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Ultrafast laser-induced coherent spin dynamics in ferromagnetic Ga;_,Mn,As/GaAs structures
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Ultrafast pump-probe magneto-optical spectroscopy is used to study coherent spin dynamics in ferromag-
netic semiconductor Ga;_Mn,As systems at excitation photon energies E,;, both above and below the band gap
E, of GaAs. Above E,, the temporal Kerr rotation signal is found to be strongly dependent on pump photon
polarization. This polarization dependence, persisting to room temperature, is attributed to spins of electrons
photoexcited to the conduction band, and disappears for E,, <E,. Below the Curie temperature T of the
Ga;_,Mn,As samples, the temporal Kerr rotation acquires an additional oscillatory component with a period of
the order of 100 ps, attributed to the precession of the ferromagnetically coupled Mn spins. This precession is
observed for excitation both above and below E,, regardless of the pump polarization states. The detailed
characteristics of this ferromagnetic precession are discussed in terms of the Landau-Lifshitz-Gilbert model. In
discussing the observed results, special attention is given to the process of the magnetization precession due to
excitation of the pump, to its dependence on the pump intensity, and ambient temperature, and to the relation-
ship between the damping of the magnetization precession and the defects characteristic of ferromagnetic

GaMnAs.
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I. INTRODUCTION

In recent years, ultrafast nonequilibrium and dynamic
properties of a wide variety of magnetically ordered systems
have been investigated, and as a consequence, useful insights
into future applications in novel magnetic devices have been
obtained.~* At the same time, ferromagnetic (FM) semicon-
ductor materials such as GaMnAs have attracted intense in-
terest because of their potential for spintronics applications
based on the interaction between charge-carrier spins and
localized FM-ordered magnetic moments.>® Recently, by us-
ing ultrafast pump-probe magneto-optical spectroscopy, sev-
eral research groups have reported a variety of different col-
lective magnetic phenomena in GaMnAs.»""'¢  The
magnetization dynamics identified by these methods suggest
the existence of two temporal regimes in the photoexcited
GaMnAs system: a “fast regime” (femtosecond or subpico-
second) and a “slow regime” (picosecond to nanosecond). In
the subpicosecond regime, depending on the photoexcitation
intensity, much research has focused on light-induced de-
magnetization and on thermal/nonthermal effects in magne-
tization dynamics.>!”"!” The slow (picosecond to nanosec-
ond) regime, on the other hand, is dominated by coherent
dynamics of carriers and Mn spins,’~'® where the precession
of the ferromagnetically coupled Mn spins (i.e., of the
sample magnetization) due to light-induced transient reorien-
tation of the magnetic easy axis has been observed. However,
the interpretation of the experimental observations in both
temporal regimes is still a matter of debate.

In this paper we present a study of photoinduced dynam-
ics of both carrier spins and local Mn spins using time-
resolved magneto-optical Kerr effect (TR-MOKE) spectros-
copy. Specifically, we present a comprehensive study of the
magnetization precession in the nanosecond regime as func-
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tion of ambient temperature 7,,, pump intensity /, and photon
energy Ep,. As detailed in the discussion sections, the ob-
served results involving magnetization dynamics and its re-
laxation can be understood in terms of the Landau-Lifshitz-
Gilbert picture.

II. EXPERIMENTAL CONFIGURATION

The Ga;_,Mn,As samples used in this study were grown
by low-temperature molecular-beam epitaxy (LT-MBE),
which is employed in order to circumvent the problems of
low solubility and precipitation of Mn at normal growth con-
ditions. Before the growth of the Ga,_Mn,As layer, two
buffer layers—a normal GaAs (~600 °C) and a low-
temperature GaAs (~270 °C)—were consecutively grown
on a semi-insulating GaAs(001) substrate. The growths of
Ga;_Mn, As are carried out under same condition for all
samples. The surface quality of the samples is monitored in
situ by reflection high energy electron diffraction (RHEED).
During the LT-MBE the RHEED pattern typically shows a
(1X1) surface reconstruction for LT-GaAs, and a (1X2)
reconstruction for (Ga,Mn)As. During the growth of
Ga;_,Mn, As one can monitor the oscillations of the intensity
of the specular RHEED spot (so-called “RHEED oscilla-
tions”) are seen, which indicate that the growth proceeds
layer by layer, with two-dimensional nucleation. The crystal-
lographic structure of the samples has been investigated by
x-ray diffraction (XRD). No second phase is observed in
XRD study. In addition, Pendellosung fringes are clearly ob-
served in all samples, indicating a very high quality single
crystalline epitaxial layer with smooth interfaces and uni-
form composition. The results of XRD are also used for de-
termining the lattice constants and the Mn concentrations of
Ga;_,Mn, As layers. Partial sections of samples are annealed
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FIG. 1. Schematic representation of the experimental configura-
tion for time-resolved Kerr rotation measurements.

for 1 h around 280 °C at the same fixed flow of N, gas of
1.5 standard cubic feet per hour (SCFH), for improving both
the Curie temperature and the crystallinity of Ga;_Mn As.
Magnetoresistance, Hall measurements, and superconducting
quantum interference device (SQUID) magnetometry are
performed for all samples for electrical and magnetic char-
acterization of Ga;_Mn,As layers, including the determina-
tion of their Curie temperature 7. Note that the magnetiza-
tion measurements show similar results as that described in
considerable detail in earlier reports.?’ In this study we
mainly investigate two ferromagnetic samples: sample A:
Gay g64Mny (36As annealed at 286 °C, with a Curie tempera-
ture T-=80 K, and a thickness of 98 nm; and sample B:
as-grown Gag ggsMng g35As with T-=52 K and a thickness
of 300 nm. Similar results were also observed on other fer-
romagnetic Ga;_Mn,As samples with different Mn concen-
trations x, as described below.

All TR-MOKE measurements were performed using a
Ti:Sapphire laser system producing ~150 fs-wide pulses
with a repetition rate of 76 MHz and with a tuning range
from ~720 nm (1.72 eV) to ~950 nm (1.31 eV). The pump
and probe beams can either have the same photon energy, or
can be tuned to different frequencies by a 8-BaB,04 (BBO)
crystal in the pump or the probe path to double the photon
energy. Here we report results obtained in one-color experi-
ments. The pump beam, which is incident perpendicular to
the sample plane, can be adjusted to be linearly, right-
circularly (o+), or left-circularly (o—) polarized, with a typi-
cal fluence of 7,=0.75 uJ/cm? (up to ~10 uJ/cm?). The
probe beam used to detect magnetization dynamics by mea-
suring the Kerr rotation angle () or the Kerr ellipticity (ex)
is linearly polarized and is nearly perpendicular to the film.
All the experimental data were measured with no applied
external magnetic field, except when noted in the text. Figure
1 shows a schematic of a typical setup used for time-resolved
Kerr rotation (TRKR) measurements.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. TR-MOKE measurements at E;, greater
than the GaAs bandgap, E,

We first describe one-color time-resolved magneto-optical
Kerr effect measurements on samples A and B carried out at
10 K at the photon energy 1.57 eV, i.e., above the GaAs band
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FIG. 2. Time-resolved Kerr rotation data for ferromagnetic
samples A and B measured at 10 K and at photon energy 1.57 eV
for different pump polarizations. Open circles are for excitation by
linearly polarized laser pump pulses.

gap E, (E,~1.53 eV at 10 K). The temporal Kerr rotation
signals observed for left and right-circularly polarized pump
light are shown in Fig. 2. The measured results show a clear
decay background within ~100 ps in the time domain. The
decay backgrounds from left- and right-circularly polarized
light excitations are near symmetric in a given sample. In
addition, at all polarizations there is a superimposed oscilla-
tory tail with a period of the order of 100 ps. Curves obtained
with linearly polarized excitation show only the oscillatory
features with the same period and the same phase. In our
work, the nonoscillatory decay features induced by the cir-
cularly polarized pump beam are found to persist at all tem-
peratures studied (up to 295 K). However, it is important to
note that the oscillatory behavior is observed only at tem-
peratures below T¢.

Based on the relevant optical selection rules in the host
GaAs and the very short lifetime of photoexcited coherent
hole spins (of the order of ~10 femtoseconds),”'~>* we can
attribute the decay backgrounds to circularly polarized light-
induced coherent electron-spin dynamics in the conduction
band of the Mn-doped GaAs systems. To study this in more
detail, we carried out temperature-dependent measurements
of coherent electron-spin decay, where the pump beam was
modulated by a photoelastic modulator (PEM), which serves
to remove the in-phase oscillatory behavior.?* The experi-
mental results for sample A (annealed) are shown in Fig.
3(a). The curve can be satisfactorily fitted by two exponen-
tially decaying components: Ejz:lA jexp(=t/7,).” The decay
time 7; is found to be of the order of ~0.5 ps at all studied
temperatures, and may be attributed to the trapping
processes.” On the other hand, the longer relaxation time 7,
obtained from the fitting process varies little at temperatures
below and near T, but decreases rapidly at higher tempera-
tures (T>T,). The fact that the relaxation time 7, is almost
constant near 7 is consistent with what was reported in Ref.
9. We carried out the same experiment on the corresponding
as-grown Ga g64Mny o36As sample. The results are shown in
Fig. 3(b). Note that no significant difference can be seen in
the damping time of the nonoscillatory component of the two
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FIG. 3. (a) Temporal Kerr rotation profiles (excluding the oscil-
latory component) at several ambient temperatures for the annealed
sample A; (b) temporal Kerr rotation profiles (excluding the oscil-
latory component) at two ambient temperatures for the annealed
sample A (open circles) and its corresponding as-grown sample
(continuous curves).

samples for a given temperature. Thus the annealing proce-
dures (and the annealing-induced changes in magnetic prop-
erties that follow) appear to have little or no effect on the
spin relaxation of the conduction electrons.

As opposed to the carrier spin phenomena, the observed
oscillatory behavior can only arise from the coherent Mn
spins in the presence of ferromagnetic order in the
Ga,;_,Mn,As samples. To understand this experimental re-
sult, it is useful to recall the different stages of time evolution
of the GaMnAs system following photoexcitation. Initially,
an ultrashort laser pulse creates an ensemble of nonequilib-
rium excited carriers with a well-defined coherent phase re-
lationship. These coherent states may quickly become deco-
herent (on a femtosecond time scale) due to scattering
processes between carriers involving electron-electron, hole-
hole, and electron-hole scatterings. In this time regime, the
energy distribution function cannot, strictly speaking, be
characterized by a temperature, even though the total excess
energy of the carrier system is conserved. Due to scattering
among carriers, the energy of the carrier system is redistrib-
uted, leading to the creation of a hot carrier Fermi-Dirac
distribution on a subpicosecond time scale.

Under these conditions, the density of phonons increases
rapidly due to the carrier-phonon interaction. The carrier sys-
tem transfers its excess energy to the lattice within a few
picoseconds, primarily in the form of optical phonons, fol-
lowed by a decay to acoustic phonons. Before equilibration
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is reached, the temperature characterizing the thermalized
distribution function of carriers is initially higher than that of
the lattice system. In this regime, the photoexcited system
can be phenomenologically characterized by two effective
temperatures: the carrier temperature 7., and the lattice
temperature 7;. Correspondingly, there are two specific heats:
the carrier specific heat C,,, and the lattice specific heat, C,.
Somewhat later, the carrier system equilibrates with the lat-
tice system, which leads to the same quasiequilibrium tem-
perature for both systems. By recombination and thermal dif-
fusion processes, the system finally returns to full
thermodynamic equilibrium.

In the ferromagnetic Ga,_Mn,As/GaAs system, it is im-
portant to note that following excitation—both in the early
nonthermal time regime (as described above), and in the later
quasithermal time regime—the magnetic anisotropies will
differ from their initial states. As is presently understood,
these differences may be due either to an enhancement of the
hole concentration Ap,25’27 or to a transient temperature el-
evation (AT),2>2> or both. Below the Curie temperature T
the magnetic equilibrium configuration corresponds to an in-
plane orientation of the easy axis that can be specified by an
angle ® with respect to the [110] direction. This easy-axis
direction depends on the interplay between the in-plane
uniaxial anisotropy constant K,, and the first-order cubic an-
isotropy constant K ;.

In static experiments performed at low temperatures, @,
which characterizes the direction of the easy axis is found to
range from approximately zero (the [110] direction) at T/2
to 7/4 (the [100] direction) as the temperature decreases.?’
@ remains close to zero for temperatures higher than 7-/2.
In general, after optical excitation the new angle of the easy
axes ®(r) is determined by K. [To+AT(), po+Ap(r)] and
K [Ty+AT(t), po+Ap(t)], where T, and p, are the initial
(ambient) temperature and hole concentration. Thus the easy
axis may assume a new direction immediately following
photoexcitation if AT(r) or Ap() is sufficiently large. This
transient change in the magnetic easy axis, caused by the
change in the minimum of the magnetic-free energy resulting
from photoexcitation-induced Mn spin distribution, then trig-
gers a precession of the ensemble of ferromagnetically
coupled Mn spins (i.e., the magnetization of the system)
around an effective magnetic field, and leads to an oscillatory
behavior in the TRKR signal. Oscillations with relative long
periods (~100 ps) that we ascribe to this process were ob-
served previously by several groups.'l1215:16 However,
whether AT(#) or Ap(7) plays the dominant role in triggering
the oscillation has remained an important unresolved issue.

B. TR-MOKE measurements at E;, less
than the GaAs bandgap E,

Previously, all observations reported on the precession of
magnetization in GaMnAs layers were obtained via the one-
color pump-probe scheme using photon energies E,;, larger
than the GaAs bandgap E,. In the present study we have, in
addition, covered the spectral range below E,. Typical TRKR
profiles below E, are shown in Fig. 4 for sample B at 10 K
for different polarizations of the excitation light. Similar re-
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FIG. 4. (a) Temporal Kerr rotation profiles measured at 10 K at
photon energies below band gap of GaAs for sample B; (b) tempo-
ral Kerr rotation profile at photon energy E,,=1.38 eV from (a) in
the short-time domain. The dotted line is zero time delay where the
pump and probe cross-correlation profile peaks. All results were
obtained using a constant pump fluence /.

sults were observed in our experiments using other as-grown
and annealed ferromagnetic GaMnAs samples. The data can
be satisfactorily fitted by the equation,

A=A exp(— t/7y)sin(wt + ). (1)

These measurements clearly demonstrate that for a given E,
below E, with the same external conditions, only the purely
oscillatory behavior is observed; and that all the carrier spin-
related dynamics is greatly reduced or unnoticeable. This is
consistent with the fact that for E,, <E, no electrons are
excited to the conduction band, and hence no Kerr rotation
signal from the net coherent electron spins is obtained, in
contrast to the situation for experiments at £, > E,, described
above. This observation confirms our interpretation that the
polarization-dependent signal in Fig. 2 is due to conduction-
band photoexcited electrons.

It should be noted here that in the GaMnAs samples
grown by LT-MBE no distinct optical-absorption band gap
has been clearly identified due to the presence of Mn dopants
and point defects. Consequently, below-gap light absorption
may be attributed to (a) the presence of defect states within
the band gap (such as Asg, antisites and Mny interstitials), (b)
the breakdown of momentum conservation due to disorder,
and (c) free-carrier absorption.®?® In these cases, both the
local temperature and the local hole concentration may be
enhanced by the incident laser pulses. As discussed above,
both the increase in temperature and the increase in hole
concentration can lead to the observed magnetization preces-
sion. In summary, the TRKR signal observed for below-gap
photon absorption can be attributed entirely to ferromagneti-
cally coupled Mn spins with no contribution from electron
spins in the conduction band, for all polarizations of the
pump light. We also note that the amplitude A of oscillations
has no strong dependence on the probe polarization direc-
tion, indicating that the polar Kerr rotation (out-of-plane
component of the magnetization) dominates the detected
TRKR signal, and the contribution due to any possible mag-
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FIG. 5. Precession frequency w in sample B as a function of (a)
pump intensity at 7,=10 K; and (b) ambient temperature at /=1,
respectively. Photon energy dependence of the precession frequency
is also shown in (a). Note the difference between the precession
frequencies for excitations above and below the band-gap energy.

netic linear dichroism can be neglected.?’ This excitation re-
gime is therefore useful for the study of the precession of
coherent Mn spins, exclusively.

In order to study differences in the effects observed with
E,p, below or above the GaAs band gap, we carried out pump
intensity and temperature-dependent measurements of the
oscillatory behavior of TRKR for both cases on sample B.
Figures 5 and 6 show the fitted oscillation frequency w and
amplitude A for sample B as a function of pump fluence (I)
and ambient temperature (7)), respectively. Our measure-
ments show that the precession frequency w decreases when
either the pump intensity or the ambient temperature is in-
creased. This indicates that the transient temperature rise in-
duced by photoexcitation plays an important role in causing
the oscillatory behavior. In Fig. 5(a), we also notice that the
precession frequency for E,,>E, is smaller than that for
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FIG. 6. Amplitude A in sample B as a function of (a) pump
intensity at To=10 K and E,=1.41 eV, (b) ambient temperature at
I=1I; and E,,=1.41 eV, and (c) photon energy at To=10 K and /
=1, respectively.
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FIG. 7. Gilbert damping coefficient for sample A (annealed) as a
function of (a) pump intensity 7 at Ty=10 K, and (b) ambient tem-
perature Ty at [=1I,. Here, E;=1.41 eV.

E,,<E, at the corresponding pump fluences. In addition,
with increasing /,  decreases at a greater rate for £, > E,
than for E,, <E,. We also notice that for E,, <E, the mea-
sured frequency at 10 K with excitation intensity 51, roughly
equals the frequency at 15 K with pump fluence /,. Thus, an
estimate of the average light-induced temperature increase
can be made to be AT~1 K for Ty)=10 K and I=1,. This
causes a ~2% change in the anisotropy constants,?’ which is
a small perturbation to the system. This small perturbation
leads to a small but finite fluctuation in the magnetization at
low pump fluences, and thus provides a basis for the theo-
retical analysis treated below.

IV. THEORETICAL MODEL

In the mean-field approximation the phenomenological
Landau-Lifshitz-Gilbert (LLG) equation can be employed to
describe the collective magnetization dynamics observe in
our experiments. The LLG equation has the form

oM M X H aAZxaM (2)
M _ e Zrx M
a7 L ot

where M is the local magnetization due to Mn ions, vy is the

gyromagnetic ratio, H.y=—0JdE/ M is the effective field given
by the gradient of the magnetic energy E, and « is the Gilbert

damping coefficient. The effective field H g includes the ex-
ternal static magnetic field, as well as magnetic anisotropy
and exchange fields.® The first term on the right-hand side
(rhs) of Eq. (2) describes the precession of the magnetiza-
tion, and the second term represents the relaxation of the
collective magnetization motion. Figures 7-9 shows the nu-
merically fitted Gilbert damping coefficient in samples A, B,
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FIG. 8. Gilbert damping coefficient as a function of Mn concen-
tration x for four Ga;_Mn,As samples prepared under the same
annealing conditions at E,=1.41 eV, Ty=10 K, and /=1,

and several other annealed samples. It is shown below that «
in the annealed sample is much smaller (about ten times)
than that in the as-grown sample. A similar result was ob-
served in FMR experiments.>°

Since in this case there is no external applied magnetic
field, within the mean-field treatment of the p-d magnetic

exchange interaction, the average Mn spin (Sy,) precesses
around an effective magnetic field H.gy, which is mainly at-

tributed to the anisotropy field H and the hole-spin mean
field B(s,). The dynamics of the average hole spin {s;) is
determined by its precession around the mean field

BNyvin{Syn) due to the Mn spins, and by its rapid relaxation
due to the strong spin-orbit interaction in the valence band,
with a rate I' of the order of tens of femtoseconds.3!32 Here,
B is the exchange constant and Ny, is the number of substi-
tutional Mng, ions per unit volume. Due to the fact that
hole-spin precession and relaxation are more rapid than any
changes in the ferromagnetically coupled Mn spins, in the
adiabatic limit the interplay between the exchange interac-
tion in Eq. (2) and the carrier spin dephasing makes an con-
tribution to magnetization damping.'®3? This damping
mechanism, arising from the p-d exchange interaction with
the holes, is believed to be essential to the understanding of

the intrinsic relaxation of ferromagnetic (II[,Mn)V
0_42'_ Sample B 1
60.36.-
030} (@)
1 2 3 4 5
1)

0.32} Sample B
3 L
0.28}
(b)

8 10 12 14 16
T,(K)

FIG. 9. Gilbert damping coefficient for sample B (as-grown) as
a function of (a) pump intensity at 7,=10 K, and (b) ambient tem-
perature at /=1I,. Here, E,;=1.41 eV.
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semiconductors.®® An effective LLG equation in the adia-

batic limit can be written in the form!33
oM - - M
—==YMXH+—MX——, (3)
ot M at

where vy, and «, include the kinetic-exchange contribution
and other damping contributions.

The magnetic energy E can be expressed as follows: 2%
oK oo oo 9 PRV ~
EM) = T(Mx -M})’+K,M,~M)*+K, M., (4)

where M=M/M , and K, is the uniaxial anisotropy constant
perpendicular to the film. We will use Egs. (3) and (4) to
obtain a qualitative picture of the dynamics of light-induced
precession of magnetization occurring in the present experi-
ments. Due to the initial in-plane magnetization in a com-
pressively strained Ga,_,Mn,As/GaAs system,® we consider
(assuming the x-y plane and the z axis to be parallel and
perpendicular to the sample plane, respectively) a small per-
turbation of M,~M (M, <M). Then, Eq. (3) is expanded
into three components,

oM,

=0, 5

P (5)
oM, oM
?:—Z'eruZMz—ar atz, (6)

oM oM,

(?tz =_27rKu_2’erclMy+ar7’ (7)

where we neglect second-order terms. Considering K.; <0
and K,.>0 (Ref. 6, 20, 25, and 26) and depending on initial
conditions, the above equations have a solution of the form

M, =A cos(wt + @)e ", M.=Ansin(wt)e™,  (8)

where

\r/— 4KclKuZ - a’%(Kuz + KCI)Z
1+ af

2(1+ )
TE—————— .
aryr(Kuz - Kcl)
)

0=y,

According to Eq. (8), when measuring the y or z component
of magnetization in time domain after a small perturbation of
the initial magnetic equilibrium state, one expects to obtain a
sine- or cosinelike signal with a precession frequency  and
an exponential decay characterized by a decay time 7. This is
consistent with Eq. (1). It can be seen that the precession
frequency w is closely related to the anisotropy constants
(e.g., K. and K,.), which also directly connect the Gilbert
damping coefficient with the exponential decay time. Since
a?<1 (see also Figs. 6-8), terms associated with a7 can be
neglected in the expression for w in Eq. (9).
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V. DISCUSSION

A. Precessional frequency @ and amplitude A

Equations (8) and (9) can readily account for the results
presented in Figs. 4 and 5. Below Tg, it is known that |K |
and K, increase with decreasing temperature.?>?>-?7 Thus,
according to Eq. (9), w is expected to decrease as |K,;| and
K, are reduced. This conclusion is seen to agree with the
results in Fig. 5, which shows that w becomes smaller either
as we raise the ambient T, or as we increase AT(r) by in-
creasing the pump fluence /. One should note here that, in
principle, increasing the hole concentration could also de-
crease |K,|,>” which could then lead to a decrease in w.
However, in our experiments Ap/p, is about 3 or 4 orders of
magnitude smaller than AT/T,. We can therefore conclude
that the transient temperature change, not changes in the hole
concentration, plays the dominant role in accounting for the
observed oscillatory behavior in the TRKR signal. The fact
that the observed precession behavior seen in Fig. 4(b) be-
gins after a delay of about 4 ps strongly supports this con-
clusion.

When the photon energy E;, is somewhat above the GaAs
band gap E,, in thin GaMnAs samples (on the order of 100
nm or less), the incident pump light is absorbed not only by
the top GaMnAs layer but also by the LT-GaAs and GaAs
buffer layers in addition to the GaAs substrate. This follows
since the penetration depth is of the order of a micrometer, as
deduced from the absorption coefficient. In this case, the
local transient temperature change has a contribution from
the photon energy in excess of the band-gap energy for all
layers. This above band-gap contribution is expected to be
larger than the below band-gap contribution characterized
above. For example, at Eph: 1.62 eV, AT is estimated to be
~3 K with Ty=10 K and /=1, which is three times larger
than the case where E;,=1.38 eV. This effect may be more
significant at large pump fluences, resulting in the frequency
of oscillation becoming smaller. This is clearly demonstrated
in the measurements shown in Fig. 5(a). Our data thus indi-
cate that for relatively strong photoexcitation at £, > E, the
observed dynamics in the top ferromagnetic GaMnAs layer
is likely to have an additional contribution from the underly-
ing layers. One way to eliminate this effect is to work with
low E,, (much smaller than Eg), as illustrated above; or to
use sufficiently high pump photon energy so that the penetra-
tion depth is of the order of the GaMnAs thickness.

As can be seen in Fig. 6, the amplitude of the oscillations
increases rapidly as the pump intensity increases or as the
ambient temperature decreases. This result is also in accord
with the above-proposed model due to the fact that the domi-
nant relative change AT/ T, increases as T(, decreases or as [
increases, and leads to an increase in the magnitude of ® or
to a photoinduced tilt in the easy axis. Such increased ® or
tilt in the easy axis results in the increasing of the initial
out-of-plane component of the subsequent precessional mag-
netization, reflected by the amplitude of the oscillations, as
shown in Fig. 6. As seen in Fig. 6(c), the magnitude of A is
only weakly sensitive to changes in photon energy. The am-
plitude A does also show a tendency to increase slowly as

E,, increases when E, > E,,. This may be understood as re-
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sulting from local increases in temperature at high £, due to
optical absorption, as was discussed in the preceding para-
graph.

B. Magnetization relaxation

We now turn to our measurements of oscillation damping,
which is intimately related to the lifetime of the excited col-
lective spins. When ferromagnetism is hole mediated, as in
the GaMnAs system, spin scattering between the local Mn
spins and the hole spins can lead to the relaxation of the
collective (hole-and-Mn) magnetic moment,!*3%-3334 Thig
gives an intrinsic contribution to the Gilbert damping coeffi-
cient. This contribution can be deduced from the adiabatic-
limit approximation to be'”

s Uiheg

M (hege+ hy)* + 17

apd

where I' | (=2I')) is the hole-spin transverse relaxation rate,
hett= BNMuSMn» SH=§h'SMn/SMn’ and hy=yH-Syy/Smp=0. In
the annealed samples the Gilbert damping coefficient de-
duced from TRKR experiments is around 0.03, which is
close to the value estimated from Eq. (10).>* Thus, in this
case, we anticipate that the damping mechanism due to the
kinetic-exchange interaction dominates the precession
damping.®® In the annealed sample A, we measured « as a
function of the pump intensity / and the ambient temperature
T,, respectively (see Fig. 7). As already mentioned, for the
pump intensity range used in current experiments the tran-
sient increase in the local hole density is very small. Under
these circumstances one would not expect significant
changes in the parameters of Eq. (10), and hence in the
damping coefficient «,,, associated with changes in hole
concentration. This is consistent with the results shown in
Fig. 7(a). On the other hand, when the ambient temperature
is increasing, the ratio s;/M may increase nonlinearly with
increasing temperature® but s will decrease. This may ex-
plain the observed result in Fig. 7(b) that « is almost con-
stant as a function of T,. Figure 8 shows « as a function of
Mn concentration x. All samples with differing Mn concen-
tration x in Fig. 8 were prepared under the same growth and
annealing conditions as sample (A), and have the same film
thickness as that sample. Their Curie temperatures are: T
~80 K for x~0.036; T.~86 K for x~0.048; T,
~105 K for x~0.065; and T-~ 115 K for x=0.075. It is
clearly seen that both a and the Curie temperature increase
with increasing x. This result, when the Mn concentration
x<8%, may be due to the fact that Az increases with in-
creasing hole concentration, which reflects the coupling be-
tween the exchange interaction and hole density.*"

In contrast, in the as-grown samples the Gilbert damping
coefficient is seen to reach values of around 0.3, which is
much higher than what the intrinsic kinetic-exchange mecha-
nism predicts. This indicates that other damping mechanisms
must take over. Classically, the most probable mechanism is
the spin dephasing process characterized by 75, in which the
coherent spins, initially precessing in phase, lose their phase
due to spatial and temporal fluctuations in the precession
frequencies.’® These fluctuations are mainly attributed to lo-
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cal small-scale field inhomogeneities, which are created by
magnetic defects, domain walls, etc. Quantum mechanically,
such dephasing can be primarily attributed to two-magnon
scattering,’’ where an excited magnon mode (created by
photoexcitation) scatters on other magnons having the same
frequency (degenerate magnons) without requiring conserva-
tion of the magnon momentum. In as-grown Ga;_Mn As
fabricated by low-temperature MBE, large numbers of de-
fects, such as Asg, antisites and Mn;y interstitials, are invari-
ably present. In particular, interstitial Mn; ions tend to be
antiferromagnetically coupled to substitutional Mng,, which
can greatly affect the local magnetic properties.® Such
Mn;-induced magnetic defects can then alter the local mag-
netic landscape, leading to extrinsic dephasing effects. Re-
moving the Mnj—as is done in postgrowth annealing—
should then increase the magnetization relaxation time. This
effect has been clearly demonstrated in our experiments.

In particular, our results indicate that this dominant extrin-
sic mechanism in as-grown samples is also relatively inde-
pendent of the ambient temperature (within the temperature
range of our experiments) but is significantly enhanced as we
increase the pump intensity (see Fig. 9). If we assume the
local precession frequency w(7,t) and the effective field
h[T(r,1)] to be temperature dependent, then the dephasing
effect can be parameterized in terms of the quantity dw as
follows:

s doh &T(SA dh 6'T5 (11)

=V or T Vo e
If the ambient temperature 7 is kept constant, increasing the
pump fluence can significantly increase dT/dr and JT/ dt, and
hence also increase Sw, which results in the observed en-
hancement of dephasing. In comparison, dh/dT, should
change little in the relevant temperature range. To our knowl-
edge, up to now there have been no theoretical studies of
damping of magnetization dynamics related to the local ef-
fects of interstitial Mn;. However, our results obtained on
as-grown and annealed GaMnAs clearly point to a connec-
tion between extrinsic dephasing effects and the local Mn;
distribution; and it is therefore hoped that these results
should stimulate the interest of theorists in addressing this
problem.

VI. CONCLUSIONS

In this paper we report a study of photoinduced coherent
spin dynamics in ferromagnetic GaMnAs using time-
resolved magneto-optical spectroscopy. Our observations
identify distinctive contributions to the observed temporal
magneto-optical signals which arise either from coherent
electron spins excited in the conduction band by polarized
optical pumping, or from ferromagnetically coupled Mn
spins. For the case of electron spin, we observe that they are
decoupled from the local Mn moments, and that they persist
over the entire temperature range of our experiments, from
10 K to room temperature. At low temperatures (below the
Curie temperature of GaMnAs) we observed oscillations that
arise from precession of the ferromagnetically coupled Mn
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spins. We have derived an effective Landau-Lifshitz-Gilbert-
type equation based on the mean-field theory to describe the
observed magnetization precession. The precession can be
primarily attributed to magnetic anisotropy changes in the
GaMnAs system due to transient temperature increases pro-
duced by the optical pump. Our studies of the Gilbert damp-
ing coefficient, as function of the pump intensity, tempera-
ture, and the Mn concentration in annealed and as-grown
samples, allow us to identify and characterize several impor-

PHYSICAL REVIEW B 79, 085304 (2009)

tant damping mechanisms arising from the intrinsic p-d ex-
change interactions and to extrinsic dephasing effects.
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