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We report direct measurements of hole spin lifetimes in ferromagnetic GaMnAs carried out by time- and
polarization-resolved spectroscopy. Below the Curie temperature, ultrafast photoexcitation of GaMnAs with
linearly polarized light is shown to create a nonequilibrium hole spin population via dynamical polarization
of the holes through p-d exchange scattering with ferromagnetically ordered Mn spins. The system is
then observed to relax in a distinct three-step recovery process: (i) a femtosecond hole spin relaxation,
on the scale of 160–200 fs; (ii) a picosecond hole energy relaxation, on the scale of 1–2 ps; and (iii) a
coherent, damped Mn spin precession with a period of 250 ps. The transient amplitude of the hole spin
relaxation component diminishes with increasing temperature, directly following the ferromagnetic order of
GaMnAs, while the hole energy amplitude shows negligible temperature change. Our results serve to establish
the hole spin lifetimes in the ferromagnetic semiconductor GaMnAs, at the same time demonstrating a
spectroscopic method for studying nonequilibrium hole spins in the presence of magnetic order and spin-exchange
interaction.
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I. INTRODUCTION

Spin exchange, fluctuation, and relaxation play impor-
tant roles in various collective behaviors emerging in ad-
vanced materials with scientific interest and technologi-
cal potential, such as carrier-mediated ferromagnetism in
semiconductors, colossal magnetoresistance in manganites,
and electronic nematicity in iron pnictide superconductors
[1–3]. These processes develop on ultrafast time scales
and can be driven and probed by ultrashort laser pulses
interacting with magnetic materials. Revealing the associ-
ated nonequilibrium spin dynamics provides additional in-
formation, beyond time-averaged properties obtained from
static measurements, to both understand and control these
phenomena.

Recently, nonequilibrium hole spin (HS) dynamics in
semiconductors has emerged as an important issue. For
example, in p − type doped GaAs, the spin-polarized holes
photoexcited by circularly polarized midinfrared pulses were
shown to exhibit an ultrafast exponential decay with a spin
lifetime of 110 femtoseconds (fs) at room temperature [4]. In
contrast, a substantially longer hole spin-relaxation time, on
the order of hundreds of picoseconds (ps), was inferred from
spin tunneling and transport experiments in ferromagnetic
p − Si and p − Ge heterostructures [5–7]. Furthermore, in
bulk Ge, hole spin lifetimes are reported to differ by two
orders of magnitude (700 fs versus 100 ps) although some
reconciliation was found in that the hole spin-relaxation
rate decreased with lower temperature and/or excitation
density [8,9]. However, a unified understanding of the wide
range of hole spin lifetimes observed in semiconductors is
still missing, and more measurements are clearly desirable
in complementary systems, including magnetically doped
semiconductors. In addition to its scientific value, compre-
hensive and reliable knowledge of hole spin lifetimes is

also important for the development of spin computation and
communication technology based on conducting holes and/or
electrons [10–12].

So far, hole spin relaxation has only been studied in weakly
interacting spin ensembles without long-range magnetic order,
e.g., p-GaAs, p-Si, and p-Ge. However, (III,Mn)V magnetic
semiconductors displaying carrier-mediated ferromagnetism,
such as GaMnAs, represent a model system for investi-
gating hole spins influenced by ferromagnetic order and
spin-exchange interaction. For example, magnetic coupling
between impurity band holes arising from Mn doping and
localized Mn spins in GaMnAs strongly depends on the hole
density, spin polarization, and distribution among the bands
[13].

The work presented here was motivated by previous time-
resolved studies of ultrafast spin dynamics and magnetization
control in the (III,Mn)V magnetic semiconductors. This
includes femtosecond Mn spin canting induced by spin-orbit
torques [14,15] via photoexcited nonthermal “transverse” hole
spins involving the interplay between spin-orbit and magnetic
exchange interaction [16–18]; femtosecond demagnetization
(i.e., decrease of Mn spin amplitude) via dynamical polariza-
tion of “longitudinal” hole spins [19–21]; picosecond pho-
toinduced ferromagnetism [22]; and magnetization precession
[23–29].

However, despite extensive studies in these (III,Mn)V
ferromagnetic semiconductors, hole spin-relaxation time is yet
to be determined, and the distinction between nonequilibrium
hole spin relaxation and hole energy (HE) relaxation still
needs to be explored. In this case, the absence of conclusive
observations is due in part to the lack of experimental
techniques that can generate and probe spin-polarized holes
at femtosecond time scales, especially in heavily hole-doped
materials.
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In this paper we report the observation of femtosecond hole
spin relaxation in the ferromagnetic semiconductor, GaMnAs,
using degenerate ultrafast magneto-optical Kerr (MOKE)
spectroscopy. These measurements reveal a femtosecond
demagnetization followed by a fast and a slow recovery of
the transient MOKE signal. Importantly, the fast recovery
appears only in the magnetically ordered state, and it is
characterized by a temperature-dependent transient amplitude
that closely tracks the ferromagnetic order and vanishes at
the Curie temperature. In contrast, the slow recovery persists
in the paramagnetic phase, and its transient amplitude shows
negligible temperature dependence. From this observation
we infer that the optical nonlinearity of the fast component
is determined by the dynamical polarization of hole spins
due to scattering with the magnetically ordered Mn ion
spins through p-d exchange scattering. Consequently, this
component provides a direct measurement of the characteristic
hole spin (HS) lifetimes in GaMnAs of τHS ∼ 160–200 fs.

The HS component is distinguished in time from the sub-
sequent decay of the Kerr rotation amplitude attributed to hole
energy (HE) relaxation and characterized by τHE ∼ 1−2 ps.
Finally, on much longer time scales, a coherent damped Mn
spin precession is observed, with a period of ∼250 ps at zero
external magnetic field. Our results thus reveal three different
stages of spin dynamics in a magnetic semiconductor. We note
parenthetically that the use of near-infrared linearly polarized
pulses represents a new approach for creating and studying
a nonequilibrium hole spin population in the presence of
ferromagnetic order, and it is much simpler to implement than
techniques based on midinfrared circularly polarized pulses
[4,8,9,21,30].

II. EXPERIMENTAL AND SAMPLE DETAILS

The photoinduced magnetization dynamics of our GaMnAs
sample was studied via ultrafast MOKE spectroscopy, as
follows. A 1.0-kHz Ti:Sapphire laser amplifier was used to
generate pulses at a central wavelength of 800 nm and a
pulse with duration of 35 fs and central. The output pulses
were separated into two beam paths serving as the pump
and probe. Both beams were linearly polarized. A chopper
modulated the pump beam at a frequency of 500 Hz. After
reflecting from the sample, the probe beam was passed through
a polarization bridge and was measured with a balanced
photodetector and lock-in amplifier. In the polar geometry
used here, the Kerr rotation angle, �θk , is proportional to the
out-of-plane magnetization MZ of the sample.

Our sample was a 70-nm Ga0.925Mn0.075As (GaMnAs) thin
film deposited by low-temperature molecular-beam epitaxy on
a GaAs buffer layer on top of a semi-insulating (001) surface
of a GaAs substrate. The Curie temperature and hole density
of our specimen were 77 K and 3 × 1020 cm−3, respectively.
The ultrafast laser measurements were performed in a liquid
helium cooled cryostat.

At low temperatures, spontaneous magnetization from the
carrier-mediated ferromagnetic order naturally aligns along
one of the two equivalent, orthogonal easy axes lying in the
sample plane close to the [100] and [010] crystallographic
axes. As the temperature is increased to above TR ∼ 30 K,
changes occur in the anisotropy field in the GaMnAs specimen,
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FIG. 1. (Color online) (a) Temperature dependence of static
magnetization along four different directions of our GaMnAs sample:
[100] or [010] (red solid circles), [11̄0] (green hollow circles), [110]
(black line), and [001] (blue triangles). (b) Static MOKE angle θk at
5 K measured in polar geometry with external field B nearly along
the [001] direction (∼5 deg away). The coordinate system is defined
in the inset.

such that the easy axis now reorients to near the [11̄0]
direction. This reorientation is illustrated in Fig. 1(a), showing
magnetization of the GaMnAs sample observed along four
different directions in an external magnetic field of Bext ∼
10 mT. The coordinate system which we use is defined
in the inset of Fig. 1(b). Figure 1(b) shows static MOKE
measurements carried out at T = 5 K as a function of external
magnetic field applied in the polar geometry, i.e., along the
[001] axis, as shown in the inset. An increasing MOKE signal
θk is observed up to ∼500 mT, where the magnetization
saturates. In our ultrafast measurements discussed later, an
external magnetic field of Bext ∼ 250 mT is applied along
[001] (defined as the z direction) unless labeled otherwise.
The direction of the resultant magnetization of the sample is
always determined by the combination of the external field and
the internal anisotropy fields.

Figure 2 illustrates the origin of the static and ultrafast
MOKE signals in GaMnAs for T < TC . The linearly polarized
probe beam with a photon energy of 1.55 eV strongly couples
to the electronic transition across the direct band gap at the �

point. The valence bands are spin split due to strong exchange
coupling with the ferromagnetically aligned Mn spins in d-like
states (shown in gold) that hybridize with the upper valence
band, as shown in Fig. 2(a). The size of the splitting is
proportional to the magnetization of the Mn ions and forms
the mean-field gap �MF. The holes occupy these bands up
to the Fermi energy, as discussed by Dobrowolska et al.
[13]. The conduction bands, on the other hand, are barely
affected by the Mn spins due to their s-like symmetry and
weak s-d coupling. According to the optical selection rule
�J = ±1, the right (σ+) and left (σ−) circularly polarized
components of the incident linearly polarized probe light
couple to electronic transitions from the spin-polarized valence
bands to the degenerate conduction band with opposing spins.
Consequently, the origin of the static (no pump) MOKE signal
below TC is caused by the difference in the refractive indices
corresponding to the opposite circular polarizations of the two
branches of light, which is proportional to �MF.

The main focus of this paper is to apply a time-resolved
MOKE technique in order to obtain key information about
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FIG. 2. (Color online) Energy-level diagram of GaMnAs. (a) The
static MOKE signal at �ω = 1.55 eV arises from the difference in
the refractive indices of the two circularly polarized components of
incident light (σ+ drawn as a red arrow, σ− drawn as a blue arrow).
The d-like electronic orbitals of Mn form a dispersionless midgap
impurity band (shown in gold) that hybridizes with the upper valence
band [13]. Red arrows inside the conduction band indicate spin-up
and -down bands. The midgap, grey line denotes the band due to
As-antisites. (b) Yellow arrows mark the three relaxation processes
observed after ultrafast photoexcitation. These processes are (1) hole
spin-flip relaxation via scattering between the spin split valence
bands; (2) hot hole energy relaxation via phonon scattering within
the valence and impurity band; and (3) coherent Mn spin precession
and Gilbert damping. Equilibrium or quasiequilibrium Fermi levels
after photoexcitation are shown as dashed lines.

the coupling between different reservoirs (electron/hole, spin,
etc.) and their dissipation by measuring the recovery of the
nonequilibrium state following femtosecond pump excitation.
Upon ultrafast pump excitation at 1.55 eV, hot holes become
photoexcited out of equilibrium, giving rise to a blurred
Fermi surface at such fast time scales. Due to the strong
exchange interaction between the hole and the Mn ion
spins, the photoexcitation results in a transfer of angular
momentum from ferromagnetically ordered Mn to the hot
holes. This in turn quasi-instantaneously demagnetizes the
Mn ions and creates an initial nonequilibrium spin-polarized
hole state spin-polarized hole state at temperatures below TC

even under linearly polarized laser excitation. This ultrafast
demagnetization (as measured by the change of the MOKE
amplitude �θk) of (III,Mn)V materials has been interpreted
as the reverse of the Overhauser effect, i.e., where the excited
holes become dynamically spin polarized at the expense of
the localized Mn spins [20,21]. To study this nonequilibrium
photoexcited hole state, we use a degenerate pump/probe
method where the probe energy is chosen to have the same
energy as the pump, at 1.55 eV, which then directly couples to
the transient carrier population.

Figure 2(b) illustrates the three interconnected relaxation
processes that contribute to the observed ultrafast MOKE
response following the linearly polarized pump excitation.
The three relaxation processes are denoted by yellow arrows
marked as 1, 2, and 3. The first process is the relaxation
of transient spin-polarized holes, which scatter between the
spin-split valence bands. Note that a similar relaxation does not
occur for the photoexcited conduction electrons, because the
linearly polarized pump pulse does not transfer any net angular

momentum and therefore does not create any net electron
spin. Additionally, there is no preferred spin orientation for
the photoexcited conduction electrons to which they can relax.

The second process is that of the energy relaxation of the
transient hot holes, which can be understood as cooling via
phonon scattering toward the zone center of the valence and
impurity bands. Although there is no change of the spin polar-
ization, this process contributes to the transient MOKE signals
by altering the absorption coefficients for both circular polar-
izations, commonly referred to as dichroic bleaching in studies
of ferromagnetic metals [31,32]. The third relaxation process
corresponds to coherent Mn spin precession and its Gilbert
damping via spin-lattice scattering. The latter two processes
have been reported and discussed in earlier studies, whereas
the hole-spin dynamics has not been previously investigated.

III. RESULTS AND ANALYSIS

A typical trace of ultrafast photoinduced MOKE rotation
�θk data taken at 4 K is shown in Fig. 3(a). In the figure,
the x axis is split to show short- and long-time dynamics.
There is an initial ∼40-fs reduction of the MOKE amplitude
(inset) due to femtosecond demagnetization that leads to a
negative change in the ultrafast MOKE signal. Subsequently, a
distinct three-step recovery of �θk is observed, consistent with
Fig. 2(b). The relaxation processes are labeled in the figure as
(1) a fast decay (corresponding to τHS ∼ 200 fs), (2) a slow
decay (τHE ∼ 2 ps), and (3) a periodic oscillation with a period
of ∼250 ps superimposed on a much slower Gilbert relaxation.
We discuss these three processes in detail in the sections that
follow.

A. Short-time dynamics: hole spin and energy relaxation

We first turn the reader’s attention to the partial recovery of
the MOKE signal within the first few ps after photoexcitation,
shown in Fig. 3(b). The fast dynamics largely reflects the
relaxation of the photoexcited holes. Careful inspection of the
Kerr data shows that the fast time-scale recovery process is
in the form of a biexponential relaxation, clearly seen in the
semilogarithmic plot shown in Fig. 3(c), where two red dashed
lines are overlaid on the T = 4 K Kerr data.

Ultrafast MOKE measurement results for various temper-
atures from 20 to 100 K are presented in Fig. 3(b), showing
the main features of the fast relaxation dynamics at different
temperatures. Importantly, below TC = 77 K, the data show
biexponential decay, corresponding to τHS and τHE relaxation
components, while above TC the signal shows only a single
exponential decay with only the slower τHE component. After
crossing into the paramagnetic phase the macroscopic spin
order is no longer present, and thus there also are no dynami-
cally polarized hole spins. In addition, since linearly polarized
pumping does not deposit any net angular momentum, one ex-
pects to only observe the hole spin relaxation below TC. We can
therefore attribute the slower component τHE to hole energy re-
laxation. On the other hand, since the femtosecond component
τHS disappears at temperatures above TC , we ascribe it to hole
spin relaxation (further support of this is discussed below). Ad-
ditionally, in the inset of Fig. 3(a) we present the T = 4 K,�θk

trace alongside the pump-probe cross correlation (blue fill)
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FIG. 3. (Color online) (a) A representative trace of the low-
temperature data (taken at 4 K) shown with a split x axis. Following an
ultrafast negative rise of �θk (demagnetization), a three-step recovery
of the MOKE signal is clearly seen, characterized by (1) fast, ∼200 fs,
and (2) slow, ∼2 ps, time constants, followed at longer time scales
by (3) a periodic oscillation superimposed upon a much slower decay
at a time scale of hundreds of picoseconds. The inset shows the cross
correlation of pump and probe (blue fill). (b) Temperature dependence
of the MOKE dynamics during the first 8 ps at various temperatures.
The traces are vertically offset for clarity. Black dashed lines overlaid
on the data show the biexponential fitting, as illustrated in (c) by a
semilogarithmic plot of the 4-K trace in (c). Red dashed lines in (c)
mark the two decay components. (d) Peak amplitude of the ultrafast
photoinduced MOKE rotation as a function of temperature. The
Kerr measurements were taken with magnetic field of Bext ∼ 250 mT
applied perpendicular to the sample and with a pump fluence of
∼690 μJ/cm2.

to illustrate that the fast τHS relaxation is indeed temporally
resolvable with our pulse duration and is not due to a coherent
interaction between the pump and the probe beams [33,34].

Furthermore, as shown in Fig. 3(d), the peak amplitude
of the photoinduced MOKE signal decreases with increasing
temperature up to TC , although the signal persists even above
the transition temperature. This behavior indicates that the
ultrafast MOKE signal contains contributions from both the
ferromagnetic order and nonequilibrium hole spin as well as
charge populations, as discussed from the previous section.
As seen in Figs. 3 and 4, the transient MOKE amplitude is
constant above TC , which further corroborates our assignment
of the slower component τHE to hole energy relaxation.
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FIG. 4. (Color online) (a) Transient amplitude AHS (red) ex-
tracted from Eq. (1) for the hole spin-relaxation process, and its
scaling with the static magnetization along [001] (blue dashed line) for
temperatures above TR ∼ 30K (i.e., where the easy axis reorientation
occurs); the amplitude of the hole energy relaxation, AHE (black),
remains mostly constant with temperature. (b) Relaxation times as a
function of temperature for the τHS (red) and τHE (black) components.

For quantitative analysis, we fit the observed short-time
dynamics with a biexponential decay function convoluted with
the probe pulse. The temperature-dependent fittings are shown
overlaid on the data in Figs. 3(a) and 3(b) (black dashed lines).
The biexponential fitting function is given by

f (t) = AHS e(−t/τHS) + AHE e(−t/τHE) + AC. (1)

τHS and τHE are the characteristic decay time constants for the
hole spin and hole energy relaxation processes, and AHS and
AHE are their respective transient amplitudes. The third term
represents the long-time Mn spin-relaxation and other possible
nonmagnetic long-time contributions. These contributions are
practically time independent over the 8-ps scale considered in
the fitting, and are therefore represented as a constant, AC in
Eq. (1).

Figures 4(a) and 4(b) show the temperature dependence of
the parameters obtained from the above fitting. The amplitude
of the hole spin component AHS (red dots) diminishes with
increasing temperature, and disappears above TC , closely
tracking the static magnetization curve along [001] (dashed
blue line) shown for comparison in Fig. 4(a) [35]. The
reason that AHS closely tracks the ferromagnetic order can
be explained in terms of the reverse-Overhauser effect, which
is the process where the holes acquire angular momentum
from the Mn ions. When the initial magnetization of the Mn
ions is larger, more net angular momentum is transferred to
holes after pump excitation. Subsequently, as holes relax to
equilibrium, they must return this excess angular momentum
via the hole spin-relaxation process [labeled “1” in Fig. 2(b)].
In the case of larger initial magnetization, AHS will also be
larger because AHS reflects the amount of angular momentum
being lost by the holes in this process. The slight discrepancy
at temperatures below TR ∼ 30 K likely originates from the
spin reorientation process, which will be discussed in the next
subsection.
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On the other hand, AHE (black squares) remains constant
throughout the entire temperature range, and persists above
TC . This behavior corroborates our conclusions regarding the
magneto-optical nonlinearities of the MOKE signals, indicat-
ing that the magnetization-dependent amplitude AHS measures
the contribution of the spin-polarized hole population gener-
ated via dynamical polarization transfer from the macroscopic
magnetization of the Mn ions to the holes. Thus the corre-
sponding decay time τHS measures the hole spin-relaxation
time, while the nonmagnetic amplitude AHE describes the
hot hole population independent of TC , and its corresponding
decay time τHE represents hot hole energy relaxation in the
valence and Mn-impurity bands via phonon emission.

The fast hole spin decay time τHS (red solid dots) remains
approximately constant at ∼160−200 fs between 4 K and
TC , as shown in Fig. 4(b). These directly measured values
are consistent with an upper bound value ∼200 fs estimated
from earlier femtosecond demagnetization experiments on
(III,Mn)V ferromagnetic semiconductors [21]. These values
are slightly larger than the ∼50–80 fs predicted theoretically
for GaMnAs at low temperatures [36]. In these materials,
the fast hole spin relaxation can be attributed to spin-orbit
coupling in the valence band mediated by ultrafast momentum
scattering in the excited states that gives rise to a strongly
fluctuating spin-orbit field acting on hole spins. This results in
very fast and temperature-independent femtosecond decay in
the ferromagnetic phase, which is likely to be more efficient
than any other relaxation mechanism that leads to temperature
dependence as predicted [36].

The hole energy relaxation time τHE [black squares in
Fig. 4(b)] remains constant up to around the easy axis
reorientation temperature TR ∼ 30–40 K, where it begins to
decrease, exhibiting a downward cusp near TC . This interesting
behavior, showing some dependence on the magnetization,
is not understood, but it may originate from a strong,
magnetization-dependent mixing between the valance band
and the Mn d band and/or the complicated spin-induced
renormalization of the hole states [37,38].

The observed relaxation time τHE of ∼1−2 ps is consis-
tent with hole energy relaxation times measured earlier in
GaMnAs, and our present results further reveal its nontrivial
temperature dependence that shows some influence of the
ferromagnetic state of the material [30]. A different process
with a similar relaxation time ∼1 ps has been observed
previously, and has been attributed to trapping of photoexcited
electrons by crystal defects, with no relation to the magnetic
system [39–41]. Our present results thus point to a need for
future studies aimed at a better understanding of the hole
energy dynamics occurring in ferromagnetic semiconductors.

B. Long-time dynamics: coherent Mn spin precession

In this section we briefly discuss the coherent oscillatory
behavior of Mn spins observed via the �θk signal on the scale
of hundreds of picoseconds in these experiments, similar to
effects already reported in the literature [23–29]. In order to
isolate Mn-related dynamics without contribution from hole
dynamics, we use a low pump fluence and a two-color method
of ultrafast MOKE spectroscopy; i.e., we now tune the pump
to 3.1 eV so as to couple to energies far away from the Fermi

FIG. 5. (Color online) Ultrafast nondegenerate MOKE measure-
ments at (a) 0 T and (b) 1 T. T = 4 K, and pump and probe photon
energies are set to 1.55 and 3.1 eV, respectively. The inset shows the
0-T oscillation spectrum. (c) The temperature dependence of ultrafast
nondegenerate MOKE signals at various temperatures and traces are
vertically offset for clarity. The pump fluence is ∼7 μJ/cm2.

level at the � point. This allows us to avoid the overshoot
behavior related to hole spin and energy dynamics discussed
in the preceding section.

At zero magnetic field and well below TC , the initial
magnetization direction is close to the [100] easy axis in the
plane of the sample as shown in Fig. 1(a). The magnetization
dynamics triggered by the femtosecond laser pulse excitation
is shown in Fig. 5(a). Here the main feature is the oscillation
of the Kerr signal caused by the oscillatory component of
magnetization MZ due to the collective precession of the
magnetization around its in-plane equilibrium orientation at
a frequency of ∼4.2 GHz (see inset), as discussed in the
literature [23–29]. The observed precession frequency in the
low-field limit is well described analytically by the formula

ωm = γ
√

H4‖(H2⊥ + H4‖), (2)

where H2⊥ and H4‖ represent the effective uniaxial and cubic
anisotropy fields, respectively. The quantities H2⊥ and H4‖ are
defined in terms of anisotropy energies Ki as 4πM − 2K2⊥

M
and

2K4‖
M

. From the experimental magnetization curve measured
along the hard axis shown in Fig. 1(b) we estimate H2⊥ and
H4‖ for our sample to be 0.3 and 0.06 T at 5 K, which yields
a precession frequency ωm = 4.12 GHz, in good agreement
with our measured data. In addition, our results in Fig. 5(b)
show that the spin precession is no longer observed when the
perpendicular B field increases to 1 T. This can be understood
as follows. At this high field the magnetization becomes fully
aligned along the B field (i.e., along the [001] direction), and
the precession of magnetization is undetectable through �θk .
We attribute the conspicuous negative shift in �θk depicted in
Fig. 5(b) seen upon photoexcitation to so-called laser-induced
ultrafast demagnetization, i.e., photoinduced femtosecond
changes in total magnetization amplitude [19,21].
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Returning to the Kerr results observed at B = 0, the
observed precession (seen as �θk) is triggered by the pump-
induced transient change of the easy axis that results from the
competition between uniaxial [11̄0] and cubic [100] anisotropy
fields. As shown in Fig. 1(a), the magnetization in the sample
naturally aligns along the easy axis established by the dominant
anisotropy field, which at low temperatures is close to [100]. At
these low temperatures, thermal effects due to the pump pulse
manifest themselves as a strengthening of the uniaxial field
along [11̄0] relative to the cubic anisotropy field along [100],
equivalent to a change of the easy axis direction toward [11̄0].
This induces precession of the magnetization along the new
easy axis direction, consistent with the oscillations observed
in the z direction, as shown in the 5-, 20-, and 25-K traces in
Fig. 5(c). Above the easy axis reorientation temperature
TR ∼ 30 K, the uniaxial anisotropy field becomes dominant,
as seen in temperature dependence of static magnetization
along four different directions in Fig. 1(a), and the mag-
netization aligns along the [11̄0] direction. Thermal effects
which strengthen this field cannot induce precession of the
magnetization anymore, as evident by the disappearance of the
oscillations above this reorientation temperature. In addition,
below this temperature the strong cubic anisotropy field
associated with the [100] direction makes the magnetization
vector tilt from the z axis below TR , which explains the
slight deviation between the static magnetization and AHS

in Fig. 4(a). It is also interesting to note that the amplitude
of the ultrafast MOKE signal taken by the two-color scheme
rapidly diminishes when the temperature approaches TC , as
seen in the high-temperature traces shown in Fig. 5(c). This
corroborates the assignment of the overshoot in degenerate
MOKE signals to the hole dynamics instead of the Mn spin
dynamics.

IV. CONCLUSIONS

In summary, we have successfully probed the previously
inaccessible nonequilibrium hole spin dynamics in ferromag-
netic GaMnAs by using ultrafast MOKE spectroscopy. Below
the Curie temperature TC, an ultrafast linearly polarized
pump photoexcitation creates a nonequilibrium hole spin
population via dynamical polarization of holes through
exchange scattering with ferromagnetically ordered Mn spins.
This reveals the emergence of a new femtosecond relaxation
component below TC , which we attribute to hole spin lifetime
τHS ∼ 160−200 fs. This is clearly distinguished in the
time domain from the much longer hole energy relaxation
τHE ∼ 1−2 ps, and from the Mn spin precession occurring
on a 100-ps time scale. Our technique represents a new
spectroscopy tool for studying nonequilibrium hole spins in
magnetically ordered materials, which could be important in
understanding the various collective behaviors and various
forms of macroscopic order emerging in these systems.
Additionally, our results have important implications for
future applications of temporal spin effects in high-speed
spintronics that depend on hole-mediated ferromagnetism.
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