 20) Gs have
been obtained in Fig. 3.
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Fig. 3. (color online) The angular relationship between the magnetiza-
tion and external magnetic field for as-grown ultrathin Ga0.94Mn0.06As
film under 1500 Gs at 3.5 K.

We also performed the same method to obtain the temper-
ature dependence of HC‖ and HU‖ for both the as-grown and
annealed devices, as shown in Fig. 4.
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Fig. 4. (color online) Temperature dependence of magnetic anisotropic
fields obtained from fitting the experimental data using function (4) for
as-grown (solid symbols) and annealed (open symbols) 7-nm ultrathin
Ga0.94Mn0.06As devices, 1 Oe = 79.5775 A/m.

The uniaxial magnetic anisotropy fields are larger than
the cubic magnetic anisotropy fields in the whole ferromag-
netic temperature range for both the as-grown and annealed
7-nm ultrathin Ga0.94Mn0.06As devices, indicating the domi-
nance of the uniaxial anisotropy. After low temperature an-
nealing, the uniaxial magnetic anisotropic fields decrease by

less than 15% in the whole temperature range. However, ex-
cept at very low temperatures, the cubic magnetic anisotropic
fields after low temperature annealing are much larger than
in the as-grown sample and the relative changes of the cubic
magnetic anisotropic fields increase with rising temperature.
The strong modulation of the magnetic anisotropy after low
temperature annealing is attributed to the increment of the hole
density, as low temperature annealing can increase the effec-
tive Mn density and total magnetization. Therefore varying
the carrier density in Ga0.94Mn0.06As is a good way to tune
the magnetic anisotropy. For example, electric gating can ef-
fectively tune the carrier density in very thin ferromagnetic de-
vices, which can be used to modify the magnetic anisotropy.
This has already been demonstrated by many groups.[28–30]

4. Summary
In conclusion, we have carefully investigated the effect

of low temperature annealing on the magnetic anisotropy of
7-nm ultrathin Ga0.94Mn0.06As devices by measuring angle-
dependent planar Hall resistance. The magnitude of PHR af-
ter low temperature annealing becomes 20% of that in the as-
grown device. We find that the uniaxial anisotropy is dominant
in the whole ferromagnetic temperature range for both the as-
grown and annealed Ga0.94Mn0.06As devices. In addition, the
relative changes of the cubic anisotropy increase with rising
temperature, while the uniaxial anisotropy is slightly reduced
in the process. The changes of magnetic anisotropy after low
temperature annealing are attributed to the increment of the
hole density. Therefore, the magnetic anisotropy in ultrathin
ferromagnetic (Ga,Mn)As devices can be largely modified by
tuning carrier density.
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