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Femtosecond control of the magnetization in ferromagnetic semiconductors
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We develop a theory of collective spin dynamics triggered by ultrafast optical excitation of ferromagnetic
semiconductors. Using the density matrix equations of motion in the mean field approximation and including
magnetic anisotropy and hole spin dephasing effects, we predict the development of a light-induced magneti-
zation tilt during ultrashort time intervals comparable to the pulse duration. This femtosecond dynamics in the
coherent temporal regime is governed by the interband nonlinear optical polarizations and is followed by a
second temporal regime governed by the magnetic anisotropy of the Fermi sea. We interpret our numerical
results by deriving a Landau—Gilbert-like equation for the collective spin, which demonstrates an ultrafast
correction to the magnetic anisotropy effective field due to second-order coherent nonlinear optical processes.
Using the Lindblad semigroup method, we also derive a contribution to the interband polarization dephasing
determined by the Mn spin and the hole spin dephasing. Our predicted magnetization tilt and subsequent
nonlinear dynamics due to the magnetic anisotropy can be controlled by varying the optical pulse intensity,

duration, and helicity and can be observed with pump-probe magneto-optical spectroscopy.
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I. INTRODUCTION

The interaction between itinerant carrier spins and local-
ized magnetic moments leads to carrier-mediated ferromag-
netic order in a wide variety of systems, ranging from ferro-
magnetic semiconductors such as EuO, EuS, chrome spinels,
or pyrochlore! to manganese oxides (manganites)> and I1I-
Mn-V ferromagnetic semiconductors.’> Such materials offer
potential for novel spintronics applications.® Their magnetic
and transport properties are intimately related and can be
controlled by varying, e.g., the carrier density, spin, and dis-
tribution.

The nonequilibrium and dynamical properties of ferro-
magnetic semiconductors and magnetically ordered systems
are currently under investigation. For terahertz spintronic
and magnetic devices, ultrafast information storage, recov-
ery, and processing are required, e.g., the development of
devices with subpicosecond readout times of the magnetic
states. This goal requires femtosecond spin manipulation and
control. The physical processes that govern the magnetiza-
tion dynamics during time scales shorter than the character-
istic response times of the magnetic system are still under
debate. During such time scales, the validity of conventional
thermodynamic concepts for describing a magnetic system
become questionable. Ultrafast pump-probe magneto-optical
spectroscopy can shed light into this fundamental problem.
In these experiments, an ultrashort pump optical pulse ex-
cites optical polarizations, nonthermal populations, and car-
rier spins, which then trigger a magnetization dynamics mea-
sured as function of time (Faraday or Kerr rotation).’

To interpret such experiments, it is useful to distinguish
between different stages of time evolution of the photoex-
cited system. During the initial subpicosecond regime,
shorter than the dephasing times or optical pulse duration,
the dynamics of the collective magnetization is triggered by
optical polarizations and photoexcited carrier spins. The re-
sponse of the magnetic system is controlled by the nonlinear
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optical excitation and conventional thermodynamic concepts
do not apply. In this initial regime, magnetic anisotropy can
play a role by affecting the photoexcited carrier spin. After
the pulse is gone, the light-induced quantum mechanical co-
herences decay and the photoexcited carriers relax by inter-
acting with the hole Fermi sea. The carrier temperature is
thus elevated above the lattice temperature within hundreds
of femtoseconds. The hole population is eventually described
by a hot Fermi-Dirac distribution, which transfers its excess
energy to the lattice within a few picoseconds. At the same
time, the magnetic axes of the system change, due to, e.g.,
the transient temperature elevation. Such quasithermal
changes in the magnetic anisotropy are due to the Fermi sea
carriers and should be contrasted to the magnetic anisotropy
contribution of the nonthermal photoexcited carriers in the
initial temporal regime. After the equilibration of the carrier
and lattice systems, their common temperature relaxes via a
slow (nanosecond) thermal diffusion process, which returns
the magnetic system to its equilibrium configuration. In this
paper, we discuss a mechanism for coherent nonthermal
magnetization manipulation and neglect all thermal effects
due to elevated carrier and spin temperatures.

Most of the ultrafast magneto-optical experiments per-
formed so far in magnetic metals, insulators, and semicon-
ductors observed magnetization dynamics that could be in-
terpreted in terms of light-induced time-dependent thermal
effects. Following the observation of Ref. 8, many works
focused on ultrafast light-induced demagnetization, which
involves the time-dependent collective magnetization ampli-
tude. The physical mechanisms that lead to quenching of the
magnetization within a picosecond or less in materials rang-
ing from transition metals to III(Mn)V semiconductors are
still under debate but are mostly believed to be triggered by
transient changes in the carrier and spin effective
temperatures.”'* However, transient magnetic effects have
also been observed in the initial nonthermal temporal regime,
where the concept of carrier temperature is not
meaningful.>!” Light-induced changes in the magnetization
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orientation have also been observed in both metals and semi-
conductors and mostly attributed to transient changes in the
magnetic easy axes due to temperature elevation.>! Such
thermal quasiequilibrium effects induce a magnetization pre-
cession with a period ~100 ps.

In most of the above experiments, the observed magneti-
zation changes result from the transient temperature rise fol-
lowing optical absorption and carrier relaxation. However,
there is a limit in the magnetization speed that can arise from
incoherent processes largely based on the heating of the
magnetic system. Far more desirable is magnetization con-
trol based on coherent and nonthermal physical processes.
The femtosecond coherent temporal regime offers the most
flexibility for fast magnetization control limited only by the
optical pulse duration. Coherent manipulation of the magne-
tization was demonstrated experimentally in magnetic di-
electrics and insulators,”>* while the interplay of coherent
excitation and spin-orbit interaction in magnetic insulators
was addressed theoretically in Refs. 25 and 26.

Compared to other magnetically ordered materials, III-
Mn-V ferromagnetic semiconductors offer certain advan-
tages and new possibilities for ultrafast magnetization con-
trol and dynamics. These advantages stem from the carrier-
induced nature of the magnetic order and the clear distinction
between localized (Mn) and itinerant (valence band hole)
spins. Static measurements have shown that III-Mn-V het-
erostructures are highly sensitive to external stimuli such as
electrical gate, currents, or light.”’-3% A light-induced out-of-
plane magnetization rotation toward the direction of propa-
gation of a circularly polarized optical field perpendicular to
the ground state magnetization was reported in Refs. 31 and
32 for Ga(Mn)As epilayers. Later, ultrafast experiments in-
terpreted their findings in terms of photoexcited carrier spin
and thermal'1* effects (for a review, see Ref. 7).

Recently, Wang et al.** reported an enhancement of the
magnetization amplitude and the ferromagnetic order in
GaMnAs induced by the photoexcited hole population. This
enhancement occurs on a ~100 ps time scale, following the
initial subpicosecond demagnetization'* and thermalization.
More recently, Wang et al.> reported the first observation of
two temporal regimes of magnetization dynamics in III-
Mn-V semiconductors. The first regime lasts for a few hun-
dreds of femtoseconds and is governed by a quasiinstanta-
neous tilt of the collective magnetization in response to
optical excitation at high energies (~3.1 eV). In this femto-
second regime, a photoinduced four-state ferromagnetic hys-
teresis was measured, which implies femtosecond detection
of magnetic memory states. This initial magnetization dy-
namics is clearly distinguished from the subsequent thermal
regime, which is governed by magnetization precession on
the 100 ps timescale around the magnetic easy axes.

The observations of Ref. 35 point out the need for a mi-
croscopic theory of collective spin dynamics in the initial
coherent regime of III(Mn)V semiconductors, which treats
the nonlinear response of the magnetization to the ultrafast
optical excitation. The theoretical prediction of a light-
induced magnetic interaction resulting in a Kondo resonance
in the nonlinear optical response and the pump-probe spectra
of doped semiconductors was reported in Ref. 36. This light-
induced many-body effect is generated by a second-order
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Raman-like process and should be most pronounced in the
case of below-resonance photoexcitation in the transparency
regime, where heating effects are suppressed. Reference 37
suggested the possibility of inducing ferromagnetic order by
exciting undoped paramagnetic II-Mn-VI semiconductors
well below the optical absorption threshold. A brief descrip-
tion of a microscopic mechanism for coherent ultrafast mag-
netization dynamics in III-Mn-V ferromagnetic semiconduc-
tors was presented in Ref. 38, while Ref. 39 addressed the
subsequent incoherent regime and attributed the ultrafast de-
magnetization to the scattering of the Mn spins with spin-flip
excitations of the hot hole Fermi sea.

In this paper, we develop in detail a theory that describes
the ultrafast nonlinear response of the collective spins in fer-
romagnetic semiconductors. We present calculations for the
most basic Hamiltonian that applies to a wide range of fer-
romagnetic semiconductor systems. The magnetic exchange
interaction and the coupling to the optical field are treated
within the mean field approximation, which has been shown
to describe well the ground state and thermodynamic prop-
erties of III-Mn-V semiconductors*> as well as the ultrafast
nonlinear optical response of semiconductors for strong
photoexcitation.*>*! In Sec. II, we set up the problem at
hand, while in Sec. III, we derive the mean field equations of
motion in the coherent limit in the case of several coupled
valence bands. The dephasing effects due to the mixing of
the hole spin states are described in Sec. IV with the Lind-
blad semigroup method.*> This method allows us to treat
consistently both hole spin relaxation and dephasing and in-
terband polarization dephasing resulting from hole spin-flip
interactions. In Sec. V, we extract a simple one-band model
from the full theory and use it in Sec. VI to calculate the
light-induced Mn spin trajectories and discuss the role of
hole spin and interband polarization dephasing, magnetic an-
isotropy, and photoexcitation intensity and duration. Our nu-
merical results predict an ultrafast tilt of the Mn spin away
from its initial (equilibrium) value, which develops on a time
scale comparable to the optical pulse duration. The magni-
tude of this tilt is controlled by the optical pulse intensity and
duration. The direction of the tilt and overall shape of the Mn
spin trajectory depend sensitively on the hole spin dephasing
and on the interband polarizations. In Sec. VII, we interpret
the above numerical results by deriving from the full theory
an effective Landau—Gilbert-like** equation of motion for the
Mn spin using the adiabatic following approximation. We
show that the effective magnetic anisotropy fields that gov-
ern the precession and relaxation within the above Landau-
Gilbert picture acquire a time-dependent correction deter-
mined by the optical pulse amplitude, the photoexcited
interband polarizations, and the mixing of the hole spin
states. This correction results in magnetization dynamics on
a time scale comparable to the optical pulse duration and
may be interpreted in terms of light-induced precession and
relaxation. After the pulse is gone, the Mn spin trajectory is
controlled by the magnetic anisotropies due to the Fermi sea
(thermal) carriers. If the initial magnetization response to the
optical excitation results in a sufficiently small tilt, the Mn
spin precesses around its initial configuration, with a period
determined by the zero-momentum magnon energy, as de-
scribed by linearizing the equations of motion. On the other
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hand, for sufficiently high photoexcitation intensity, the ini-
tial light-induced magnetization tilt brings the magnetic sys-
tem sufficiently far from the magnetic energy minimum so
that nonlinear magnetic effects become important. In this
case, the Mn spin evolution differs from a simple precession.
Our theory predicts two distinct temporal regimes of magne-
tization evolution, the first of which is governed by the op-
tical excitation, while the second is governed by the mag-
netic anisotropies due to the thermal carriers. We discuss the
signatures of the above transient and nonlinear magnetic ef-
fects in ultrafast magneto-optical pump-probe spectroscopy
and end with our conclusions in Sec. VIII. The details of our
calculations are presented in the five appendixes.

II. PROBLEM SETUP

We start with the Hamiltonian*> H(f)=H+H,(t), where
H=K,+K,+H,,., is the Hamiltonian in the absence of opti-
cal excitation and H,(¢) describes the coupling of the optical
fields.

Ke = E Sﬁnéltnékn’ Kh = E 8zknhiknh—l‘v’l (1)
kn kn

describe the electron and hole band energies. The conduction
band electrons are created by the operator é; , where k is the
momentum and n labels different conduction bands. e, is
the n-band dispersion (we set A=1). The valence holes are

created by the operator fzi‘;n, where k is the hole momentum
and n the band index. Their dispersion &}, is determined by
the band structure. The Mn impurities act as acceptors,
which create a hole Fermi sea in the valence band, and also
provide randomly distributed S=5/2 spins, S, that are local-
ized at positions R;. These local moments interact with the
hole spin via the antiferromagnetic Kondo-like exchange in-
teraction

B R
Hexch =35 E Sj ’ Snn’el(k ) )th—knh—k’n" (2)

jkk'nn’

where s is the hole spin operator, V is the volume, and S is
the exchange constant. Finally, the coupling of the optical
pulse is described by

Hy(t)== 2 dy(0égh',, +He., (3)

nn'k

where d,,/(t)=pm,,E(t) is the Rabi energy, £&(1)
=Eexp[-1*/ 75)] is the optical (pump) pulse, with duration 7,,
and u,, is the dipole transition matrix element between the
valence band n’ and the conduction band . The optical pulse
propagates along the growth direction z, which is perpen-
dicular to the ground state spins.

The ground state, thermodynamic, and transport proper-
ties of III(Mn)V semiconductors in the metallic regime (hole
densities ~10?° cm™) are well described by treating the
magnetic exchange interaction [Eq. (2)] within the mean
field virtual crystal approximation.’ This approximation ne-
glects spatial correlations and assumes uniformly distributed
classical Mn spins, justified in the limit S —cc, where S is the
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Mn spin amplitude. The holes then experience an effective
magnetic field proportional to the Mn spin. The valence band
splits into two spin-polarized bands separated by the mag-
netic exchange energy A=BcS, where c is the density of the
localized Mn spins. The typical values of A observed in the
GaMnAs and InMnAs ferromagnetic semiconductors that
exhibit the highest critical temperatures are comparable to
the Fermi energy, Er~ 100 meV, of the ground state hole
Fermi sea.

In the ground state, the Mn spin points along the easy axis
direction in order to minimize the total energy of the Fermi
sea carriers,

Ey(S)= 2 Epimy, (4)
ki

where E}(S) are the eigenvalues of the Hamiltonian K,
+H,,., for a given Mn spin S and ny; are the populations of
the corresponding eigenstates. In III-Mn-V semiconductors,
this mean field total energy depends strongly on the orienta-
tion of S.*** This anisotropy is believed to mainly arise
from the valence band structure, in particular the spin-orbit
coupling of different valence bands, which was taken into
account in Refs. 44 and 45 within the k- p envelope function
approximation. The easy axis depends sensitively on the hole
distribution among different valence bands. The calculated
E,(S) is well described by an expansion in terms of S.** The
following expansion describes the static experimental
measurements:*°

E,=K/(S:8:+ 8382+ $382) + K, S + K,,.52, (5)
where S=S/8, K. is the lowest cubic anisotropy constant,
and K, and K, are the first order uniaxial anisotropy con-
stants, attributed to strain, whose origin is still being
debated.*’ For K,=K,.=0, the ground state magnetization is
either parallel to the axes =x, =y, or £z, if K.>0 or points
along the diagonals |x|=|y|=|z], if K.<0. For the parameters
of interest in Ga(Mn)As epilayers, K. <0, and the easy axis
direction is determined by the magnitude and sign of the
uniaxial anisotropy constants K, and K,,.. A sufficiently large
K,.>0 ensures that the ground state magnetization lies
within the x-y plane, as observed experimentally. The ob-
served temperature and hole concentration dependence of the
easy axis suggests that K, > 0.4 For K,>|K_|, the easy axis
points along the *y axis, while for K, <|K_|, it points at an
angle ¢ from the x axis, where cos 2¢p=K,/|K|.

Even though k-p and mean field theory explain the main
anisotropy effects, the interpretation of the observed changes
of the in-plane easy axis with temperature and hole concen-
tration require further theoretical investigations. A complete
microscopic theory that includes the magnetic anisotropy be-
comes even more complicated in the case of ultrafast optical
excitation. As observed experimentally,® the magnetization
responds to the photoexcitation of high energy (~3.1¢eV)
valence band states, which are empty in the ground state and
lie far from the Brillouin zone center, well before carrier or
spin thermalization. In this initial highly nonequilibrium re-
gime, a fully microscopic theory must address both the va-
lence band structure at ~3 eV energies and the coherent and
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nonthermal effects. Here, we address the general magnetic
semiconductor system and include the magnetic anisotropy
effects by using the Fermi sea energy expression [Eq. (5)].
The time-dependent response of the Mn spin S to the non-
linear optical excitation, discussed in the next section,
changes E,(S), which leads to an additional complex nonlin-
ear magnetization dynamics.

III. EQUATIONS OF MOTION

To describe the ultrafast optical and spin response, we
proceed in two steps. In this section, we derive the mean
field equations of motion, while in the next section, we de-
rive the dephasing contributions due to the hole spin-flip
interactions. The components of the density matrix (p) are
obtained from the equations of motion

lé)t<p> = <[p’H(t)]>|HF + lé’t <p>|relax’ (6)

where the last term describes the dephasing and relaxation
contributions. By factorizing all higher density matrices
(Hartree-Fock approximation), which couple due to the
many-body exchange interaction, we obtain a closed system
of equations for the optical polarizations, spins, and carrier
populations and coherences.

We are interested in calculating the macroscopic magne-
tization measured in ultrafast pump-probe magneto-optical
experiments. This is dominated by the contribution of the
average Mn spin

1
S= g/; (S ()

From Eq. (6), we obtain within the mean field approximation
the equation of motion that describes the magnetization dy-
namics,

a,S=s><lH—§Es{1], (8)
VK

where H is a magnetic field. The right hand side (rhs) of the
above equation describes the precession of the Mn spin
around an effective time-dependent magnetic field deter-
mined by H and the mean hole spin

Sﬁ = 2 Snn’<};iknljl—kn’>’ (9)

nn

where s, are the matrix elements of the hole spin operator
s between the valence band eigenstates. Equation (8) corre-
sponds to the Landau—Gilbert picture of magnetization
dynamics*® and conserves the amplitude of S.

The hole spin, populations, and intervalence band coher-

ences are described by the density matrices <ﬁiknhA—kn’>7
whose equations of motion read
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iat<h/\iknl:\l—kn'> = (810(’1’ - Sllin)<ﬁiknljl—kn’>

+ ﬁcz S [Sn’m’</:;iknﬁ—km’>

m

- S:ml<hAikm'hA_kn/>] + E diln(t)<h,\—kn’ékm’>

!
m

- 2 dm’n’(t)<ﬁ—knékm’>*

+i ﬂt<ljliknhA—kl1’>|relaX' (10)

The second line on the rhs of the above equation describes
the change in the hole states due to the exchange interaction.
The third line describes the excitation of hole coherences and
populations by the optical pulse, via second-order Raman
processes. Similarly, we obtain for the electron populations
and coherences,

. AT A : AT A * 7 A
048} rnr) = (85 = BNty + 2 A (O o)
ml

- E dn'm’(t)<h—km’ékn>* +1i &t<é£nékn'>|relar
’
m

(1

The total carrier populations with given momentum Kk,
Ni=2 Gl Ni= 2 hghods  (12)
n n

are not affected by the magnetic exchange interaction, which
within the mean field approximation only changes the spin.
They satisfy equations of motion similar to the Bloch equa-
tions,

INY =21Tm2 d, (Nh_seuionr) = (N = fLITY (13)

nn

and

INy=21m> d, (Whoebyw) - NYTS,  (14)

nn

where T}f and T3 are the spin-independent population relax-
ation times, due to the carrier-carrier and carrier-phonon
scattering processes which thermalize the carrier system. The
hole population relaxes to the thermal distribution ff’(

Using Eq. (9) for the total hole spin, we obtain from Eq.
(10) after some algebra that

st = BeS X st + Im hy (1) + i (K Si1) + 957 et
(15)

The first term on the rhs describes the precession of the hole
spin around the mean field created by the Mn spin. The sec-
ond term describes the photoexcitation of hole spin via
second-order Raman processes, which are determined by the
transition matrix elements (selection rules) and the interband
optical polarizations,
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hk(t) =2 2 d::m/(t)siil’il’<hA—kn’ékn>- (16)

nn'm'

The third term on the rhs of Eq. (15) arises when the valence
band states are not eigenstates of the hole spin: [sﬁ,Kh] #0.
In this case, the hole spin dynamics depends on the valence
band energies and is determined by the individual coherences
[Eq. (10)] between the different valence bands. In III-Mn-V
semiconductors, the hole spin is not conserved due to the
strong spin-orbit interaction. Recalling Eq. (8), we conclude
that the mixing of the hole spin states and the valence band
structure modifies the effective magnetic field experienced
by the Mn spin, as described by the third term on the rhs of
Eq. (15).

The photoexcitation of carrier spin, which triggers the
magnetization dynamics, is governed by the interband opti-
cal polarizations,

Pknn’ = <};—knékn’>’ (17)

determined by the equations of motion

. _/.c v .
l(?thn”I = (gkn’ + &k — w, — l/TZ)Pknn' + ﬁCS . 2 snmPkmn’
m

- dn’n(t)[l - <}Alik11hA—kn> - <é;n’ékn’>]

+ E dn’m<ljlikmhA—kn>+ E dmn<é+kmékn’>

m#n m#n

+i(91‘ Pknn’|relaX' (18)

In the above equation, w, is the pump optical pulse central
frequency and 7, describes the spin-independent contribution
to the polarization dephasing. 7, can be quite short due to the
disorder, which relaxes the momentum conservation by in-
troducing a one-body potential. For weak disorder, this effect
can be treated by introducing a dephasing time comparable
to the momentum scattering time. The second line on the rhs
of the above equation is due to the change of the hole states
induced by the effective magnetic field BcS(z). The third line
describes the Pauli-blocking nonlinearity (phase space
filling),*> while the fourth line describes the contribution of
carrier coherences between the different bands. Finally, the
last line describes the spin-dependent polarization dephasing
due to the hole spin-flip interactions, discussed in the next
section. We note from the above equations that the interband
polarizations, valence band coherences, and hole states de-
pend on the effective magnetic field proportional to S(r).
This spin can deviate significantly from its ground state con-
figuration in the case of strong photoexcitation, which in turn
changes the hole states as compared to the ground state. Such
light-induced deviations from equilibrium increase with pho-
toexcitation intensity and are described nonperturbatively by
solving numerically the above system of coupled equations
without expanding in terms of the optical field.
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IV. HOLE SPIN AND POLARIZATION DEPHASING
A. Lindblad formalism

The equations derived in the previous section do not in-
clude dephasing and relaxation contributions. Within the
semiconductor Bloch equations,40 such effects are treated
phenomenologically by introducing effective dephasing and
relaxation times to the polarization and population equations
of motion. Here, we must also consider the dynamics of the
carrier and Mn spins, which within the mean field approxi-
mation precess around each other while conserving their
magnitudes. In the III-Mn-V system, the hole spin relaxation
is strong, mainly due to the spin-orbit interaction. For ex-
ample, the combination of spin-orbit coupling in the valence
band and disorder-induced scattering between momentum
states, leads to hole spin dephasing and relaxation times of
the order of tens of femtoseconds.*®*° Such times are com-
parable to the hole spin precession period around the Mn
spin and cannot be neglected.

Carrier spin relaxation is often described within the spin-
Bloch equations.*>° However, hole spin relaxation also
leads to interband polarization dephasing, and both effects
must be treated on equal footing for our purposes here. For
this, we use the Lindblad semigroup description of dissipa-
tive quantum dynamics.*> Under the general assumptions of
linear coupling between bath and system operators and Mar-
kovian approximation, as well as density matrix positivity
and semigroup-type time evolution, the relaxation contribu-
tion to the density matrix equation of motion can be ex-
pressed in the form*?

. .
0P rerax=T1 2 [2L), pLicrr) =Ly, Lo P

k'm'
—(pL{,, L], (19)

where I"| is the spin dephasing rate. The Lindblad operators
Ly, must be chosen to describe the relaxation processes at
hand. In our case, the hole spin must relax toward the direc-
tion antiparallel to the Mn spin S(z). As we show below, this
can be achieved by choosing

Lkm = Ijlikmﬂljl—kmﬂ’ (20)

where h{, o (h |) creates a hole with spin parallel (antipar-
allel) to the Mn spin S(z) and the index m labels the different
basis states.

B. Hole spin dephasing and relaxation

First, we derive the hole spin dephasing and relaxation
described by the Lindblad operator [Eq. (20)]. Noting that
the hole spin relaxes to a direction antiparallel to the Mn
spin, it is useful to introduce its components parallel and

perpendicular to the unit vector S,
h h &
Skim = SkmL SSka’ (21)

o _&.oh
where sy, =S-s, and
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st =Sx(s] x8). (22)

As derived in Appendix A, the Lindblad operator [Eq. (20)]
gives the following spin-Bloch equations:

h h
2 SkmL|relax=_ risknzi5 (23)

h / h
9 skm|\|r€lw€ = F\\(Sﬁmn + mkm) > (24)
where I')=21",| is the spin relaxation rate and

mp =N 12— (NE 12)? + (st ) (25)

is the quasiequilibrium hole spin value. m" corresponds to

the maximum spin s,,,, of N* holes, given by the relation
Smax—S o =N"12—(N"/2)2.

C. Spin-dependent polarization dephasing

The hole spin dephasing also dephases the interband op-
tical polarizations. To describe this, it is useful to use the
basis of hole spin eigenstates discussed above and define the
interband electron-hole amplitudes

Pkmna = <ﬁ—kmo'ékn>’ (26)

where o=1,|. Using Egs. (19) and (20), we derive in Ap-
pendix B the following expression for the spin-dependent
polarization dephasing:

arpkmnT | relax

1 S. .
== FL PkmnT|:5 + sﬁmH + ;(1 _Nﬁm) + l(S X Sﬁm)z:|

A

S N
+ Pkmnl|:?(l - Nﬁm) + l(s X sﬁm)—] 5 (27)

atP kmn | | relax

1, S A
== FL Pkmnl|:5 +S{(mH - Ez(l _Nﬁm) - l(S X Sﬁm)z:|

A

S -
+Pkmn{;*<1—Nﬁm>+i<s><sﬁm)+] : (28)

where, for any vector A, A.=A,*iA,. The above dephasing
contribution depends nonlinearly on the photoexcitation, via
the photoexcited hole contribution to the population N* and
spin s" and the light-induced changes in the Mn spin S.
These nonlinearities correspond to excitation-induced
dephasing induced by hole spin-flip correlations.

V. SINGLE BAND APPROXIMATION

The general theory derived in the previous sections may
be used to treat the band structure relevant to the particular
ferromagnetic material of interest. Below, we discuss the
general features of the dynamics, their physical origin, and
their sensitivity to different parameters by extracting from
the general theory a simplified one-band model that captures
the essential physics common in all materials. We therefore
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neglect band structure particularities, such as the nature of
the high energy states far from the Brillouin zone center,
excited by the ~3.1 eV pump of Ref. 35, or impurity bands.
We assume that the magnetization dynamics is mainly trig-
gered by optical transitions between a single valence and
conduction band of spin-T and spin-| states, whose mixing is
described phenomenologically with the Linbdlad approach.
In the basis of carrier spin eigenstates and assuming a single
band, Eq. (3) reduces to

Hy=—d,> é, il —d 2 el +He.,  (29)
k k

where d.(f)=u-E(r). The Rabi energy d, describes the cou-
pling of the right-circularly polarized component of the op-
tical field, while d_ describes the coupling of the left-
circularly polarized component. The corresponding interband
transition matrix elements w. depend on the band structure
and the admixture of spin T and spin | in the band states that
mostly contribute to Eq. (3) for the energies of interest. De-
noting

Py, = <ﬁ—kaék1>, Pyy= <I’Al—k0'ékT> (30)
and using Egs. (27) and (28) and the results of Sec. III, we
obtain the following coupled equations of motion for the
interband optical polarizations:

i0,Py, — (e + APy — A Py == d (0(1 - nf = nyy),
(31

i0,Py| = (O = AP — A Py =d,(Dsy, + d_(Dsy,.,
(32)

i0,Py| — (O = A )Py — Ay Py =—d_(0)(1 —nfy — i),
(33)

i0,Py; = (e + APy, — APy =d_(Dsy_+d,(1)s;,_,
(34)

where
v c . 1 1 h
Qp=gy+e,—w,—1i F2+FL 2% Sk (35)

gives the Mn spin-independent contribution, and

A

S .
A= E[BCS— i (1-N)]+T S X s (36)

the Mn spin-dependent contribution to the e-h pair energy
and dephasing. Ay also determines the coupling between the
interband polarizations, due to the mixing of the hole spins
by the magnetic exchange interaction and the dephasing. The
above e-h pair energies depend on the light-induced devia-
tions of the Mn and hole spins from their ground state con-
figurations and on the photoexcited hole populations, which
give nonlinear contributions to the optical polarization. The
rhs of Egs. (31) and (33) describes the Pauli-blocking non-
linearities (phase space filling),*® while the rhs of Egs. (32)
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and (34) describes the contribution of carrier spin coher-
ences, ground state or photoexcited. The above polarization
equations of motion treat the effects of the mixing of the
spin-T and spin-| states by spin-orbit or other spin-flip inter-
actions by using Egs. (27) and (28).

Finally, we turn to the equations of motion for the carrier
spins. The hole spin dynamics is described by Eq. (15).
Within the one-band approximation, the mixing of the spin-{
and spin-| hole states leads to the spin dephasing derived in
Appendix A. The second term on the rhs of Eq. (15) de-
scribes the photoexcitation of hole spin as determined by the
interband polarizations and hy(7) [Eq. (16)]. In the basis of
hole spin eigenstates considered in this section,

by (1) = d (1) Py (1) + d” (1) Py (0)
by, (1) = = ild, (1)) Py (1) = " (1) Py (1)],

hy (1) =d (1) Py, () — d" () P (0). (37)

The above equation describes a second-order nonlinear opti-
cal process where the excitation of a spin-| hole-spin-| elec-
tron pair is followed by the deexcitation of a spin-T hole-
spin-| electron pair. This second-order (Raman) process is
induced by the right-circularly polarized component of the
optical field, while the left-circularly polarized component
induces an analogous process involving the electron spin-T
states. The above process requires a nonzero polarization
Py |- This is possible, on the one hand, due to the coupling of
the spin-1 and spin-| hole states [and hence Py, with Py,
third term on the left hand side of Eq. (32)] described by A,
due to the magnetic exchange interaction and the hole spin
dephasing processes (e.g., spin orbit) and, on the other hand,
due to the presence of spin-T-spin-| hole spin coherence in
the ground state. Finally, Eq. (37) describes the photoexcita-
tion of spin-polarized hole populations and a hole spin z
component via the excitation and subsequent deexcitation of
a spin-1 hole and spin-| electron pair (right-circularly polar-
ized component) or a spin-| hole and spin-T electron pair
(left-circularly polarized component). The above coherent
nonlinear effects occur during the optical pulse and do not
require the absorption of light. They can also be induced by
photoexciting the system below resonance, in the transpar-
ency regime, provided that the photoexcitation intensity is
sufficiently high to achieve an observable effect. Such
below-resonance photoexcitation is advantageous since un-
desirable effects such as transient heating can be suppressed
and thus the speed of a possible device can be maximized.
The equation of motion for the electron spin has a form
similar to Eq. (15),

(0, + I'))sp =Im hy (¢), (38)

where 1" is the electron spin dephasing rate and hy_describes
the photoexcitation of conduction electron spin,

hi () =d (1) Py (1) + d, () Py, (1),

(0 =ild ()P (D) = d" () P (1],
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k() == [d (P, (0) - d" (1) Py (1)]. (39)

In the next section, we calculate the Mn spin dynamics by
solving the above system of coupled equations nonperturba-
tively, which allows us to treat large deviations of the Mn
spin from its ground state configuration induced by strong
photoexcitation.

VI. NUMERICAL RESULTS

Within the mean field approximation, light-induced Mn
spin dynamics is triggered initially by the photoexcitation of
a hole spin component perpendicular to the ground state Mn
spin. In the simple one-band approximation, the magnitude
of such a spin component is determined by the ratio d,/d_
between the Rabi energies that describe the coupling of the
right- and left-circularly polarized components of the optical
field. This ratio is determined by the selection rules and the
nature of the bands that contribute to the magnetization dy-
namics. Within our simplified one-band model, d,/d_ also

regime 1

éregimé?vf -

reg|m63

0.4+

regime3

i -15

FIG. 1. (Color online) Mn spin trajectories without magnetic
anisotropy in the three regimes of spin and polarization dephasing
discussed in the text for three pulse durations 7, and two different
Rabi energies: (a) d,.(0)=20 meV and (b) d,(0)=60 meV. Thick
circled line, T,= 100 fs; dashed line, Tp=250 fs; thin solid line, T
=500 fs.
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FIG. 2. (Color online) Mn spin components without magnetic anisotropy for pulse durations and Rabi energies as in Fig. 1. 1/T"|

=21 fs and T,=10.5 fs. Dashed line, S,(7); dotted line, S, ().

reflects the magnetic anisotropy of the system due to the
band structure. In the absence of a complete theoretical un-
derstanding of such band structure effects, especially for the
high energy (~3.1 eV) transitions observed experimentally
to trigger ultrafast magnetization dynamics in Ga(Mn)As,%
we consider here the extreme case of d_=0, which corre-
sponds to right-circularly polarized light. For all the calcula-
tions presented in this paper, we consider a magnetic ex-
change energy BcS=125 meV comparable to the Fermi
energy Er=100 meV, fraction of initial holes 0.33 of the Mn
impurities, a hole mass m;,=7.15m,, and a carrier thermali-
zation time 7;=165 fs. Our results are not very sensitive to
the above parameters, with the exception of the exchange
interaction S that changes the magnitude of the effect. To
make the connection between the calculated quantities and
the experiment, we note that ultrafast magneto-optical pump-
probe spectroscopy can be used to deduce the time evolution

of the z component of the magnetization, ~S,().”%

We start with our results in the absence of magnetic an-
isotropy. Figure 1 shows the light-induced time evolution of
the Mn spin and its dependence on the hole spin and polar-
ization dephasing, the Rabi energy, and the optical pulse du-
ration. By comparing three different dephasing regimes in
Fig. 1, one can see that the shape of the Mn spin trajectory
depends sensitively on the hole spin and polarization dephas-
ing. Regime 1 corresponds to very short dephasing times,
1/T", =21 fs and T,=10.5 fs, which are typical in III(Mn)V
semiconductors.*® Regime 2 corresponds to 7,=330 fs with
very short hole spin dephasing 1/1"| =21 fs. Finally, regime
3 neglects the spin dephasing altogether, I" | =0, 7,=330 fs,
which assumes that the hole spin is a good quantum number.
As can be seen in Fig. 1, the dephasing changes qualitatively
the shape of the Mn spin trajectory, from the precession
within the x-y plane expected in the absence of magnetic
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FIG. 3. (Color online) Time evolution of Mn spin components for the parameters of Fig. 2 except for I' | =0 and 7,=330 fs.

anisotropy to a complex magnetization tilt out of the x-y
plane, in the direction of pulse propagation. The magnitude
of this out-of-plane tilt and the Mn spin z component are
enhanced by increasing I' | or the pulse duration 7, and by
the short 7. Furthermore, the Mn spin component within the
x-y plane rotates in a clockwise direction, opposite to the
counterclockwise direction expected for an effective mag-
netic field along the +z axis of pulse propagation. For right-
circular polarization, the latter is the expected direction of
the photoexcited hole spin in the absence of magnetic ex-
change interaction or spin dephasing. However, our numeri-
cal results show that the photoexcited hole spin z component
is, in fact, negative, due to the magnetic exchange interaction
and the mixing of the hole spin states. The dependence of the
trajectories in Fig. 1 on the pulse duration shows that the
light-induced Mn spin dynamics terminates soon after the
end the photoexcitation, as expected in the absence of mag-
netic anisotropy. Furthermore, the magnitude of the Mn spin

tilt increases with photoexcitation intensity. The spin dynam-
ics of Fig. 1 describes the fundamental response of the spin
system to the optical excitation within the mean field ap-
proximation.

The Mn spin response is seen more clearly in Fig. 2,
which shows the development with time of the y and z com-
ponents of S. Both of these components vanish in the ground
state. They develop on a time scale determined by the pulse
duration and have comparable magnitudes for sufficiently
large I' | . The importance of the hole spin dephasing can be
seen by comparing Fig. 2, obtained for very short spin and
polarization dephasing times, with Fig. 3, obtained for I' |
=0. The most striking difference is the very small magnitude
of the out-of-plane component S.(f) when the hole spin is
conserved (I' | =0). The hole spin follows the overall Mn
spin and remains more or less antiparallel to S(z) at all times,
with the exception of a small component perpendicular to S
that triggers the spin dynamics.
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FIG. 4. (Color online) Magnetic anisotropy effects on the Mn spin components for strong dephasing 1/T" | =21 fs, T,=10.5 fs, pulse
duration #,=500 fs, and two Rabi energies. Solid line, S,(¢); dashed line, S,(7); dotted line, S_(#). (a) and (b) compare the time evolution for
the initial condition along the two easy axes, taken as the x axis. K,=-0.0175 meV, K,,=0.0252 meV, and K,,=0.010 meV.

We now turn to the effects of the magnetic anisotropy on
the spin dynamics. As discussed above, the magnetic aniso-
tropy of the thermal carriers leads to preferred Mn spin di-
rections that minimize the total Fermi sea energy E,(S) [Eq.
(5)]. Tts effects on the Mn spin dynamics can be treated phe-
nomenologically by adding the magnetic field

&Eh(s)
a8

H(r)=- (40)

to Eq. (8)°>°! Such an anisotropy field causes a nonlinear
rotation and relaxation of the Mn spin until it aligns with the

easy axis direction that minimizes E,(S), so that H=0. We
would like to distinguish between the above effect, due to the
thermal carriers, and the anisotropy effects on the photoex-
citation. The latter can be treated microscopically, as dis-
cussed in Sec. III, and can determine the photoexcited hole
spin [see, e.g., Eq. (15)].

In Ga(Mn)As, K,<0, K,>0, and |K |>K,.***" In this
parameter regime, there are two degenerate ground states,
which correspond to Mn spin pointing at angles ¢ from the x
axis such that cos 2¢=K,/|K,|. The system can be prepared
so that, prior to the photoexcitation, the Mn spin points along
either one of the above two easy axes. In the absence of
magnetic anisotropy, both these initial conditions would re-
sult in the same Mn spin trajectory. Figures 4(a) and 4(b)
compare the three Mn spin components as a function of time,
starting with Mn spin pointing along the two different

ground state configurations. To make this comparison more
meaningful, in both cases, we chose the x axis of the coor-
dinate system to coincide with the initial magnetization di-
rection. Figure 4 clearly shows that, as the Rabi energy in-
creases, the two initial conditions lead to a different time
evolution, which implies that the two magnetic ground states
can be distinguished. As can be seen by comparing Fig. 4
with Fig. 5, the Mn spin dynamics depends on the hole spin
dephasing, especially as the photoexcitation intensity in-
creases.

The dependence of the Mn spin dynamics on the initial
magnetic state becomes more clear in Figs. 6 and 7, which
plot the Mn spin trajectories for the two initial conditions in
the same coordinate system, whose x axis coincides with the
initial magnetizations. Two different temporal regimes can
be clearly distinguished. The first regime lasts for a time
interval comparable to the pulse duration. Here, the dynam-
ics is governed by the optical pulse intensity, duration, and
helicity, as well as by the ratio w,/u_ and the mixing of the
hole spin states that depend on the magnetic anisotropy. On
the other hand, the magnetic anisotropy field [Eq. (40)], due
to the thermal carriers, plays a very minor role in this initial
temporal regime for sufficiently large Rabi energies that ex-
ceed the anisotropy constants. The trajectories for the differ-
ent initial conditions coincide in this subpicosecond regime,
which gives an ultrafast magnetization tilt determined by the
response to the hole spin photoexcited by the coherent spin
Raman processes described by Egs. (15) and (37). As can be
seen by comparing Figs. 6 and 7, the shape of the Mn spin
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FIG. 5. (Color online) Time evolution of Mn spin components for the parameters of Fig. 4 except for I' | =0 and 7,=330 fs.

trajectories is strongly influenced by the spin and polariza-
tion dephasing.

Figures 6 and 7 show a rather abrupt change in the Mn
spin trajectory at times 7~ 7,. At later times, the temporal
evolution is determined by the magnetic anisotropy field
[Eq. (40)]. The shape of the trajectory during many picosec-
onds depends critically on the magnetization tilt that devel-
ops during the femtosecond initial stage. If this tilt is suffi-
ciently small, the Mn spin dynamics is described by
linearized equations of motion, expanded around the equilib-
rium spin values that minimize the Fermi sea magnetic en-
ergy E;(S). This harmonic oscillation corresponds to zero-
momentum magnon excitations, whose frequency is the
same for the two easy axes. Since the magnitude of the mag-
netization tilt can be controlled by the optical pulse intensity
and duration, we conclude that for sufficiently short pulses
and sufficiently small Rabi energies, d,7,<1, the Mn spin
trajectories are very similar for both initial conditions. They
correspond to magnetization precession around the easy axis
(magnons). However, with increasing photoexcitation inten-
sity and duration, the deviation from the easy axis due to the
subpicosecond magnetization tilt increases, and eventually
the Mn spin dynamics cannot be described by expanding
E,(S) around its minimum. Such nonlinearities result in a
complex trajectory, determined by the full nonlinear equa-
tions [Egs. (8) and (40)], which can differ substantially from
a simple magnon precession. As demonstrated by Figs. 6 and
7, in this nonlinear dynamics regime, the Mn spin trajectories
depend on the initial condition. One can then distinguish
between the different magnetic states, which can provide the

basis for an ultrafast magnetic memory readout scheme with
speed limited only by the optical pulse duration. Such a
scheme would be based on controlling the ultrafast response
of the spin system via the optical pulse intensity, duration,
and helicity. Furthermore, the strong dependence of the tra-
jectory shape on the spin dephasing implies that the valence
band structure and mixing of the hole spin states by the
spin-orbit interaction plays an important role. In the next
section, we interpret our numerical results by deriving from
the full theory an effective Landau—Gilbert-like equation for
the Mn spin after expanding around the adiabatic limit.

VIL. INTERPRETATION: LIGHT-INDUCED RELAXATION
AND REORIENTATION

The numerical solution of the full mean field equations,
discussed in the previous section, shows that the hole spin
follows the Mn spin more or less adiabatically. This is due to
the much faster hole spin precession and relaxation as com-
pared to the time-dependent changes in S(7). To interpret the
full numerical results, we therefore expand around the adia-
batic limit. The derivation presented in Appendix C then
gives a Landau—Gilbert-like*® equation

38 =(1-ys"S X H+ as!'S X (S X H) - aS X h(1) - /8
X [S X h(#)], (41)

where the effective magnetic fields h [Eq. (37)],
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FIG. 6. (Color online) Mn spin trajectories with the initial con-
dition along the two different easy axes (I and II) for the parameters
of Fig. 4. (a) d,=40 meV and (b) d,=60 meV.

h() = ‘1,2 Im hy (1), (42)
k

and H [Eq. (40)] are due to the optical excitation and mag-
netic anisotropy, respectively. In the above equation,

_ B(BcS+ Bsi| + Hy)
7T (BeS+ B+ HYP + T2

(43)

where H=H- S, while

B I'.B
a= n 2 .12
(ﬂCS'i'ﬂSH +HH) +FJ_

(44)

The first two terms on the rhs of Eq. (41) correspond to the
usual Landau—Gilbert description of the Mn spin dynamics
induced by the magnetic anisotropy field H. They are similar
to the results of Refs. 50, 52, and 53 and also include non-
linear corrections. The first term on the rhs describes the Mn
spin rotation around the anisotropy field H. y [Eq. (43)]
gives the renormalization of the gyromagnetic ratio by the
magnetic exchange interaction. The second term describes
the Gilbert relaxation of the Mn spin toward the direction of
H, with Gilbert damping coefficient «« [Eq. (44)]. The pre-
cise values of y and «a in the realistic system depend on the

PHYSICAL REVIEW B 77, 085321 (2008)
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FIG. 7. (Color online) Mn spin trajectories for the same param-
eters as in Fig. 6 except for I' | =0 and 7,=330 fs.

details of the valence band structure. The relaxation of the
hole spin component parallel to S(7), sﬁ’, depends on the two
fields h(z) (nonlinear optical excitation) and H(r) (magnetic
anisotropy), as described in Appendix D.

The nonlinear optical excitation gives rise to two addi-
tional contributions to the Mn spin equation of motion [Eq.
(41)]. These contributions describe the response of the mag-
netization to the effective magnetic field pulse h(r), which is
generated by the optical excitation via second-order pro-
cesses. The third term on the rhs of Eq. (41) describes a Mn
spin rotation around h(z), whose magnitude is proportional to
the Gilbert damping coefficient a [Eq. (44)] and therefore
vanishes if I' | =0 (hole spin conserved). The last term de-
scribes a spin relaxation toward h(r), determined by the ex-
change interaction. The above light-induced rotation and re-
laxation vanish after the decay of the optical pulse and e-h
polarizations.

Equation (41) predicts an extremely fast response of the
spin system, determined by the effective magnetic field pulse
h(r), whose speed is limited only by the pulse duration. This
result points to a new way of controlling the magnetization
during femtosecond time scales, much shorter than those ac-
complished so far. The last two terms on the rhs of Eq. (41)
demonstrate an ultrafast modification of the effective mag-
netic field H. Equation (41) therefore predicts two regimes of
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FIG. 8. (Color online) Light-induced effective magnetic field components for pulse durations and Rabi energies as in Fig. 1. 1/
=21 fs and T,=10.5 fs. Solid line, h,(7); dashed line, h,(7); dotted line, h.(¢).

time evolution, which can be separated due to their very
different time scales. The initial temporal regime is con-
trolled by the pulsed field h(z) and vanishes soon after the
optical excitation. The second temporal regime is controlled
by the anisotropy field H(z) [Eq. (40)], due to the thermal
Fermi sea, which depends nonlinearly on S(z).

We now turn to the effective light-induced magnetic field
pulse h(z). As can be seen from Eq. (41), in order to trigger
magnetization dynamics, h(¢) must have a component per-
pendicular to the ground state Mn spin and the easy axis. The
direction of h(z) is determined by the optical transition selec-
tion rules and by the interband polarizations. Figures 8 and 9
show the three components h,(#), h(z), and h.(¢) in the case
of strong spin dephasing (Fig. 8) or uncoupled hole spin
states (Fig. 9). It is clear by comparing the two figures that
the direction of h(z), which governs the Mn spin trajectory,
depends on the dephasing. The mostly striking effect of I" | is

the development, on the time scale of the optical excitation,
of a large component h, in the direction of optical pulse
propagation. This component is strongly suppressed in the
case of weak dephasing. As can be seen from Eq. (41), h,
rotates the Mn spin within the x-y plane, in a counterclock-
wise direction, and leads to spin relaxation toward the posi-
tive z axis, i.e., to a magnetization tilt out of the x-y plane.
On the other hand, for I' | =0, the Gilbert damping coeffi-
cient vanishes, @=0, which suppresses the light-induced Mn
spin rotation. The only effect of the photoexcitation is then
the relaxation described by the last term of Eq. (41), which
causes the Mn spin to relax toward the negative y axis (coun-
terclockwise rotation within the x-y plane) since h,~0 in
this case. The above trends are consistent with the full nu-
merical calculation of the mean field equations discussed in
the previous section. In Appendix E, we derive an equation
of motion for h(z) that demonstrates its dependence on the
optical transition selection rules, the hole spin polarization,
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FIG. 9. (Color online) Same as Fig.

the magnetic exchange interaction, and the hole spin dephas-
ing.

VIII. CONCLUSIONS

In conclusion, we presented a theory of nonlinear spin
dynamics in ferromagnetic semiconductors and demonstrated
the main effects common in all such systems by considering
a single spin-degenerate electron and hole band. Our main
result of relevance to experiments is the existence of two
different temporal regimes of magnetization dynamics. The
initial regime lasts for time scales comparable to the optical
pulse duration. It is governed by magnetization precession
and relaxation around an effective magnetic field pulse gen-
erated by the optical excitation via second-order coherent
nonlinear processes. The second temporal regime is gov-
erned by the magnetic anisotropy due to the thermal carriers.
We showed that the shape of the magnetization trajectory

8 but with I', =0 and 7,=330 fs.

depends sensitively on the hole spin dephasing, the magnetic
easy axes, the transition matrix elements, and the optical
pulse intensity, duration, and helicity. The latter determine
the magnitude and direction of the ultrafast magnetization tilt
from the magnetic easy axis in response to the photoexcita-
tion of hole spin, which in turn determines the importance of
nonlinear magnetic effects during many picoseconds. To in-
terpret our numerical results, we derived an effective
Landau—-Gilbert-like equation of motion. This equation
shows that an effective magnetic field pulse, generated by the
interband optical polarizations via a Raman-like process,
triggers precession and relaxation during femtosecond time
scales. This magnetic field pulse may be thought of as an
ultrafast correction to the anisotropy field. The picture of
ultrafast magnetization dynamics conveyed by our results
and, in particular, the existence of two temporal regimes is
consistent with the recent experimental observation of a
light-induced modification of the magnetic anisotropy field
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in Ga(Mn)As during femtosecond time scales, induced by
nonthermal high energy carriers.>> A more detailed compari-
son between theory and experiment must be performed in the
future. Our calculations point out the need for further experi-
ments in order to explore the control of the magnetization
trajectory by changing the optical excitation intensity, dura-
tion, central frequency, and helicity. For a complete under-
standing of the magnetization dynamics in ferromagnetic
semiconductors, the role of fluctuations and carrier-spin
correlations,>* the band structure, and disorder must also be
considered.
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APPENDIX A

In this appendix, we derive the relaxation and dephasing
contributions to the hole spin equations of motion. The hole
spin is expressed in the basis of hole spin eigenstates as

| PV PURY
Stne = 5 Lot} = Blgphan )l (A1)

h h - P 7
Skm+ = Skmx T lskmy = <hjkah—kml>' (AZ)

From Egs. (19) and (20), we obtain for the corresponding
hole density matrices after using straightforward algebra and

the property h2=0,

A oA I, . A
&l <h]_kmﬂh—kmﬂ>|relux == ?l<hikmllh—kmﬂ> . (A3)

By choosing the z axis parallel to the Mn spin and noting the
expression [Eq. (A2)], we obtain Eq. (23) that describes the
dephasing of the hole spin component sﬁm | perpendicular to
the Mn spin. Similarly, we obtain from Egs. (19) and (20)

9 <h-l—-kmﬂh—kmu>|r€lax ==0, <hikmﬂh—kmﬂ>|relax
= (A uphsont)

- <hikmﬂhikmuh—kmuh—kmﬂﬂ s

(Ad)
which conserve the total hole population
Nﬁm = <ﬁikmuﬁ—kmﬂ> + <};-I—-kmﬂ]:i—kmﬂ> . (AS)
Using the factorization
(RiR3hsha) = (hiha)(hihs) = (i) R3hs) — (A6)
and the relation [obtained from Eqgs. (A1) and (A5)]
(M omoP ) = Nid 2+ 01 (A7)

where o= * 1, we obtain Eq. (24) for the hole spin relax-
ation.
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APPENDIX B

In this appendix, we derive the polarization dephasing
3, Ponol reiax by using Eqgs. (19) and (19). After straightfor-

ward algebra and using the properties L;f(mfzkm(,Lksz, h?
=0, we obtain after noting that the terms in the summation of
Eq. (19) vanish unless (k'm’)=(km),

PP
&tpkmn0|relax == 7<hikmﬂh—kmﬂh—kma'ekn>

r, . .
- ?(h—kmo'eknh—kmuhikmlo‘ (B 1 )

We now note the relation between the hole operators with
spin along the z axis of pulse propagation or along the Mn
spin direction,

~ . 0~ . 0~
Byt = €92 cos Ehka +e 2 gin Ehkrnl’ (B2)

hAkmU == ei¢/2

0 . 0
sin ~hy, + €% cos ~hy,,,  (B3)
2 2
where 6(¢) and ¢(r) are the polar coordinates that define the
direction of the Mn spin S(z) and the operators ﬁka and hy, !
create hole states with spin along the z axis. Using Egs. (B2)
and (B3), the property h?=0, and the relations S*/S
=¢'® gin 0,S./S=cos 6, we obtain from Eq. (Bl) after
straightforward algebra
1-S8
2

athmnT|relax == FL|: <hikmih—kmlh—kaéknl>

S
+ E<hjkah—kmLh—kaekni>:|

1+S./S . oA R
- FJ_ [ T~<h—knﬁeknih—kmlhikml>

S_

- g@—kméknlﬁ—kmﬁikm)} (B4)
and

1+S,/S
2

alPkmnl|relax == FL |: <hikah—kah—kmLéknl>
S+ i 7 7 N
+ £<h—kmLh—knﬁh—kmleknﬁ:|
1-SJS « . .
- [ T(h—kmieknih—kahjkmO
S, ~
—§<h—km€kmh—kmh-km> . (B5)

We now factorize the higher density matrices in the above
equations as follows:

(hhyhsé) = (hihy)(haé) = (hihs)(hyé), (B6)
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(hséhyhly = (hse)iohi) — (hyé)(hsh}). (B7)
We thus obtain that
1-S.S
2

h h
&thmnT|relax == FL{ (nkmlPkmnT - Skm—Pkmnl)

S_ h
+ s (Skm+ Promnt = Mgt Prcomn,)

1+S,/§
2

h h
+ [PkmnT(l - nliml) + Pkmnlskm—]

S_
+ Z_S[s£m+PkmnT + Pkmni(l - nﬁmT)]} (BS)

and

1+S,/§
2

h h
athan|relux == FJ.{ (nlimTPkmnl - Skm+PkmnT)

S, h
+ g(skm—Pkmnl - nkmlPkmnT)

1-S./8
2

h h
[Pkmni(l - nka) + PkmnTSkm+]

S h h
+ Z;[S{(m—Pkmnl + PkmnT(1 - n{(mi)]} 5
(B9)

where ny,,, are the spin-polarized hole populations. After
expressing the latter by using Eq. (A7), we obtain after some
algebra the polarization dephasing contributions [Egs. (27)
and (28)].

APPENDIX C

In this appendix, we derive an effective equation of mo-
tion for the Mn spin by expanding around the adiabatic limit.
First, we use the hole spin decomposition [Eq. (21)] into a
component parallel S(7) (sﬁ”) and a component perpendicular
to S(¢) (sy , ). The unadiabatic contribution s | is responsible
for triggering the Mn spin precession. After substituting Eq.
(21) into Eq. (15) and noting that the Mn spin magnitude S
remains constant in time, we obtain

ast = BeS X sy | +Imhy(r) — sﬁuﬁté
—S[a,spy+Ty(sty +mp)] =T st (C1)

By projecting out the components parallel and perpendicular

to S and using the relations S-4,8=4,5>/2=0 and st -S=0,
we obtain that

gt +Ty(st +ml) =Im by () +s) - 98 (C2)
and
gse | =BcSXsp +Imhyg, —T st —s 8.
(C3)

We now focus on the perpendicular component s’i. We note
from Eq. (8) that the motion of S(z) is characterized by a
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precession frequency w determined by the field H and the
mean hole spin Bshl,
&S =w X é,

w:ﬂs}i —H, (C4)

where

s'= 12 sy (C5)
Vik
is the mean hole spin. In III-Mn-V semiconductors, this pre-
cession is much slower than the motion of the hole spin s/i,
which is characterized by the precession energy BcS and the
relaxation rate I',. When considering the slower Mn spin
dynamics, we can then substitute s}i by its steady state value
in the frame of reference that rotates with the Mn spin and

§(t). The rate of change of any vector A as seen by an ob-

server in the rotating frame, J,A[,,, is related to the corre-
sponding rate of change in the inertial frame, J,A, by

A= A+ o XA. (Co6)
We thus obtain in the case of the hole spin
as" = 98" |, —H X s" . (c7)

Projecting in the direction perpendicular to the Mn spin us-
ing Eq. (22), we obtain that

h
, s|T XS
atsﬁLh = &tsli|mt,L + HHLT’ (C8)
where we used the vector property
AX(BXC)=(A-C)B-(A-B)C. (C9)

The rotating frame approximation corresponds to neglecting

arS}Hrot,J.-

To obtain an effective equation of motion for the Mn spin,
we use Eq. (8) for s’i XS to eliminate the hole spin s}i,
defined by Eqgs. (C5) and (22), from Eq. (C3),

SxdS+SxHXS)
5 .

By summing Eq. (C3) over all momenta, we thus obtain
within the rotating frame approximation after using the defi-
nition [Eq. (42)] that

s"=Sx (s" x§)= (C10)

(BeS + B! +H,)3S = (BcS+H)S X H+ S X (h X §)

+T,S X (S X H-4S). (C11)

The above nonlinear equation of motion is governed by the
magnetic field H, the effective magnetic field h determined
by the interband e-h polarizations, and the hole spin relax-
ation (T')) and dephasing (T",) rates. Equation (C11) can be
transformed into an effective time-dependent Landau-
Gilbert-like equation of motion by taking the cross product

of both sides with S and using the vector property [Eq. (C9)]
and the property S-49,S=0,
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(BeS + Bsl + H))3,S X S = (BeS+H)S X (H X §) + ph X S

+T SXH-T,48. (C12)

Substituting the above expression into Eq. (C11), we obtain
Eq. (41).

APPENDIX D

In this appendix, we derive the relaxation of the hole spin
component sﬁ' parallel to the Mn spin S(¢), determined by Eq.
(C2). We eliminate s" from Eq. (C2) by using the property
shl-&t§=H-&,§/ [, obtained after using the properties (S
X d8)-38=0, S-98=49,5>=0, and some algebra. We also
eliminate 4,8 from Eq. (C2) by projecting both sides of Eq.
(41) with H and using the vector property A-(BXC)
=B-(CXA) and the relations H>=H{+H’ and h-H=hH,
+h,-H,. By summing both sides of Eq. (C2) over all mo-
menta, we finally obtain the equation of motion

I‘LHZL +BH,-h,

s

(BeS+ B+ H)?> + T2
FL(H X h)” - (BCS+ H”)HL . hL

=h (BcS + Bs!+ Hy)* + T2 - 0

(9tS|l‘1 + F”(Sl]r + mh) +

APPENDIX E

In this appendix, we derive the equation of motion that
determines the time evolution of the effective magnetic field
pulse h(t):é'(t)ﬁ(t) that governs the initial femtosecond
magnetization reorientation and relaxation. Using the equa-
tions of motion of the interband polarizations [Egs. (31),
(32), (34), and (33)], we obtain the equation of motion
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Aypy

iatﬁk = Qkﬁk + éAk X ﬁk + + S(I)Sk, (El)

where (), and Ay were defined by Egs. (35) and (36),

pi() = e, Py (1) + " Py (1) (E2)
satisfies the equation of motion
Ag-h
i0,pic= Qupic+ —5— = EON, (E3)
where
Nie= (s + [P = (Vi + N2
= (= P (s, = s (E4)
and

Siex = ([l + [P + i€ = [P sty + 2 Re(uypn”)si,

+ 2 Im(M+/"’f)sl¢;y3

Sty = (s + [Pty — il = [P sy, + 2 Re(p sy,

-2 Im(ﬂ+/“f)slix,

S == (> = [ P = (Vg + Np)/2]

+ (e + [P (i, = si)- (ES)

We note from the above equations that, in the absence of spin
polarization in the ground state, S=s"=s°=0, h(¢) points
along the z direction of optical field propagation. On the
other hand, in the presence of spin-polarized holes in the
ground state as in ferromagnetic semiconductors, h develops
additional components determined by s”, the Mn spin and
exchange interaction Ay, and by the magnetic anisotropy.
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