PRL 106, 037204 (2011)

PHYSICAL REVIEW LETTERS

week ending
21 JANUARY 2011

Photoinduced Barkhausen Effect in the Ferromagnetic Semiconductor (Ga,Mn)As
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Magnetization of ferromagnetic materials commonly occurs via random jumps of domain walls
between pinning sites, a phenomenon known as the Barkhausen effect. Using strongly focused light
pulses of appropriate power and duration we demonstrate the ability to selectively activate single jumps
in the domain wall propagation in (Ga,Mn)As, manifesting itself as a discrete photoinduced domain
wall creep as a function of illumination time. The propagation velocity can be increased over 7 orders of
magnitude varying the illumination power density and the magnetic field.
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Many magnetic recording technologies make use of the
natural tendency of ferromagnetic materials to fragment
into domains with different magnetization orientations,
separated by domain walls (DWs) [1-4]. These DWs can
move, driven either by external magnetic field or by spin
polarized current [1-9], which is the conceptual basis for
various magnetic storage and logic devices. For applica-
tions, it is essential to have adjustable and repeatable
control over DW motion, which is directly linked to the
DW pinning and depinning processes in the ferromagnetic
material. Strong pinning prevents thermal fluctuations
of the magnetization, whereas weak pinning is needed to
allow for low power and high speed recording. This implies
that long-term storage media and efficient recording
procedures have opposite requirements for the pinning
strength. Pinning sites with desired properties can be in-
troduced during the fabrication process; however, their
pinning strength remains unchanged whenever the device
is in use. From this perspective, realizing DW pinning sites
of adjustable strength represents an important step forward
for magnetic recording techniques.

Here, we demonstrate, using Kerr microscopy as a func-
tion of illumination time, the ability to selectively address
single DW pinning sites and to switch them between pin-
ning and depinning configurations. This forces propagation
of the DWs via controllable photoactivated jumps, which
result in discrete increases of the domain area. We find that
the time between such light-induced Barkhausen jumps
(which determines the DW propagation velocity) exponen-
tially decreases with light intensity.

We perform our experiments on the ferromagnetic semi-
conductor (Ga,Mn)As, which, because of its reduced mag-
netization and intermediate carrier density, is frequently
used as a demonstrator material exploring novel device
concepts [10,11]. The ferromagnetic coupling between
Mn ions in the GaAs semiconductor host is mediated
by itinerant holes [12]. Here, we present results for a
Gay goMn o As layer, [ = 0.36 pum thick, grown by low-
temperature (LT) molecular beam epitaxy [13] on a (001)-
oriented GaAs substrate and LT-GaAs buffer. The sample
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shows a clear perpendicular-to-plane easy axis of
magnetization and a Curie temperature 7. = 25 K.
Magnetization measurements with a SQUID reveal an
average concentration x = 0.005 of magnetically active
ions. The sample is insulating at low temperatures, indicat-
ing partial compensation of p-type doping due to the
presence of interstitial Mn defects.

The local magnetization M of the sample is measured
by means of the magneto-optical Kerr effect. The linearly
polarized light of a solid state laser (635 nm) is reflected
from the sample surface, and the angle of the Kerr rotation
6 >« M is detected by a balanced photodiode scheme. All
measurements are performed at 7 = 2 K, with the sample
immersed in superfluid helium. We found that in this
sample the coercive field H,. drops rapidly with the laser
power P from the ‘“‘dark™ value H 4 = 525 Oe to the
“light” value H, = 100 Oe. This is the so-called photo-
coercivity effect (PCE) [14,15] that we have previously
demonstrated to occur in low-doped (Ga,Mn)As. We em-
phasize that the PCE is of nonthermal origin, as evidenced
by the temperature and power dependencies of the coer-
civity and magnetization, and by observations of the effect
at low power densities where lattice heating can be ne-
glected [14,16].

In order to measure magnetization with good spatial
resolution, we use an optical objective [numerical aperture
(NA) = 0.42) mounted on a piezosystem. The objective
focuses the laser beam to a circular spot, and its shape
and size are monitored in situ during all experiments
using a charge-coupled device (CCD) [Fig. 1(a)]. A line
cut through the focused laser spot is well described
by a Gaussian distribution, I(r) = I,exp(— g—zz) with
A =12 pum.

We now use the PCE to create magnetic domains [14].
First, the magnetic layer is uniformly magnetized by ap-
plying a strong magnetic field. Then, a reversed bias mag-
netic field Hy, such that H.4 > H, > H_, is applied. The
sample is illuminated by the focused laser during time 7,
and then the magnetic field is switched off. A magnetic
domain created after a 7 = 60 s long illumination is shown
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in Fig. 1(b). The important point to note is that it is sig-
nificantly larger than the laser spot [compare to Fig. 1(a)].

Figure 1(c) shows the diameter S of several optically
created magnetic domains as a function of illumination
time 7 (circles). The error bars in the figure correspond to
the deviations of the domain shape from a circle. We find
that the dependence S(7) correlates with the size of the
laser spot. When A is increased from A; = 1.2 um to
A, = 4.5 pm, while the power density in the center of
the laser spot I, = # is kept constant, the domain size
increases approximately by the same proportion for each 7,
ie., S;(7)/S,(7) = A, /A, [triangles in Fig. 1(c)].

We now discuss possible microscopic mechanisms
for the growth of the photoinduced magnetic domains. At
first glance, one expects that the data of Fig. 1(c) can be
explained by field-driven DW motion of the nucleated
domains [6-9]. However, this mechanism can be ruled
out by our observation that in the dark and in low magnetic
fields Hy < H.y the magnetic domains do not change
in size.

In order to explain the experimental data of Fig. 1(c)
we propose the occurrence of photoinduced DW creep,
as schematically shown in Figs. 2(a)-2(c). Consider the
pinned DW of a nucleated domain [Fig. 2(a)]. In low
concentration (Ga,Mn)As, a likely origin of DW pinning
is the inhomogeneous distribution of interstitial Mn; de-
fects, which compensate the p-type doping provided by
substitutional Mng, acceptors [17]. These defects can form
insulating nanoislands [18], which act as photosensitive
DW pinning sites. Because of the band bending in the
vicinity of such islands, the photocreated carriers are sepa-
rated: the photoelectrons are accumulated on ionized Mn;
donors [19], while the photoholes move towards the con-
ducting regions and screen the DW pinning sites. This
corresponds to process (A) indicated by the red arrow in
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FIG. 1 (color online). (a) A CCD image of the focused laser
beam. (b) A magnetic domain created at Hy = 350 Oe by an
optical pulse with P = 14 uW and 7 = 60 s. (c) Diameter S of
a magnetic domain created at Hy = 350 Oe as a function of
illumination time 7: circles, A = 1.2 um and P = 14 uW,
triangles, A = 4.5 um and P = 140 uW. The solid lines are
fits to Eq. (1) with 7y = 2 ms.

Fig. 2(a). Uniform illumination of these pinning sites
results in the PCE [14].

However, the intensity distribution of the focused laser
beam is not uniform. In Fig. 2(b) and 2(c), the intensity
profile at the edge of the laser spot is schematically repre-
sented by the background gray tone. When the local inten-
sity I1(r) is low, the accumulation of photocarriers occurs
slowly and the time 7, required to depin the DW increases
[Fig. 2(b)]. Depinned DWs move to the next pinning site,
driven by the magnetic field. This process (B) is indicated
by the green arrow in Fig. 2(c).

In the limit that 74, > 75, the DW creep occurs via
discrete photoinduced jumps between pinning sites, result-
ing in a stepwise increase of the domain size 6S. The time
between these jumps is determined by the process (A) and
we use the simplest approximation 74 o« 1/I(r). For long
illumination times, when 6.5 much smaller than the domain
size S, the DW creep can be considered as a quasicontin-
uous process. Applying then 7 o 1/I(S), one obtains

S =2A flnl. (1)
7o

This behavior is exactly what is observed experimentally
in Fig. 1(c) (we will show below that we indeed have
DW pinning sites
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FIG. 2 (color online). (a)-(c) Schematic illustrations of the
photoinduced Barkhausen effect. The processes (A) and (B)
discussed in the main text are indicated by arrows. CB (VB)
stands for conduction (valence) band. (d) A rectangularly shaped
pulse with P =14 uW and 7= 1 ms as recorded using a
photodiode and a storage oscilloscope. (e) Cross section of a
magnetic domain. The y axis is scaled such that 0 and 1
correspond to the Kerr angles obtained for the layer uniformly
magnetized downwards and upwards, respectively. (f)—
(h) Magnetic domains created at Hy = 350 Oe by the optical
pulses with P = 14 uW and 7 = 50, 100, and 500 ms, respec-
tively.
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74 >> 75 in this experiment). The drawn lines in Fig. 1(c)
are fits to Eq. (1) with 7 as fitting parameter. The physical
meaning of 7 is that it represents the minimum illumina-
tion time required to depin a DW in the center of the laser
spot (S = 0). Experimentally, we find that 7, depends
strongly on excitation power density /.

So far, we have concentrated on large magnetic domains
S > A. However, in order to resolve individual photoin-
duced DW jumps it is necessary to study the temporal
evolution of small magnetic domains. For these purposes
we use a pulse generator to a solid state laser. An example
of a rectangle-shaped optical pulse with P = 14 W and
7 = 1 ms is shown in Fig. 2(d).

Magnetic domains created by such rectangular pulses
with 7 = 50, 100, and 500 ms are shown in Figs. 2(f)-2(h),
respectively. They have irregular shapes not described
by Eq. (1), which implicitly assumes radial symmetry.
Therefore, we analyze the area A of these magnetic do-
mains obtained from 2D scans defined as

A=316,,8, 2)

Here, 0,()), is the Kerr rotation at a point with coordinates
(x, y) and 6y, 6, = 1 um are scanning steps along x and y
directions. The Kerr rotation in Eq. (2) is calibrated such
that O and 1 correspond to the layer uniformly magnetized
downwards and upwards, respectively [Fig. 2(e)]. First, we
analyze the area distribution of magnetic domains created
at nominally the same conditions. Figure 3(a) shows A for
different experiments with 7 = 50 ms. The error bars in
Fig. 3 are due to a slight drift of the signal background
during the spatial scans. Using these data we find the
average area A, = (19.5 = 1.9) um? (the meaning of the
suffix will become clear shortly). The standard deviation
0, = 1.9 um? can be ascribed to statistical fluctuations in
the position and pinning efficiency of the DW pinning
sites. The normal distribution of experimentally obtained
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is indicated by the intensity of the background color in
Fig. 3(a) with A,, and o, thus obtained (here, n = 2).

Figure 3(b) shows evolution of the domain area A as a
function of illumination time. The area increases stepwise
from the value A, of Fig. 3(a) to a larger value A5 for
7 = 100 ms and remains—within error bars—constant up
to 7 = 700 ms. The average value found from these data
points is A; = 28.4 uwm?. Assuming that the standard de-
viation is o /A, we use o3 = 0y\/A3/A, and obtain
o3 = 2.3 um?. The normal distributions of Eq. (3) with
obtained A3 (A,) and o3 (0,) are again indicated by the
intensity of the background color in Fig. 3(b).

By varying the laser pulse length 7, we have resolved
five discrete steps in the increase of domain area
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FIG. 3 (color online). (a) Area of several magnetic domains
created under nominally the same conditions, with 7 = 50 ms.
(b) Area of the magnetic domains as a function of the illumina-
tion time 7. (c¢) Photoinduced Barkhausen jumps as a function of
the illumination time 7. Inset: Average area of magnetic domains
A, as a function of step number n. The dashed curves in (b) and
(c) indicate the domain area predicted by Eq. (1). The back-
ground color in all panels corresponds to the probability density
to create domain of area A (see text for details).

as a function of illumination time [Fig. 3(c)]. The steps
are equidistant so that A, = nA;, where n is the step
number and A; = 9.75 um? [inset of Fig. 3(c)]. This ob-
servation points at the DW propagation occurring via
photoactivated jumps between pinning sites, as explained
in Figs. 2(a)-2(c). We emphasize that this propagation
mechanism is deterministic and thus qualitatively different
from the so-called Barkhausen avalanche, which is trig-
gered by random fluctuations and characterized by a
power-law behavior with respect to the jump size.

We now model the experimental data presented in
Fig. 3(c). First, we plot the domain area A predicted by
Eq. (1), i.e., A(1) = mA?In7/7,, as shown by the dashed
curve in Fig. 3(c). At time 7, the magnetic domain is
nucleated by starting the illumination. Subsequently, the
domain grows until it reaches the first pinning site. On
prolonged illumination, the domain area remains constant
until 7 = 7 exp(%), when the first pinning site is
switched off, and the DW jumps to the next pinning site.
Combining Egs. (1) and (3), one finds for the probability
that at time 7 the nth pinning site is turned off the following
expression:

pa(7) = %I:l + erf(%)], “4)
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FIG. 4 (color online). Dynamics of the photoinduced DW
propagation. (a) Characteristic time 7; as a function of laser
power P for different external fields H,. (b) Characteristic time
7, as a function of external field H, for different powers P. Solid
lines in (a) and (b) are fits to Eq. (5) with T = 1.1 X 10" s and
t =20 ns.

where o, = /no| and erf(-) denotes the error function.
The probability for the nth jump of the DW, given by
pn—1(1 = p,), is indicated by the intensity of the back-
ground color in Fig. 3(c), and clearly found to be in
quantitative agreement with the experimental data.

The dynamics of the photoinduced DW propagation
is determined by which process is slowest, either DW
depinning (with characteristic time 7,) or DW propagation
(characteristic time 75). Only 74 should change with ex-
citation power P and, therefore, these two processes can be
distinguished by varying P. We concentrate on the char-
acteristic time 7 required to induce the second Barkhausen
jump [see Fig. 3(c)]. Figure 4(a) shows 7, as a function of
P when domains are created at different magnetic fields
H,. The first thing to note is the extreme sensitivity of 7, to
laser power: it changes more than 7 orders of magnitude
when P is varied between 5 and 50 uW. Furthermore,
while 7; decreases exponentially with P for low powers,
it is nearly independent of P at high illumination power
levels. We interpret this behavior as follows. For low
powers the depinning process is slow compared to the
DW propagation (74 > 75) and hence 7; = 7,. With in-
creasing P, the DW depinning speeds up according to 7, &
exp(—P/P,), where P, = 1.9 uW is independent of H,,.
For high powers 74 < 75, and hence 7, = 73 is indepen-
dent of P.

Figure 4(b) shows that 7; decreases as a function of
magnetic field Hy,. At P = 14 uW, when 7 = 74, the
decrease must be due to a lowering of the DW pinning
barrier. At P = 42 uW, when 7, = 73, the decrease can
be explained by an increase of the DW propagation
velocity with field [8]. The characteristic time 7 in
the given ranges of P and H, is well described by the
following empirical equation [cf. the solid lines in
Figs. 4(a) and 4(b)]:

P H Hy— H
T = Texp(— — = —0> + texp(M). 4)
Py Hy Hpg

The first term in Eq. (5) is an Arrhenius-type activation and
assumes that the DW pinning barrier decreases linearly
with P. The parameter T corresponds to the domain stabil-
ity (thermal activation time) in the dark and in zero mag-
netic field. The second term describes field-driven DW
propagation between pinning sites.

In conclusion, we have investigated light-induced DW
propagation in the ferromagnetic semiconductor (Ga,Mn)
As in an external magnetic field. We have found that this
propagation occurs via photoactivated single jumps. This
behavior is caused by the presence of DW pinning sites
whose pinning efficiency decreases under optical illumi-
nation. Such a concept can be applied to room temperature
recording media consisting of magnetically soft clusters
coupled to a magnetically hard layer [20]. Clusters of
diluted magnetic semiconductors can serve as program-
mable DW pinning sites, controlling the remagnetization
processes in the hard layer.
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