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Abstract. We present a dynamical model that reproduces the observed time evolution of the magnetization
in diluted magnetic semiconductor films after weak laser excitation. Based on a many-particle expansion
of the exact p—d exchange interaction, our approach goes beyond the usual mean-field approximation.
Numerical results demonstrate that the hole spin relaxation plays a crucial role for explaining the ultrafast
demagnetization processes observed experimentally. The influence of the laser power on the magnetization

dynamics is also investigated.

PACS. 78.20.Ls Magnetooptical effects — 78.30.Fs III-V and II-VI semiconductors

1 Introduction

Ultrafast light-induced magnetization dynamics in ferro-
magnetic films and in diluted magnetic semiconductor
(DMS) nanostructures is today a very active area of re-
search. From the observation of the ultrafast dynamics of
the spin magnetization in nickel films [1] and the analo-
gous processes in ferromagnetic semiconductors [2], special
interest has been devoted to the development of dynamical
models able to mimic the time evolution of the magneti-
zation on both short and long time scales. In III-V ferro-
magnetic semiconductors such as GaMnAs and InMnAs a
small concentration of Mn ions is randomly substituted to
cation sites so that the Mn—Mn spin coupling is mediated
by the hole-ion p—d exchange interaction, allowing the gen-
eration of a ferromagnetic state with a Curie temperature
of the order of 50 K [3]. The magnetism can therefore be
efficiently modified by controlling the hole density through
doping or by excitation of electron-hole pairs with a laser
pulse.

ITI-Mn-V ferromagnetic semiconductors offer the ad-
vantage of providing a clear distinction between localized
Mn impurities and itinerant valence-band hole spins, thus
allowing the basic assumptions of the Zener theory to be
satisfied [4]. Based on this hypothesis, a few mean-field
models have been successfully applied for modelling the
ground properties of DMS nanostructures. Ultrafast de-
magnetization in DMS is a phenomenon where the p—d
exchange interaction cause a flow of spin polarization and
energy from the Mn impurities to the holes, which is subse-
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quently converted to orbital momentum and thermalized
through spin-orbit and hole-hole interactions [5]. Since en-
ergy and spin polarization transfer is a many-particle ef-
fect, the mean-field Zener approach cannot provide a satis-
fying explanation of the ultrafast demagnetization regime
that has been observed in DMS films [6,7]. A phenomeno-
logical approach able to take into account this energy flux
was given in [1] where a model based on three tempera-
tures was derived.

In this paper we derive a dynamical model based on the
Green’s function formalism and a many-particle expansion
of the exact p—d exchange interaction via Feynman’s di-
agrams. Our approach extends the Zener model beyond
the usual mean-field approximation. In agreement with
recent experimental results [7] our simulations show that,
depending on the initial lattice temperature and the laser
power, a decrease of a few percent of the total magneti-
zation in a picosecond time scale is observed. Finally we
present numerical results which highlight the crucial role
played by the hole spin relaxation time due to the spin-
orbit interaction in the demagnetization processes.

2 Time evolution model

We model the DMS film as a system consisting of heavy
holes (with density N") and Mn ions (with density N
and spin SM = 5/2) strongly coupled by spin-spin in-
teraction. We denote with a;5 (ar,s) and bf . (by.m)
the creation (annihilation) operators of a hole with spin
projection s and quasi-momentum k£ and an ion with
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spin projection m and spatial position R, respectively.
The time evolution of the system is governed by the
Hamiltonian

H = E Ek,sa;sak,s +de~
k,s

In the parabolic band approximation the kinetic energy of
27,2

the holes reads €y s = Eh — gn’f where E" is the valence

band edge. The Kondo-like exchange interaction H,q is

given by

”d_vz(

V=17

N
mak/ /ak,s> Y ik =k Ry

m’;m Os’ s

where the sum is extended over all indices, v is the p—d
coupling constant, V' is the volume of the system, and o,
J are the spin matrices related to the holes and to the
ions respectively.

In this section we give a detailed derivation of the time
evolution equations for the hole mean magnetization. The
Mn ions system can be treated in a similar way. We define
the hole Green’s functions as

; <W ‘T {ak,s(t)al’,sl (tl)} ’ W>

h N —
gk,s,k ,S (t,t ) - A <Q7|W>

» (D)

where ¥ denotes the many-particle wavefunction contain-
ing both the holes and ions degrees of freedom. To com-
pact notations hereafter we will use the collective indices

= (k,s) and m = (n,m). We introduce new time vari-
ables T = (¢ +t)/2 and 7 =t — ¢’ and we derive the time
evolution Dyson equation for the hole density matrix. In
the limit 7 — 0~ we obtain
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where X' is the hole self-energy term generated by the
exchange interaction. In the above expression, the super-
script 7 (a) denotes retarded (advanced). To derive equa-
tion (2) the Langreth theorem has been used [9]. We have
applied our dynamical model to a semiconductor thin film
with a thickness of the order of one hundred nanometers.
In the limit of wide DMS films, we can assume that the
Hamiltonian of the system is both time and space invari-
ant. Furthermore the evolution system can be consider-
ably simplified if we assume that the thermalization scat-
tering processes of the hole gas are instantaneous processes
without memory effects (Markovian approximation). For
a (III, Mn)V DMS structure the time evolution of the
carrier density matrix is at least one order of magnitude
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longer than the correlation time of the thermal bath. In
this regime the Markovian approximation is fully satis-
fied [8]. Within this approximation equation (2) becomes

'hlang’ (T,T) X< (E T)
"o or Nh27rhsz/ o (11 25, (B
<
"Gl (1.1) £2 4 (B,T)] dE, (3)

where the tilde symbol denotes the Fourier transform of
the Green’s function in energy variables
és,s’ (E,T) = /gs,s’ (T +

;T— 72-) en BT dr,

and the mean spin hole density is defined as

Nh Z<aks a’ks > i Nh Zhgksks/

The self-energy appearing in equation (3) can be esti-
mated by means of the usual diagrammatic Feynman ap-
proach. We have included in the diagrammatic expansion
the Hartree and the ladder contributions. Within this ap-
proximation the first integral of equation (3) gives (and
similarly for the other term)

h
2w Z / ngklsl TT)EIZ,M/@&(E’T) dE =

k1,s1,k

Z V(m,m’,s,s’)V(m’,m, S/,S)EhZfb(T]) (4)

m,m’, s’

where we have defined

_AEy
=h
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fo = (afas) (1~ (aas))

1+ e[ys’NM<M>+sk]/kBT
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We have assumed that the non-diagonal elements of the
density operators vanish. According to the Zener model
the ground state of the system can be estimated by tak-
ing into account only the mean field interaction between
the holes and the magnetic ions. The hole gas experiences
a mean magnetic field equals to M = (M)N™ and in
turn generates a mean field acting on the ions system
equals to S = (S)N" where (M) = 213_5/2771 nM
and (S) = Ei£2_1/23 n. The mean-field contribution
to the total energy is thus AE = e, — e, + v [(s —s)M

+ (m' —m) S] By converting the sum over k in equa-
tion (5) by the corresponding integral with respect to the
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energy variable F = ¢}, we obtain

—
—

Vv

h _ABMPR

, = [ g pE)(E - ABwp) dE (0)
where AEyp = v [(s'—s) M+ (m' —m) S| and p de-
notes the hole density of states. In the limit 7S < YM <
€ we have

gh 2m* _AEB

~Nh< ) V32 Nhe KLIfWTFnZ (1—nh).
Finally, inserting =" in equation (4) and averaging out
over the quasi-momentum k and the randomly distributed
positions R,,, we obtain
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In the above expression, the mean ion spin density is de-
fined as n} = [, Zn<b17,mbn,m>~

3 Demagnetization processes in DMS

In this section we discuss the spin dynamical processes in
a DMS arising from a femtosecond laser pulse. We assume
that before the laser is turned on, the ion-hole system is at
equilibrium with the phonon bath at the lattice temper-
ature T'Y, so that the ground state can be well described
by the Zener-type model described in [11]. The laser exci-
tation generates a non-thermal electron-hole pairs distri-
bution.

By means of the Coulomb hole-hole interaction, the
hole distribution undergoes a quasi-instantaneous ther-
malization (within a few tens of femtoseconds) towards
a Fermi-Dirac distribution with temperature and chemi-
cal potential T" and u" respectively [12,13]. In particular,
we consider an excitation by a monochromatic laser pulse
tuned at the energy E; and having a pump fluence Py.
To estimate the energy F.. transferred initially from the
electromagnetic field to the kinetic energy of holes and
electrons, following [8], we assume that the fraction of
the laser pulse energy imparted to the holes is 1/4 of the
photon energy. The total injected kinetic energy is thus
Eep =nh Eln with E] = E,— E,— (el +¢l) and €}, ¢} are
the first eigenvalues of the valence and conduction bands.
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n!_is the density of photo-created particles and 7 is the

ratio of kinetic energy absorbed by the electron gas which
can be estimated in the spherical band approximation as
n= mllliH/(mﬁ + mﬁ{H) [14] with mﬁ{H (mf) the effective
mass of the heavy hole (electron) in the parallel direction
of the sample.

After the laser excitation, the ions system strongly in-
teract with the out-of-equilibrium hole gas by means the
Hpaq exchange interaction. Since the p—d interaction con-
serves the total angular momentum, it cannot by itself
change the total magnetic moment but it can only redis-
tribute the spin polarization from one system to another.
Net relaxation of the magnetization requires another in-
dependent process, which has been recognized to be the
hole spin-orbit interaction that relaxes the net hole spin
polarization in a sub-picosecond time scale. Short spin re-
laxation time of holes in DMS is thus essential for the
explanation of measured changes of magnetization. It is
worth noticing that no direct ion spin relaxation phenom-
ena are present at the femtosecond time scale. Thus, de-
spite the fact that the spin-orbit mechanism acts only on
the hole subsystem, it is able to give rise to an ultrafast
decrease of the total magnetization of the system (due to
the difference between the concentration of the hole gas
and the Mn impurity, the contribution of the hole gas to
the total magnetization is almost negligible).

By means of a standard relaxation model, we include
both the spin-orbit mechanism and the cooling of the ki-
netic energy of the excited holes driven by the phonons.
The corresponding equations read

onl| nl—nh (9)
ot so - TSO

ort Th_TL

815 - TL, (10)

where T"(t) and T* are the temperatures of the holes

and the lattice, n(nM T") is the self-consistent quasi-
static equilibrium hole spin distribution computed from
the Zener-type model of [11]. The temperature relaxation
rate TEI = 75113 + Tg}g takes into account both the acous-
tic phonon scattering with 74p = 200 ps and the optical
phonon scattering with Top = 1 ps for 7" > 50 K and
Top = oo for T" < 50 K [13].

4 Numerical results

In order to study the time evolution of the mean magne-
tization of a GaMnAs/GaAs DMS heterostructure occur-
ring after the interaction with a linearly polarized fem-
tosecond laser pulse, we have applied our time dependent
model constituted of equations (7), (8) along with equa-
tions (9), (10). Based on the experiment of [7], we consider
a sample consisting of a 73 nm Gag.go5Mng.g75As layer de-
posited on a GaAs buffer layer and a semi-insulating GaAs
substrate. The background hole density is 102° cm 3. For
the details of the chemical composition of the sample we
refer to [7].
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Fig. 1. (Color online) Time evolution of the total magneti-
zation for different values of 7so0. The lattice temperature is
Tr, =70 K and the laser pump fluence is 1 pJ cm™2.

In Figure 1 the time evolution of the total magne-
tization of the sample for different values of 750 is de-
picted. These results clearly demonstrate the critical role
played by the spin-orbit relaxation time in the demagne-
tization processes. Estimation of 7go for a hole system
is a rather difficult task since a first principle approach
involves the evaluation of the projection of the hole eigen-
state on the Bloch basis far beyond the validity of the kp
theory. Our results relate the spin relaxation time to the
partial demagnetization of the sample (which is measured)
and therefore, can provide an indirect way to estimate the
order of magnitude of 75o. This finding is in agreement
with the arguments put forward in [8,15].

The total demagnetization processes become indepen-
dent on 750 (“spin bottleneck”) when 750 < 744 where 744
is the characteristic time of the spin polarization exchange
between the holes and the ions. Contrary to the findings
of [8], our model does not exhibit any saturation effect
of the total demagnetization when 7go is of the order of
10 fs. We ascribe this difference to the different excitation
regime used. Indeed, Cywinski and Sham in [8] have con-
sidered a strong excitation regime for which the Mn-ion
spin temperature increased toward the Curie temperature.
Thus, the total magnetization of the sample is destroyed
and 7gq grows until nearly 10 fs where the spin bottleneck
is observed. In our case (weak laser excitation) this phe-
nomenon should be observed in a sub-femtosecond regime.
However, this ultrafast relaxation regime is not consistent
with the approximations underlying our dynamical model.

Finally in Figure 2 we show the time evolution of the
total magnetization for different laser pulse fluences (in
these simulations 7go is fixed at 200 ps). We note that
the total demagnetization displays a non-linear behaviour
with respect to the laser power even in the weak excitation
regime under consideration (here the laser pump fluence
is: 1 pJ em=2 < Py < 50 pJ cm™2).

In summary, in order to describe the strong spin-spin
scattering regime observed in DMS, we have derived a
dynamical model that goes beyond the usual mean-field
approximation. This model is based on a many-particle ex-
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Fig. 2. (Color online) Time evolution of the total magnetiza-
tion for different values of the laser power: (a) Py = 1 uJ cm™2,
(b) P = 10 pJ em™2, (¢) Py = 20 pJ cm™2, (d) Py =
30 uJ em™2, (e) Py = 40 puJ cm™2. The lattice temperature
is T, = 70 K and 7so = 200 ps.

pansion of the p—d exchange interaction in terms of single-
particle density functions. Since the experimental value
of the hole spin-orbit relaxation time in GaMnAs/GaAs
DMS heterostructure is not yet firmly established, numer-
ical results reveal that this quantity plays a crucial role in
the demagnetization processes. Furthermore, in the weak
excitation regime the demagnetization exhibits a nonlin-
ear behavior with respect to the power of the laser beam.
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