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Abstract:

In the present work, the uniaxial magnetic anisotropy of GaMnAsP is modified by helium
ion irradiation. According to the micro-magnetic parameters, e.g. resonance fields and
anisotropy constants deduced from ferromagnetic resonance measurements, a rotation of the
magnetic easy axis from out-of-plane [001] to in-plane [100] direction is achieved. From the
application point of view, our work presents a novel avenue in modifying the uniaxial
magnetic anisotropy in GaMnAsP with the possibility of lateral patterning by using
lithography or focused ion beam.
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The controllable uniaxial magnetic anisotropy (MA) in dilute magnetic
semiconductors (DMSs) has been intensely investigated due to its decisive
functionality in spintronics [1, 2]. The GaMnAs films grown on GaAs substrates
generally exhibit a magnetic easy axis along the in-plane direction due to the
compress strain [1]. To have perpendicular MA in GaMnAs, two approaches
have been attempted. One is to grow tensile strained GaMnAs films on InGaAs
buffer layers with a proper indium concentration [3], which can have a larger
lattice constant than GaMnAs. Another approach is to tune the lattice constant of
GaMnAs by co-alloying with phosphorus. The GaMnAsP compound can have a
smaller lattice constant than the GaAs substrate by adjusting the P concentration
such that the layers are under tensile strain and have an out-of-plane magnetic
easy axis [4, 5]. GaMnAsP films with out-of-plane MA provide an avenue for
testing spintronic concepts in which a perpendicular magnetic easy axis is
preferred [4, 6, 7]. According to the p-d Zener model, the hole density largely
influences, in addition to the Curie temperature (Tc) and magnetization, the
uniaxial MA through cooperating with strain-induced valence band splitting [8,
9]. One previous experimental confirmation was provided in hydrogenated
compressively strained GaMnAs on GaAs substrates: The magnetic easy axis
rotates from the in-plane to the out-of-plane direction, when the hole
concentration is reduced by hydrogen compensation [10]. In addition, many
experiments have been performed to seek various avenues to control MA
through modifying the Fermi level, e.g. doping with sulfur-donors compensates
holes in GaMnP, causing a MA reversal in the plane [11]. Contrary to hole
compensation, low-temperature long-time annealing effectively increases the
hole concentration and thereby shifts the Fermi level in the valence band down
by removing interstitial Mn atoms in as-grown GaMnAsP samples. This leads to
a switching of the the magnetic easy axis from the in-plane to the out-of-plane
direction [12]. As mentioned above, exploring new ways to flexibly tune
uniaxial MA [13] is still being recognized as a central task in DMSs.

One of the alternative approaches to tune the hole concentration in
semiconductors is ion irradiation [14-17]. After irradiation, some deep-level
trapping centers are generated in the irradiated region, compensating free
carriers. As a result, the induced compensation modifies the magnetization,
magnetic anisotropy and Curie temperature in DMSs [17]. Most importantly,
according to previous studies, ion irradiation at low fluence presents a
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possibility of introducing defects meanwhile preserving the crystal structure, as
verified by X-ray diffraction and Rutherford backscattering/channeling
spectrometry [17, 18]. However, in previous works [14, 17] the influence of the
ion irradiation on the magnetic anisotropy, particularly the switch of magnetic
easy axis between in- and out-of-plane directions, has not been discussed.
Indeed, tuning magnetic anisotropy is technologically more important since ion
irradiation combined with photolithography can provide lateral patterning on
demand.

In the present work, we employ helium ion irradiation to tune the uniaxial
magnetic anisotropy in GaMnAsP. The magnetic easy axis is changed from the
out-of-plane to the in-plane direction upon increasing compensation,
accompanied by a reduction of magnetization and Curie temperature.
Ferromagnetic-resonance (FMR) measurements confirm the Zener model
description: The second-order out-of-plane magnetic anisotropy constant is
dominated by the hole concentration. In addition, the reduction of the itinerant
hole concentration drives the metallic system across the insulator-metal
transition into the insulating state.

All used samples were grown on semi-insulating (001) GaAs substrate at a
low temperature of 230 °C by employing a Veeco Mod Gen |11 molecular beam
epitaxy (MBE) system at the University of Nottingham [12]. The Mn (x) and P
concentration (y) is 0.06 and 0.10, respectively. Before growing the 25 nm
GaMnAsP layer, a 50 nm GaAsyoPo1 buffer layer was pre-grown to reduce the
lattice-mismatch on the GaAs substrate. All as-grown Gap.gsMngosASo.90P0.10
samples were annealed in air at 190 °C for 48 hours to out-diffuse Mn
interstitials.

The helium-ion irradiation was done at room temperature at the lon Beam
Center (IBC) of Helmholtz-Zentrum Dresden-Rossendorf (HZDR). The
irradiation energy was set as 4 keV. The displacement per atom (DPA) was
calculated by using the Stopping and Range of lons in Matter (SRIM) code [19].
Different from ion implantation process, we used helium noble gas ions which
will not introduce any doping effect but only defects along their penetration
paths. According to the SRIM simulation shown in Fig. 1, the peak of DPA
locates at a depth of around 15 nm, producing a relatively uniform defect
distribution in the top 25 nm GaMnAsP. However, the implanted helium ions
mainly stay as a Gaussian distribution with a peak at around 36 nm below the
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surface, i.e. below the top GaMnAsP layer. The helium-ion fluences were
chosen as 1x10%, 2x10%, and 3x10*® cm for samples 1E13, 2E13, and 3E13,
respectively, as shown in Table |I. Magnetic field and temperature dependent
magnetization curves were measured by a superconducting quantum interference
device (Quantum Design, SQUID-VSM) magnetometer. The temperature
dependent remnant magnetization of all samples was measured under zero-field
during warming process, which was after cooling from 300 K down to 5 K
under a 5 kOe field. For all samples, the diamagnetic signal at 5 K was
subtracted by the susceptibility measured from the MH curve at room
temperature where the diamagnetism from substrate dominates. Electric
transport properties were measured using a commercial Lake Shore Hall
Measurement System in the van der Pauw geometry.

TABLE I. Irradiation fluences, peak DPA, Curie temperatures, and the out-of-plane second order anisotropy
constants of referenced and irradiated GaMnAsP samples. The sample 1E13 is superparamagnetic, so only a
blocking temperature (Tg) is determined.

Sample No. Implantation fluences Peak DPA Tc K2.(5K)
Virgin Virgin 0 76 K 22.1x10% erg/cm®
1E13 1x10 cm 0.64x1073 53 K 5.6x10% erg/cm?®
2E13 2x10" cm? 1.28x10°® 38 K -18.3x10° erg/cm®
3E13 3x10%3 cm 1.92x10°® 22K (Ts) -

The temperature dependent sheet resistivities of all samples are shown in Fig.
2. For the unirradiated, virgin sample, the sheet resistivity exhibits a moderate
increase upon lowering the temperature down to 97 K, below which the
resistivity slightly decreases. Moreover, a positive value of dp/dT is obtained at
the lowest reached temperature. Upon increasing the irradiation fluence, the
resistivity gradually increases by more than three orders of magnitude due to
hole compensation, rendering the samples insulating. This is particularly for the
sample 3E13 with the highest irradiation dose, which shows a nearly constant
hopping energy when plotted versus T-Y* (Fig. 2b). A direct measurement of
hole concentrations in GaMnAs by Hall effect is challenging due to the
appearance of anomalous Hall effect [20]. The reduction of hole concentration
in ion irradiated GaMnAs has been confirmed in refs.[14] and [17]. In ref. 14,
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the authors have measured the decreased hole concentration in GaAs:Zn after
Ne irradiation by electrochemical capacitance voltage (ECV) profiling to
calculate the carrier removal rate. And the deduced linear hole-compensation
rate has been used to calculate the hole concentration in GaMnA:s.

The irradiation-tuned magnetization of three samples is shown in Fig. 3. After
subtracting the diamagnetic background from substrates, highly square-like
hysteresis loops (shown in insets of Figs. 3a, b, and c) together with concave
mean-field-like remnant magnetization curves (shown in Figs. 3a, b and c)
confirm the ferromagnetic coupling in these three samples (Virgin, 1E13, and
2E13). Upon increasing irradiation fluence, a decreased T¢ is observed. Such a
result is consistent with the p-d Zener model prediction [17]: Tc~xp'®, where x is
the effective substitutional Mn concentration and p is the hole concentration.
The irradiation induced defects compensate holes in the layer, leading to a
reduction of T¢. As displayed in Fig. 3d, the T reduces linearly upon increasing
He ion fluences. In addition to magnetization and T¢, the uniaxial magnetic
anisotropy is also tuned. The magnetic easy axis gradually shifts from the out-
of-plane to the in-plane direction upon increasing DPA. For the reference
sample Virgin, an out-of-plane magnetic anisotropy appears, which is confirmed
by the highly square-like hysteresis loop and the concave mean-field-like
remanence curve when the magnetic field is applied along the out-of-plane
direction. Such a perpendicular magnetic anisotropy results from the tensile
strain induced valence band splitting when phosphorus atoms substitute arsenic
sites [4]. In sample 2E13, a magnetic anisotropy reset is verified by exchanging
line shapes of MH curves when the field is along out-of-plane and in-plane
directions. When the magnetic field is applied along the out-of-plane direction,
multiple switching events occur (see the open loop in MH curve in the inset to
Fig. 3c). Such multiple switching events were also observed in as-grown (by
LT-MBE) GaMnAsP samples [12]. This is due to the competition between
strain-induced magnetic anisotropy, cubic magneto-crystalline anisotropy and
shape anisotropy [12]. It is worth noting that sample 1E13 performs a transition
feature according to the open hysteresis loops and similar remnant
magnetization for both directions at 5 K in Fig. 3c. The MA switching can be
explained by the fact that the P doping induced tensile-strain in the GaMnAsP
layer causes a splitting of heavy-hole/light-hole bands of GaAs at k = 0 [9].
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When the hole concentration is changed, the Fermi level moves between
different subbands. This has been predicted in both compressively and tensily
strained GaAs [9]. In compressively strained GaMnAs, Sawicki et al. has
observed that the magnetic easy axis is switched from in-plane [100] to out-of-
plane [001] when the hole concentration is decreased [21]. Compared to the
compressively strained GaMnAs, in our case the GaMnAsP films are under
tensile strain. The hole concentrations are decreased due to ion irradiation and
the Fermi-level moves up. The magnetic easy axis is switched from out-of-plane
[001] to in-plane [100].

Ferromagnetic resonance spectra were measured with an X-band (9.4 Ghz)
spectrometer. To improve the signal / noise of the experiment, the FMR
measurement was performed using a magnetic field modulated at 100 kHz.
Therefore, the measured FMR signal is proportional to the first derivative. For
all measurements, two configurations are used to describe the ferromagnetic
resonance behavior: The polar and azimuthal angles of applied field H (64, @),
and the equilibrium magnetization M (6, ¢), are described in Fig. 4a. In order to
explain the FMR results, the Smit-Beljers approach [22] is employed to obtain
the free energy density F:

F = —MH[cosOcos0y + sinfsinfy cos(p — @y)] — 2mM?sin?0 —

KZJ_COSZB _ %KLL_LCOS‘LQ — %KLLWSLTL‘LQ - KzsinZHSinz ((,0 - %) (1)

w\2 1 0°F 9*°F  0°F |,
(y) _Mszsinze[aez D2 (696<p) ] (2)

where the first term is the Zeeman energy; the second term is the shape
anisotropy (related to the demagnetization energy); Ki. represents the
perpendicular uniaxial anisotropy which is induced by biaxial strain; K, and K.
are the biaxial strain modified cubic magneto-crystalline anisotropy constants
which are related to the GaAs zinc-blende crystal structure; K; is a uniaxial term

which is related to an additional anisotropy between [110] and [110] directions
[23]; According to the Smit-Beljers equation [24], one can obtain the FMR
conditions for an arbitrary magnetic field direction as shown in Eq. (2): o is the
angular frequency of the microwave field, and y is the gyromagnetic ratio. By



minimizing the free energy F with respect to 8 and ¢ in Eq. (1) [25], one can
obtain anisotropy constants K., Kz, K41, and Kg, respectively.

Figures 4b, ¢ and d show the angular dependence of resonance fields of
samples Virgin and 1E13. For all samples, the dc magnetic field was varied in
the (001), (110), (010), and (1-10) planes, and the lowest resonance field
exhibits in the magnetic easy axis direction. As shown in Fig. 4b, at
temperatures of 5, 10, 20, 40, and 60 K, the [001] (out-of-plane) direction
expresses a much easier magnetic behavior than the [110] direction. Moreover,
according to the temperature dependent resonance field plots in Fig. 5a,
magnetic moments prefer to lie along the out-of-plane direction than any other
axis in the plane in the whole temperature range, which is a typical feature in a
low compensated tensile strained I11-V DMS layer, eg. InMnAs films on InAs
substrates [26, 27] and GaMnAs films on InGaAs substrates [28]. Interestingly,
in the (001) plane the [100] direction acts as a much easier axis than the [110]

and the [110] directions. Such [100] oriented cubic anisotropy comes from the
spin anisotropy of the hole liquid, originating from a strong spin-orbit coupling
in the host material’s valence band, thus depends on the epitaxial strain, hole
concentration, and temperature [9]. It is worth noting that the resonance fields

along the [110] and the [110] directions are both increased by cos(45°) when
compared with the one along the [100] direction, indicating that the cubic
anisotropy dominates in the (001) plane. This can be further confirmed by the

comparable resonance fields along the [110] and the [110] directions. It is worth
noting that the in-plane uniaxial magnetic anisotropy which usually happens in
low-compensated GaMnAs is also present, particularly in the high temperature
range, in the studied films, probably coming from the Mn-Mn dimer
construction [23]. For sample 1E13, irradiation induced compensation starts to
rotate the magnetic easy axis to the (001) plane. As displayed in Fig. 4c, when
the magnetic field rotates from [110] to [001], a maximal value appears when
the angle approaches 45 degree, resulting from a competition between the in-
plane cubic anisotropy and the tensile strain induced uniaxial magnetic
anisotropy along the out-of-plane direction. In the (001) plane, the magnetic

easy axis still stays along the [100] direction rather than along [110] and [110]
directions. However, according to Fig. 5b, comparable resonance fields along
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[001] and [100] directions indicate an intermediate state of the easy axis rotation.
Upon increasing irradiation dose to 2x10*® /cm?, the magnetic easy axis is totally
along the [100] direction in sample 2E13. Interestingly, in these three samples
(Virgin, 1E13 and 2E13) the magnetic easy axis in the (001) plane is always
along the [100] direction.

To obtain temperature dependent anisotropy constants from FMR
measurements, Eq. 1 is employed, and the anisotropy fields are calculated by H
= 2Ki/M. For the reference sample Virgin, the second order anisotropy constant
K2, is around 1 kOe at 5 K and presents much larger than the other anisotropy
constants till 60 K, confirming an out-of-plane magnetic easy axis. However,
upon increasing the irradiation fluence, K. gradually turns negative, reflecting
the suppression of K, by decreasing hole concentration. It is worth noting that
K, . decreases monotonically with raising the irradiation fluence as depicted in
Fig. 6d, which exhibits a same trend like T¢ vs. fluence as presented in Fig. 3d.
According to the mean field theory, K, should vary linearly upon changing hole
concentration [29]. In sample 1E13, the cubic anisotropy constant K, is
enhanced, gradually overcoming the decreased K;. constant. Such competition
directly results in an enhancement of the resonance field along the [111]
direction, as shown in Fig. 4c. In the highly compensated sample 2E13, the
uniaxial magnetic anisotropy constants K, and K. are largely suppressed, while
two cubic anisotropy constants, K, and K4, dominate.

Note that the sample 3E13 is overcompensated by He™ irradiation, only a
superparamagnetic behavior is observed [17], thus no anisotropic FMR signal is
expected.

In summary, the magnetic field and temperature dependent magnetization as
well as the micro-magnetic parameters prove that the magnetic easy axis rotates
from the out-of-plane to the in-plane direction with decreasing hole
concentration by ion irradiation in GaMnAsP films. This observation is in
agreement with the Zener model prediction for the tensile strained I11-Mn-V
DMSs. lon irradiation together with proper lithography can easily realize lateral
patterning and meet the requirement for spintronic device fabrications.
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FIG. 5 (Color online) Temperature dependent resonance fields when the dc magnetic field is

along [100] (squares), [001] (down triangles), [110] (circles), and [110] (up triangles) for
samples (a) Virgin (b) 1E13, and (c) 2E13.
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FIG. 6 (Color online) Temperature dependence of anisotropy parameters obtained from the
ferromagnetic resonance of samples (a) Virgin, (b) 1E13, and (c) 2E13. (d) Irradiation fluence
dependent second order perpendicular uniaxial magnetic anisotropy constants at 5, 10, 20, and

40 K.
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