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We present a study of photo-excited magnetization dynamics in ferromagnetic (Ga,Mn)As films
observed by time-resolved magneto-optical measurements. The magnetization precession triggered
by linearly polarized optical pulses in the absence of an external field shows a strong dependence on
photon frequency when the photo-excitation energy approaches the band-edge of (Ga,Mn)As. This
can be understood in terms of magnetic anisotropy modulation by both laser heating of the sample
and by hole-induced non-thermal paths. Our findings provide a means for identifying the transition
of laser-triggered magnetization dynamics from thermal to non-thermal mechanisms, a result that
is of importance for ultrafast optical spin manipulation in ferromagnetic materials via non-thermal

paths.

I. INTRODUCTION

Ultrafast manipulation of collective spin excitations in
ferromagnetic materials has drawn considerable atten-
tion both for its relevance to the fundamental physics
of correlated spins in non-equilibrium situations, and for
its potential for spintronic information processing.? The
ferromagnetic semiconductor (Ga,Mn)As has been exten-
sively investigated in this connection, since its magnetic
functionality can be mediated by electrical or optical con-
trol of itinerant holes.®* The interest in ultrafast manip-
ulation of magnetization in this material has in turn trig-
gered intense research on time-resolved laser excitation of
coherent magnetization precession.® 17

It has been shown in earlier studies that optical ex-
citation of magnetization precession in ferromagnetic
materials originates from transient modulation of mag-
netic anisotropy via thermal effects (i.e., laser heating),
which typically requires optical excitation energy den-
sities of up to 1 mJ/cm?2.'¥ 2! However, as previously
reported for the case of (Ga,Mn)As films, excitation en-
ergy densities in the uJ/cm? range were shown to be
adequate for triggering coherent precession of magneti-
zation in this material.>"!” One should note here that
magnetic anisotropy modulation via photo-induced heat-
ing is not desirable for the next generation of ultrafast
optical manipulation of magnetization in ferromagnetic
materials.! Theoretical studies?? suggest that the non-
thermal manipulation of delocalized or weakly localized
holes (e.g., by changing the hole density of states by
circularly-polarized laser pulses) provides an alternate
method for ultrafast manipulation of magnetization in
(Ga,Mn)As. This has been experimentally demonstrated
by observing the optical spin transfer torque (OSTT),
which causes the transfer of angular momentum of photo-
generated carriers to the collective magnetization.'” In
addition, the optical spin-orbit torque (OSOT) induced
by the non-equilibrium steady-state spin polarization
of the photoholes, which is excited by the helicity-
independent laser pulses, has been reported as another

distinct non-thermal manipulation mechanism of spins in
ferromagnetic (Ga,Mn)As.2® Furthermore, upon trigger-
ing of OSOT during the pump pulse 200fs, the transient
variation of magnetization orientation allows one to dis-
tinguish the non-thermal excitation from the relatively
slower thermal manipulation mechanism.?® Recently the
multiple magnetic memory states switching control has
been proposed based on manipulating the photoexcited
femtosecond OSOT in (Ga,Mn)As.?*

Since the influence of transient increase of hole den-
sity and of local lattice temperature due to laser excita-
tion take place immediately after optical pumping, both
thermal and non-thermal effects contribute to trigger-
ing magnetization precession in (Ga,Mn)As films. How-
ever, in earlier studies different conclusions were reported
regarding the dominant effect responsible for the tran-
sient modulation of magnetic anisotropy that triggers
the observed precession of magnetization.®14:2> Although
the previous wavelength dependent studies of the photo-
induced magnetization precession suggested a difference
between the precession frequencies for excitations above
and below the band gap energy!*2%, there is a lack of
systematic spectral investigation of the competing influ-
ence of the transient increase of local lattice temperature
and hole concentration on precession frequency'®. Un-
der the description of mean-field theory, pump intensity
and ambient temperature dependent experimental stud-
ies of magnetization precession in (Ga,Mn)As show that
laser heating induced by the optical pumping primarily
contributes to changes of magnetic anisotropy2%27 while
Hashimoto et al concluded that non-thermal increases in
photo-excited hole concentration is responsible for such
changes.> 719

Thus, although the non-thermal process of modulating
magnetic anisotropy via photo-excited carriers has been
suggested to be the mechanism of magnetization preces-
sion in (Ga,Mn)As,%14 16 the role of such non-thermal
manipulation of magnetic dynamics with time-resolved
magneto-optical experiments in this material is still a
controversial issue, and requires further study. In this pa-



per we present evidence for the dependence of ultrafast
magnetization dynamics on the photon energy of opti-
cal excitation observed in (Ga,Mn)As by time-resolved
magneto-optical Kerr effect (TR-MOKE) experiments.
A complex energy dependence of photo-excited preces-
sion frequency of magnetization was observed when the
photon energy was tuned in the immediate vicinity of
the (Ga,Mn)As band gap. Our results show that such
modulation of magnetic anisotropy (which we ascribe to
photo-excited holes) constitutes an effective mechanism
for controlling the precession frequency of magnetization,
thus providing experimental evidence for the possibil-
ity of non-thermal mediation of magnetic dynamics via
pulsed laser excitations.

II. EXPERIMENT

A 97-nm thick Gag.g964Mng.g36As layer deposited on a
GaAs (001) substrate was prepared by low-temperature
molecular-beam epitaxy (LT-MBE). A piece of the sam-
ple was additionally annealed at 250°C in Ny for one
hour to provide a companion sample with modified mag-
netic and electrical properties. The hole densities p of
the as-grown and annealed samples were estimated to be,
respectively, ~2x10%° cm™2 and ~3x10?° cm 3, with
Curie temperature T of ~58 K and ~79 K as deter-
mined by superconducting quantum interference device
(SQUID) measurements. The temperature dependence
of the magnetization of the specimen is shown in Ap-
pendix. The TR-MOKE measurements were carried out
by employing a Ti:Sapphire laser with spectral width of
10nm and a repetition rate of 80 MHz. The excitation
energy of the pump beam was continually tuned from
1.43 eV (865 nm) to 1.81 eV (685 nm). Pump-induced
changes of the magneto-optical response of the samples
were measured via a time-delayed probe pulse with the
same photon energy as that of the pump. Both pump
and probe beams were linearly polarized, with the po-
larization orientation of probe beam fixed towards 40°
with respect to [100] direction to maximize the dynam-
ical magnetization response due to the giant magnetic
linear dichroism (MLD) effect reported for ferromagnetic
(Ga,Mn)As.28730 The experiments were performed in a
Janis subcompact cryostat at various temperatures. No
external magnetic field was applied in the experiments.

IIT. RESULTS AND ANALYSIS

Temporal evolution of the TR-MOKE response mea-
sured at 10 K with an optical excitation energy of 1.54
eV is shown in Fig.1(a), showing an initial pulse-like sig-
nal followed by exponentially damped oscillations. The
initial pulse-like signal shows no dependence on temper-
ature, persisting even to above Curie temperature, as
displayed in Fig.1(b). This temperature dependence,
along with its time scale in the range of tens of pi-

coseconds, suggests that the pulse-like signal is related
to the non-equilibrium electron-hole pairs in the GaAs
substrate,'%3! rather than arising from ultrafast demag-
netization, which is characterized by a sub-picosecond
time scale.!?14

We now focus our discussion on the oscillatory part of
Fig.1(a), which represents the uniform precession of mag-
netization in the (Ga,Mn)As film.!° The dynamic oscilla-
tory signal can be fitted well by an exponentially damped
sine function superimposed on a pulse-like function,'”

0p = a+ be 't 4 Ae~ /P sin(wt + ¢), (1)

where A, 7p, w and ¢ represent, respectively, the am-
plitude of the oscillation, magnetization relaxation time,
oscillation frequency, and the phase of the magnetization
precession; and a is the background offset; and b and tg
are the amplitude and the damping time of the pulse-like
background in the slow recovery process, respectively.
The magnetization precession frequency obtained by
fitting the TR-MOKE data measured at different photo-
excitation energies and pumping power densities in the
absence of an external field are shown in Fig. 2 for both
the as-grown and the annealed (Ga,Mn)As samples. We
see in Fig. 2(a) that the frequency of the magnetization
precession of the as-grown sample exhibits a nonmono-
tonic dependence when the excitation energy varies from
1.43 eV to 1.81 eV: as the excitation energy increases, the
precession frequency first decreases rapidly to a minimum
at 1.56 eV, then increases monotonically to about 1.60
eV, and eventually levels off. It is worth noting that the
ultrafast laser excitation of the ferromagnetic (Ga,Mn)As
system involves different stages of time evolution?®, in
which the photon energy transfer happens via different
scatterings channels. During the initial stage (on a fem-
tosecond time scale), the scatterings of non-equilibrium
photo-generated carriers between electron-hole, electron-
electron and hole-hole cause a quick decoherence of car-
riers, leading to carrier energy redistribution. On the
subpicosecond time scale, this energy redistribution of
the carrier system results in a hot carrier Fermi-Dirac
distribution. In the next few picoseconds, the excess
energy of the carrier system transfers to the lattice be-
cause of the carrier-phonon interaction until both sys-
tems have the same quasi-equilibrium temperature. Fi-
nally, the whole system due to thermal diffusion and re-
combination reaches full thermodynamic equilibrium. It
has been reported that in the ferromagnetic (Ga,Mn)As,
the lattice temperature elevation induced by the non-
radiative recombination of photo-injected electron-hole
pairs builds up on the timescale of about 10ps.2?? In ad-
dition to the transient increase of carrier concentration,
the photo-excitation can then result in transient changes
of the internal magnetic fields (and thus of the magneti-
zation) in the material by momentary changes in both the
carrier density and the lattice temperature of (Ga,Mn)As
films. Furthermore, all these changes are expected to de-
pend on the photon energy of the optical pulse due to the
variation of the absorption coefficient, especially near the



bandgap.'®26

According to the Landau-Lifshitz-Gilbert equation,
the precession frequency of the magnetization is deter-
mined by the total effective magnetic field, and thus may
be a function of the photon energy, as argued above. The-
oretically, the effective field includes the external mag-
netic field, magnetic anisotropy fields, exchange field and
demagnetization field.! A transient change of this total
effective field will initialize the precession of the magne-
tization, and will also contribute to the precession fre-
quency. However, the exchange field itself will not affect
the precession frequency because the hole spin precesses
and relaxes much faster than the Mn spin.?®27 Thus,
in the absence of an external magnetic field, the value
of precession frequency is mainly determined by changes
in the magnetic anisotropy field induced by the optical
pulse.

The dependence of the precession frequency on mag-
netic anisotropy fields can be obtained directly from
the expression for the ferromagnetic resonance (FMR)
frequency.? We recall that for thin compressively-
strained (Ga,Mn)As films such as the samples used in this
paper, the magnetization lies in the plane of the sample,
and at low temperatures (where the cubic anisotropy is
much stronger than the uniaxial anisotropy) aligns itself
with the in-plane cubic easy axes, i.e., with the <100>
crystallographic directions.?? Under these conditions the
precession frequency of the magnetization can be written
as:33

(£ = (- Hyp)(H +4nMegy + Hy +220), (2)
where 7 is the gyromagnetic ratio (y = 1.7588 Hz/Oe
for g-factor = 2.0023), H is the external magnetic field,
Hy) and Hy| are the cubic and uniaxial anisotropy fields,
respectively, and 4mM.ys is the effective perpendicular
uniaxial anisotropy field, 4tM.s; = 47 M — Hy, , where
Hy | is the perpendicular uniaxial anisotropy field. In the
absence of an external magnetic field, the above equation
can then be simplified to:

w H,
(;)2 = Hy(4nMeyy + Hyy + TH)' (3)

In order to obtain the parameters in Eq. 3, we will
use the results of FMR measurements carried out ear-
lier on the same samples at a series of temperatures (see
Appendix).?3 The values of 4wMesy, Hyy and Hy ob-
tained by fitting the FMR results are shown in Fig. 3.
It is seen in the figure that, the in-plane magnetocrys-
talline anisotropy fields Hy and Hy| decrease monotoni-
cally with increasing base temperature, while the temper-
ature dependence of the 4w M.y shows a non-monotonic
variation. The temperature dependence of the precession
frequency can thus be directly obtained from the temper-
ature dependence of the magnetic anisotropy fields. As
seen in Fig. 4, calculations based on Eq. 3 and the
FMR results shows that the precession frequency of the

magnetization decreases monotonically with increasing
base temperature. This analysis clearly suggests that
the precession frequency is inversely proportional to the
base temperature.?>27:3373% From this we conclude that,
when thermal effects dominate the precession process, a
transient increase of the local lattice temperature AT
induced by the absorption of an optical pulse will lead
to a decrease of the precession frequency.® '® Consistent
with this expectation, in Fig. 2(a) we see that for the as-
grown sample the precession frequency indeed decreases
with increasing laser energy (i.e., with increase in laser-
induced heating) at excitation energies below 1.56 eV,
i.e., around the band gap of GaAs,>®37 thus implying
that photo-excitation-induced modulation of the preces-
sion frequency below the (Ga,Mn)As bandgap can be as-
cribed mainly to laser heating.

However, for excitation energies between 1.56 eV to
1.62 eV the precession frequency in the as-grown sam-
ple is clearly observed to increase with photon energy.
This contrasts sharply with the behavior induced by mag-
netic anisotropy modulation via thermal effects just dis-
cussed. The major difference between below- and above-
bandgap photo-excitations is, of course, the creation of
“free” holes, and we ascribe the observed difference in
the behavior of magnetization precession to that latter
effect. Indeed, it has been theoretically predicted that a
change of hole density will lead to changes in magnetic
anisotropy fields in (Ga,Mn)As.3%:39 Furthermore, it has
also been experimentally demonstrated that an increase
in the hole density leads to an increase in the 4mM.r
parameter. Although the increase of the hole population
also reduces the in-plane cubic anisotropy fields Hy and
Hy), it has been shown that the latter effect is weaker.4
This can indeed be seen in Fig. 3 where, for the mod-
erate Mn concentration of ~3.6% of our samples, the in-
plane magnetic anisotropy fields Hy and Hy| exhibit a
decrease with the increase of hole density due to anneal-
ing, while 47 M, ;; undergoes a noticeable increase. The
striking dependence of magnetic anisotropy fields on the
hole density shown in Fig. 3 strongly suggests that the
increase of hole density due to ultrafast laser-excitation
leads to a similar variation of magnetic anisotropy field.

A quantitative look at the anisotropy fields obtained
from fitting the FMR data in Fig. 3 shows that at 10 K,
for the as-grown sample the in-plane magnetic anisotropy
field Hy) is two times smaller than 4w M.y, while for the
annealed sample Hy is six times smaller than 47 M.
From this we conclude that, based on Eq. 3, when the
change of 4mMcys due to laser-induced hole density is
much stronger than that of Hyj, which is expected for
the sample with a higher hole density,** the variation of
precession frequency is expected to be determined pri-
marily by the trend of 4mM.;y. One can thus readily
conclude that the enhancement of the 47 M, f; parameter
by photo-induced increase of hole density leads to an in-
crease of precession frequency. This trend is indeed seen
in Fig. 2(a) for the as-grown sample at above band-edge
excitations (from 1.56 eV to 1.62 eV), suggesting that



the concentration of photo-excited holes plays a critical
role in determining the precession frequency.

One should note, of course, that the effects of laser
heating and of photo-excited carriers affect magnetiza-
tion dynamics simultaneously but in opposite directions.
Thus they may compensate in certain regions, resulting
in a relatively constant precession frequency, as seen in
Fig. 2(a) for excitation energies above 1.62 eV for the
as-grown sample. For completeness, we note that an-
other possible reason for the observed leveling-off of the
precession frequency at high photon excitation energies
may arise as follows. It is known that the electron-hole
density of states undergoes a dramatic increase between
1.56 €V and 1.62 eV near the I' point, but when the
photo-excitation energy exceeds 1.62 eV, the electron-
hole density of states quickly reaches a plateau.?® This
will eventually lead to a saturation of the photo-excited
carrier density, and thus to a leveling off of the preces-
sion frequency at excitation energies above 1.62 eV seen
in Fig. 2(a).

Figure 2(b) shows the dependence of precession fre-
quency on photo-excitation energy for a higher pump in-
tensity. The figure clearly shows that for the as-grown
(Ga,Mn)As sample a critical turning point of the preces-
sion frequency variation also occurs near the band-edge.
Below the band-edge, the increased laser heating at the
pump intensity of 1.33 pJ/cm? causes a quicker decrease
of the precession frequency, compared to the excitation
at 0.44 pJ/cm? seen in Fig. 2(a). However, in contrast
with the low-intensity results, when the excitation energy
exceeds the band-edge, the precession frequency levels off
at about 1.54 eV. We suggest that at this high excitation
intensity the increased laser heating may be sufficient to
compensate the effect of optically-pumped holes, thus re-
sulting in a relatively flat precession frequency.

In order to further understand the dependence of mag-
netization precession frequency on the hole density, mea-
surements were also carried out on the annealed sample,
which has a significantly higher hole density than the
as-grown specimen. Experimentally, we found that it is
harder to excite the magnetization precession in the an-
nealed sample than in the as-grown sample below the
band gap. In this case one sees that at the low pumping
intensity of 0.44 pJ/cm? the annealing leads to a very
different scenario; i.e., as shown in Fig. 2(a), the pre-
cession frequency remains basically unchanged through-
out the entire photon energy range used in this study.
From this we conclude that in this case the effects of
Hy) and 47 Mcyy due to the increased hole concentration
compensate each other. At the higher pump intensity of
1.33 puJ/cm?, however, the precession frequency in the
annealed sample shows a continuous increase with exci-
tation energy, as shown in Fig. 2(b). For the excitation
of pumping intensity of 1.33 uJ/cm?, since the laser-
heating-induced AT is now higher than that of lower-
density excitation, the precession frequency w at 1.51 eV
drops to 19.8 GHz due to the dominance of thermal ef-
fects. However, the frequency now shows a continuous

increase with photo-excitation energy from 1.52 eV to
1.81 eV. According to the discussion above, we suggest
that in this case the enhanced value of 47 M.y caused by
the higher hole density, which continues to increase with
increasing photo-excitation energy, is responsible for this
behavior, thus revealing the importance of non-thermal
mechanism in the annealed sample.

In order to further illustrate the behavior of non-
thermal effects on magnetization precession, in Fig. 5 we
compare the photo-excitation energy dependence of the
precession frequency measured at two different base tem-
peratures for the annealed sample. At 25 K the preces-
sion frequency has shown strong proportional dependence
on the excitation energy with lower photo-excitation in-
tensity of 0.44 uJ/cm?. Above T = 25 K, since the tem-
perature dependence of the in-plane anisotropy fields Hy
becomes not obvious as shown in Fig. 3, the influence
of 4mM,s¢ is more significant in the frequency analysis.
As seen in Fig. 5, because of the strong enhancement
of 4mMcyy by the increase in hole density upon photo-
excitation above the band-edge, the measured frequency
shows a continuous increase, which is even higher than
the essential value at T' = 25 K calculated from the FMR
result. Nevertheless, as shown in Fig. 2(b), at T = 10 K,
the optical pumping intensity must be increased to 1.33
uJ/cm? to saturate the variance of Hyjj, so to observe the
similar trend: the precession frequency increases with an
increasing excitation energy.

Under ultrafast excitation by linearly polarized light,
the non-equilibrium hole spin polarization generated
by the non-thermal photocarriers can result in an op-
tical spin-orbit torque acting on the collective of lo-
cal Mn spins, which tilts the magnetization away from
equilibrium.?3?* However, the observed laser-triggered
magnetization precession in this work may not be at-
tributed to the non-thermal mechanism originating from
OSOT. The pumping intensity of 0.44 pJ/cm? applied in
this study is two orders of magnitude smaller than that
used in Ref.23, thus the OSOT-induced magnetization
tilting will be too small to be detectable if there is any,
even by detecting the maximized in-plane magnetization
response based on MLD as applied in our experiment.
Moreover, we observe that the magnetization precession
is totally suppressed when applying an external magnetic
field larger than 250mT along the easy axis. This, how-
ever, is different from the observation reported in Ref.23,
and no precession response is observed even under much
stronger laser excitation, implying that OSOT may not
be responsible for the observed precession frequency de-
pendence on photon energies in this work. In addition,
although our results are consistent with those reported
previously?® for as-grown (Ga,Mn)As, the actual mag-
netic anisotropy of (Ga,Mn)As is complex, depending
on Mn concentration, ambient temperature, hole density,
epitaxial strain and the growth method."?14:33:39 Never-
theless, our findings suggest that the collective magneti-
zation precession modulation can be feasible via photo-
excitation-induced magnetic anisotropy changes for opti-



mized (Ga,Mn)As films with metallic character.

The impact of photo-excited carriers is also reflected
in the relaxation time 7p of the magnetization preces-
sion, which is connected to the Gilbert damping coeffi-
cient by the anisotropy fields.2% For completeness, Fig.
6 shows the relaxation time 7p for both as-grown and
annealed samples measured at 10 K at different optical
pump intensities. As seen in Fig. 6(a), below the en-
ergy gap, the magnetic relaxation time is observed to be
quite strongly influenced by the photon energy for the as-
grown sample. Below the band gap, various scattering
processes such as hole-phonon, hole-disorder and hole-
hole scatterings will be greatly reduced, since there are
no spatial and temporal fluctuations created by photo-
generated carriers.!?!%26 When the excitation energy is
above 1.56 eV, however, the extrinsic dephasing effects
due to the fluctuations created by photo-generated car-
riers are greatly enhanced. Thus, the relaxation time
shows a clear drop, with a more obvious change at higher
pumping intensity. For the annealed sample, the removal
of the interstitial Mn efficiently reduces the amount
of scattering source,?*' and meanwhile, the increased
background hole density can suppresses the Bir-Aronov-
Pikus (BAP) spin relaxation mechanism via reducing the
magnetic disorder.*>4* Thus, the magnetic relaxation
time of the annealed sample substantially increases com-
paring with that of the as-grown sample. In addition, it
should be mentioned that the relaxation time 7p of the
magnetization precession is also inversely proportional to
the anisotropy fields.?6 As shown in figure, the magnetic
relaxation times for both samples exhibit negligible de-
pendence on the excitation energy above band gap of
(Ga,Mn)As. Such result indicates that the variances of
dnMeyy and Hy) as function of photon energy are in op-

position directions and compensate each other when the
photon energy is above the (Ga,Mn)As band gap, which
is consistent with the results shown in Fig. 2.

IV. CONCLUSIONS

In conclusion, we have studied photo-induced
magnetization dynamics in as-grown and annealed
Gag.964Mng.g36As films by time-resolved magneto-optical
spectroscopy. The results suggest that at photo-
excitation energies below the band-edge of (Ga,Mn)As
the observed changes in the precession frequency arise
from changes in the magnetic anisotropy fields induced
through laser heating. For the regime of above-band-edge
excitation, on the other hand, photo-excitation induces
non-thermal effects that result from photo-excitated
holes in the material. Our results reveal the competing
role of these two distinct contributions in controlling the
collective magnetization precession in (Ga,Mn)As, pro-
viding direct experimental evidence for the possibility of
ultrafast non-thermal manipulation of magnetization dy-
namics in ferromagnetic (Ga,Mn)As by linearly polarized
optical pulse excitation.
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FIG. 1: (Color online) (a) Temporal profile of Kerr rotation
measured at 10 K for linearly- polarized pumping at 1.54 eV
for the annealed (Ga,Mn)As sample. The solid line (red color)
shows the best fit. (b) Time-resolved Kerr rotations excited
at different ambient temperatures. The crosshatch shows that
the pulse-like signal has no noticeable temperature depen-
dence, even at temperatures above T¢.



Precession frequency « (GHz)

36 T T T T T T T T ‘ FMR ‘ T T T T T T T T
I b)
4100, Lo TT ( )__
2L @ 1t i
. \g 209900090 | | 1.33;,tJ/cm2 1
30+ g 1r ]
L / 1 L 4
281 9 1t .i .
26 + 9 91 7
I Weﬁe‘ 921 [ §§
99 [ 0.44pJ/cm —o— as-grown 020929 |
I —O— annealed : 7999°
20 —(a) 1r o 7
18 :

14 15 16 17 18 14 15 16 17 18
Photon energy (eV)

FIG. 2: (Color online) Extracted precession frequencies as a
function of excitation photon energy measured at 10 K with
optical pumping by linearly polarized light. No external field
is applied. (a) Dependence of precession frequency on photo-
excitation energy for the as-grown sample (upper panel) and
the annealed sample (lower panel). The black arrow repre-
sents the band edge of GaAs.The optical pumping intensity
is 0.44 pJ/em?. (b) Dependence of precession frequencies on
photo-excitation energy measured with pumping intensity of
1.33 uJ/cm?. The lines in the middle of figure represent the
precession frequency values calculated from the FMR results
for the as-grown (blue) and annealed (red) samples, respec-
tively. The color-coded regimes correspond to different domi-
nant mechanisms responsible for the manipulation of magne-
tization precession as discussed in the text: the thermal effect
due to laser heating (yellow regime); the nearly constant fre-
quency resulting from the competing role between the thermal
and non-thermal effects with high density of photo-excited
holes (cyan regime); the enhanced non-thermal effect due to
photo-excitated holes in (Ga, Mn)As film (grey regime).
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FIG. 3: (Color online) Extracted magnetic anisotropy param-
eters for both the as-grown and annealed samples, including
4w M.yy and the in-plane magnetic anisotropy fields Hy and
Hjy. When the base temperature is above 25 K, the varia-
tion of the in-plane anisotropy fields with temperature is not
obvious.
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FIG. 4: Calculated magnetization precession frequency as a
function of temperature for both as-grown and annealed sam-
ples. The calculation shows that the increase of the sample’s
base temperature decreases the precession frequency.
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FIG. 5: (Color online) Precession frequency triggered by the
laser pulse as a function of photo-excitation energy measured
at two temperatures at the 0.44 uJ /cm2 pump intensity for
the annealed (Ga,Mn)As sample. The arrows represent the
values calculated from the FMR results for 10 K (red) and 25
K (black), respectively.
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FIG. 6: (Color online) (a) The magnetization relaxation time
7p as function of photo-excitation energy measured at 10 K
with linearly polarized pump pulses at 0.44 uJ/Cm2 and 1.33
uJ/em? intensities for the as-grown sample. (b) The mag-
netization relaxation time 7p as function of photo-excitation
energy measured at 10 K with linearly polarized pump pulses
at 0.44 pJ/cm? and 1.33 pJ/cm? for the annealed sample.
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FIG. A1: M-T curves for the as-grown and annealed samples.
The experiments show the Curie temperatures of the samples
are 58 K and 79K, respectively.

[070] [010]
—~ H||(001)
[
o
=3 L i
o
2
Q
o 5| [110] |
®
c
o 2t 4
]
Q
o 1t i
(a) (b) [100]
0 1 1 1 1

0 45 90 135 1800 45 90 135 180
Oy Py

FIG. A2: FMR results for the as-grown sample at 7' = 4 K.
Red solid lines represent best fit results, from which the values
of anisotropy fields are extracted for the as-grown specimen.
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FIG. A3: FMR results for the annealed sample at 7' = 4 K.
Red solid lines are the best-fit results, from which the values
of anisotropy fields are extracted for the annealed specimen.



