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Ultrafast Spin Dynamics Including Spin-Orbit Interaction in Semiconductors
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This Letter presents a theoretical investigation of ultrafast spin-dependent carrier dynamics in semi-
conductors due to strong spin-orbit coupling using holes in bulk GaAs as a model system. By computing
the microscopic carrier dynamics in the anisotropic hole-band structure including spin-orbit coupling, we
obtain spin-relaxation times in quantitative agreement with measured hole-spin relaxation times [Phys.
Rev. Lett. 89, 146601 (2002)]. We show that different optical techniques for the measurement of hole-spin
dynamics yield different results, in contrast to the case of electron-spin dynamics.
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Research on spin-dependent carrier dynamics in semi-
conductors is progressing in different directions [1-4].
Although there is a push towards the physics of spintronics
devices where long-lived electron-spin polarizations and
their transport properties over macroscopic distances are of
particular interest, there are still important questions re-
garding the microscopic details of the complex carrier spin
dynamics in semiconductors. For instance, ultrafast spin-
dependent dynamics on picosecond or subpicosecond time
scales have become accessible using different experimen-
tal techniques in recent years, which show that a detailed
microscopic understanding of the processes contributing to
spin relaxation on these time scales is impossible using
simplified relaxation-time approximations [5—7]. For sev-
eral reasons, such a microscopic understanding is valuable
not only for electrons but also for holes. First, holes play an
important role for magnetic correlations in diluted mag-
netic semiconductors [8], and the hole spin may be used as
a carrier of information [9]. Second, from a fundamental
point of view, holes in III-V semiconductors are a model
system for spin relaxation with pronounced spin-orbit (SO)
coupling. The SO coupling leads to a strong momentum-
dependent mixing of spin and orbital-momentum eigen-
states, so that scattering processes change spin and orbital
angular momentum [10-12]. Although both electrons and
holes are affected by this relaxation mechanism, it causes a
much faster spin relaxation for the p-like holes than the
s-like electrons, because the former experience the SO
coupling directly, while the latter are only coupled to
remote bands with a finite orbital momentum.

In this Letter, we compute the ultrafast microscopic hole
dynamics and relate it to experimentally accessible quan-
tities. We determine the quasiparticle states in the presence
of the SO interaction from a k - p calculation, and use them
as input for the calculation of the microscopic, i.e., mo-
mentum and time dependent, carrier distribution functions
including the relevant interaction mechanisms in bulk
GaAs. Thus our approach differs, on the one hand, from
recent work that concentrates on the band-structure calcu-
lation, but replaces the complicated dynamics with the
assumption of an energy-dependent exponential decay of
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a quasiequilibrium spin polarization [13—15]. On the other
hand, we treat the influence of the anisotropic quasiparticle
states in bulk GaAs due to the SO interaction, which has
not been included in existing microscopic approaches to
the spin-dependent carrier scattering dynamics [16,17]. By
combining a sufficiently realistic band structure with a
microscopic calculation of the carrier dynamics, we
achieve (i) a quantitative physical picture of the complex
hole-spin dynamics, and (ii) an accurate determination of
physical quantities accessible by time-resolved 2-photon
photoemission [18], Faraday effect [19], and differential
transmission experiments [20].

The electron and hole states around the fundamental
band gap are calculated at the level of an eight-band

Kane model, i.e., a k - p Hamiltonian JH (12) with 6 hole
and 2 electron bands containing terms up to second order in

k [21]. Diagonalization of 7 (k) yields the orthonormal-
ized quasiparticle states |v, k) and energy dispersions & -

v, k>
where the label v = (b, p) includes the band index b = E,
HH, LH, SOH, for electrons, heavy holes, light holes, and
split-off holes, respectively, as well as the pseudospin p =
1, 2. The pseudospin can be introduced because the quasi-
particle dispersions of all four types of carriers are (nearly)
doubly degenerate. Note that the quasiparticle states in-
clude SO coupling, so that they constitute the ‘““intelligent
basis” in the sense of Ref. [22]. Using these single-
quasiparticle states, a dynamical equation for the spin-
density matrix including the scattering and dephasing con-
tributions due to carrier-carrier and carrier-phonon inter-
actions can be derived using a many-particle formalism,
e.g., along the lines of Ref. [23]. In principle, one needs to
track the time development of the coherences between
different bands, which are related to the coherent spin
precession, and the carrier distributions n,o which are
related to the incoherent carrier dynamics [10]. These
coherences between single-particle states can be driven
by optical fields, but not by the SO interaction, because
we work in the “intelligent basis.” For the excitation
conditions investigated in this Letter, we have checked
numerically that the coherences driven by the fields are
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about 2 orders of magnitude smaller than the incoherent
carrier distributions. This is because a polarized optical
field predominantly creates heavy holes with momentum
(anti)parallel to their spin orientation [24], which sup-
presses spin precession [9]. (See also the discussion of
Fig. 1(a) below.) We therefore consider only the dynamics
of the carrier distributions under the influence of carrier-
carrier and carrier-phonon scattering [25]:
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The dynamical in-scattering rate consists of the carrier-
carrier interaction contribution
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and a similar contribution due to the carrier-phonon inter-
action; see, e.g., Ref. [16], which includes room-
temperature LO and LA phonons. The outscattering rate
ot is obtained from I''" by exchanging (1 — n) with n. In
Eq. (2), Ae =¢&,; — &, irq and v} (Ag) is the 3D dy-
namically screened Coulomb potential, which is computed
using the Lindhard dielectric function [26]. Equation (2)
describes two-particle scattering processes connecting
states |v, k) — vy, k+§) and |y ky + §) — |v3, &)
Note that these scattering events change the admixture of
spin from initial to final quasiparticle states [10,11], as can

be seen from the nonvanishing overlaps (2, l?lv, /2) in
Eq. (2). This yields a nonequilibrium Elliott-Yafet-like
spin dynamics for holes.

In order to compare our results with experimental ap-
proaches using optical orientation of carriers, we also take
into account the optical excitation of a spin-polarized
electron-hole plasma in the semiconductor for a
o -polarized ultrashort pulse traveling in the z, or (001),
direction. The excitation process is modeled by an ini-

tial condition for the carrier distributions n,;(t = 0) =
> uldu, (k) - EPg(hw — &, ; —2,;) with the dipole-
matrix elements d ;w(E) = e(u, k|7|v, k), the amplitude E
and photon energy iw of the exciting field, and a Gaussian
broadening function g peaked at hw — €0 T €,k [26].

The anisotropy of the carrier distributions is taken into
account by an expansion of n_, () into spherical harmonics

Y, g,m(k,\) up to £ = 4 where we retain only the expansion
coefficients with radial or cubic symmetry, because these
are the dominant symmetries of the Hamiltonian FH [21].

As a typical excitation scenario we take an ultrashort
800 nm pulse (photon energy of Aw = 1.55 eV), which
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FIG. 1 (color). (a) Initial carrier distribution, (b) energy dis-
persion, and (c) average spin content (S.) in the HH1 band as a
function of quasiparticle-momentum direction. Here ¢ and ¢
are, respectively, the azimuthal and radial components of the
hole momentum vector in polar coordinates. The plots are for
k = 0.4 nm~!, but the dependence on the modulus k is weak.

leads to a total carrier density of 1 X 107 cm™3.
Figure 1(a) shows that these distributions are anisotropic,
with hole momenta predominantly in the z (4 = 0) and —z
(¥ = ) direction, due to the anisotropic dipole-matrix
elements [24].

In the following, we distinguish between two polariza-
tions: the spin polarization and the quasiparticle polariza-
tion. The latter is defined for electron, heavy hole, light
hole, and split-off bands by

— Yot Vb2 3)

In Eq. (3), N;,, denotes the number density for carriers in
quasiparticle band » = E, HH, LH, or SOH, with pseudo-
spin p = 1 and 2. Figure 2 shows the quasiparticle polar-
ization, P%), computed according to Eq. (3) for b = HH
and LH. The LH densities are appreciably changed due to
interband scattering events, so that the LH quasiparticle
polarization dynamics cannot be described by an exponen-
tial decay. This has also been noted for the experiment in
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Ref. [20], where it was impossible to determine a relaxa-
tion time for the LH polarization by an exponential fit. As
shown in the inset in Fig. 2, the number of carriers in the
LH band decreases with equilibration (due to their smaller
mass), so that the total polarization is dominated by the HH
polarization, on which we will concentrate in the following
[27].

To extract the dynamical spin polarization of the HH
system from the quasiparticle distribution functions n,, ;(2),

one calculates

b

(8.0 =
NHH

Z 21:2<HH, P, kISoIHH, p, Kynyy, v
k P=L

)

Here, Nyg = Nygn,1 + Nun is the density of HHs, and
(v, I:ISQIV, I:), a = x,y, 2z, is the “spin content” of a qua-
siparticle state |v, l:), as shown in Fig. 1(c). Figure 1(c) also
shows that there are regions of k space with high average
spin per particle, so-called spin ‘“‘hot spots,” which almost
coincide with the maxima of the quasiparticle distribution
created by the optical field shown in Fig. 1(a); i.e., the
optical field creates the majority of quasiparticles in mo-
mentum states where the contribution to the spin polariza-
tion is high.

The computed dynamics of the quasiparticle polariza-
tion, Eq. (3), the spin polarization (S,)"™, Eq. (4), and the
differential transmission are shown in Fig. 3. Note that for
the first 100 fs the nonequilibrium multiband scattering
dynamics yields a nonexponential polarization decay, and
that our calculation predicts that different techniques, such
as 2-photon photoemission and differential transmission,
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FIG. 2. Computed quasiparticle polarizations for HHs, PHH
(solid line) and LHs, PU“M) (dashed line). Inset: Time dependence
of the total density for HH1 (solid line), HH2 (dotted line), as
well as LH1 (dashed line). The curves for LH1 and LH2 are
indistinguishable in this plot.

will yield different spin-relaxation times. Also, the differ-
ence between the quasiparticle and spin polarizations is a
generic feature of carrier dynamics with strong SO inter-
action. A qualitative picture of the different quasipar-
ticle and spin dynamics can be obtained from Fig. 1.
Quasiparticles in the hole bands are created by the optical
field preferentially in the spin hot spots, but during the
subsequent equilibration, quasiparticle scattering moves
the carriers into the minima of the HH energy dispersion.
As shown for the HH1 band in Fig. 1 these minima [in 1(b)]
occur away from spin hot spots [maxima in 1(c)], so that
the spin polarization can be lowered by all possible quasi-
particle scattering events including those that change nei-
ther the band index nor the pseudospin. The quasiparticle
polarization is affected only by transitions that change the
band index b and/or the pseudospin p. The spin polariza-
tion therefore should decay faster than the quasiparticle
polarization, and these qualitative considerations are vali-
dated by the full calculation. Despite the more complicated
dynamics at short times, we apply a linear fit to the curves
in Fig. 2 to obtain relaxation times of 180 fs and 140 fs for
the quasiparticle and spin polarizations, respectively.
Figure 3 also shows the dynamics of the differential
transmission calculated for the setup used in Ref. [20].
Using the dipole-matrix elements between the split-off
and the HH bands from the eight-band Kane model, we
determine the absorption of a 3.2 um ultrashort probe
pulse [28]. This yields a ratio between the absorption of
o+- and o_-polarized light shown in Fig. 3, which is
usually interpreted as a measure of the spin polarization.
The fit yields a value of around 125 fs, and thus a good
agreement with the measurement of 110 fs in Ref. [20]. For
smaller excitation photon energies, i.e., excitation of car-
riers closer to the band gap, our calculations predict only
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FIG. 3. Logarithmic plot of computed HH quasiparticle (dot-
ted line) and spin (solid line) polarizations, as well as computed
differential transmission for a 3.2 wm probe field (dashed line).
Linear fits yield relaxation times of 180 fs, 140 fs, and 125 fs,
respectively.
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slightly larger relaxation times for the polarizations and the
differential transmission.

Our numerical results and predictions should be com-
pared to the theoretical investigations of hole-spin dynam-
ics in Refs. [9,13]. In Ref. [13], an energy-independent
spin-relaxation time of about 0.2 ps for heavy holes is
calculated using the Elliott-Yafet relaxation rate.
Although this result is on the same order of magnitude as
the experiment and our theoretical result [20], this ap-
proach describes the spin dynamics of quasiequilibrium
holes at low densities, and therefore cannot capture the
pronounced nonequilibrium dynamics occurring over the
first few hundred femtoseconds [7]. Reference [9] obtains a
D’yakonov-Perel’-like picture of hole-spin relaxation due
to spin precession described by a quadrupole term in the
4 X 4 Luttinger Hamiltonian. As discussed in connection
with Fig. 1(a), this precessional dynamics is strongly sup-
pressed for the case of polarized optical excitation.

In conclusion, we have investigated carrier-spin dynam-
ics under the influence of strong SO coupling for the case
of holes in bulk GaAs using a microscopic approach.
Because of the strong SO coupling, we find a contribution
to the spin dynamics from quasiparticle scattering out of
spin hot spots. In particular, this leads to different relaxa-
tion times for the quasiparticle polarization, the spin po-
larization, and the polarization extracted from differential
transmission measurements. This is in contrast to electron
dynamics, where these quantities coincide and are used
interchangeably as a measure of the spin polarization. Our
calculation is in good agreement with experiments, but also
shows that a careful analysis of the experimental setup is
necessary to achieve this agreement.
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