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Microscopic analysis of charge and spin photocurrents injected by circularly polarized one-color
laser pulses in GaAs quantum wells
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The dynamics of charge and spin injection currents excited by circularly polarized, one-color laser beams in
semiconductor quantum wells is analyzed. Our microscopic approach is based on a 14 X 14 k- p band-structure
theory in combination with multisubband semiconductor Bloch equations which allows a detailed analysis of
the photogenerated carrier distributions and coherences in k space. Charge and spin injection currents are
numerically calculated for [110]- and [001]-grown GaAs quantum wells including dc population contributions
and ac contributions that arise from intersubband coherences. The dependencies of the injection currents on the
excitation conditions, in particular, the photon energy are computed and discussed.
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I. INTRODUCTION

The ultrafast coherent generation of charge and spin in-
jection currents with one- and two-color laser excitation has
received significant attention recently.'! Both excitation
schemes allow one to generate charge and spin currents on
femtosecond time scales and promise applications in ultrafast
optoelectronics and spintronics. The two-color current gen-
eration process uses the interference of one- and two-photon
excitations, and is a third-order nonlinear optical process that
does not rely on the material symmetry or details of the band
structure 2-47:12-17.2025,26,28-30

One-color injection currents however arise from a spin
splitting of the energy bands in systems of reduced symmetry
and are of second order in the light field, i.e., the currents are
proportional to the light intensity. Since this current is maxi-
mal for circularly polarized excitation, it is referred to as
circular photogalvanic effect.!3-19 For linearly polarized ex-
citation, interband transitions are accompanied by asym-
metrical interatomic shifts of electrons in real space which
result in the so-called shift current.’»>21-23 In the present pa-
per we focus on the generation of injection currents and ne-
glect the shift currents. Most of the calculations presented
below are carried out for circularly polarized excitations
where the shift current vanishes.

Injection currents do not exist in bulk GaAs which has a
T, point group symmetry, however, they occur in GaAs
quantum wells (QWs) of reduced symmetry. A theoretical
approach to the spin-splitting-induced photogalvanic effect
for GaAs QWs has been presented by Golub.!' The spin
splitting has been introduced via Dresselhaus and Rashba'!
terms and the photon energy dependence of the injected
charge current for [001]-grown QWSs has been calculated.
Here, we present a microscopic approach which includes the
spin splitting arising from the inversion asymmetry of the
material via 14 X 14 k- p band-structure calculations.??-38 The
resulting anisotropic and spin-split electronic bands and
wave functions are used to set up multisubband semiconduc-
tor Bloch equations (SBE),**# i.e., the equations of motion
for the intersubband and intersubband coherences and the
electron populations. By limiting these equations to the sec-
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ond order in the light-matter interaction and solving them, it
is possible to obtain the injection current tensor which is
used in macroscopic approaches to current generation. Via
numerical solutions of the multisubband SBE we obtain the
time-dependent charge and spin injection currents arising
from populations and intersubband coherences. Our micro-
scopic approach provides a detailed description of the cur-
rent generation process and allows to disentangle how
strongly different bands and transitions contribute to the in-
jection currents. The multisubband SBE include Coulomb
many-body effects in time-dependent Hartree-Fock approxi-
mation and are thus capable of describing excitonic effects
which are known to influence one- and two-color injection
currents.'>162430 Since the injection charge currents gener-
ated by circularly polarized one-color excitation are spin
polarized,”?’ they are accompanied by spin currents. These
spin currents are also described by our multisubband SBE
and analyzed below.

In Sec. IT we explain our microscopic approach that is
based on 14 X 14 k-p band-structure theory in combination
with multisubband SBE which allows a detailed analysis of
the dynamics of the photogenerated carrier distributions and
coherences. Using this theory, charge and spin injection cur-
rents for GaAs/Al,Ga(;_,As QW systems grown in [110]
and [001] directions that are generated by the excitation with
femtosecond one-color laser pulses are computed and dis-
cussed in Sec. III. The main results are briefly summarized in
Sec. IV.

II. THEORETICAL APPROACH

In this section, we outline our theoretical approach which
is used for the numerical calculations of charge and spin
injection currents by femtosecond laser pulses that are pre-
sented in Sec. III.

A. Quantum-well band structure

We start by determining the electronic band structure and
wave functions of the considered QW systems using 14
X 14 band k-p theory.’> The electron wave functions are de-
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scribed in envelope function approximation. Choosing z as
the growth direction of the QW, the wave functions are writ-
ten as ‘Pku(r)=e"k”r”2nﬁ,ku(z)un(r). Here, k; is the in-plane
wave vector, u,(r) are band-edge Bloch functions, and fnku(z)
are slowly varying envelope functions which satisfy the
effective-mass equation

14

2 [Hyp(ky,= i9) + V,(2) Sy lfo (2) = B fon (). (1)

m=1

In Eq. (1), H(k) is the 14 X 14 bulk Hamiltonian and V(z) is
the QW potential.>> The Hamiltonians describing various
crystallographic directions of the z axis are derived by Euler
rotations of the coordinate system. Since the basis functions
of the 14-band k- p model are defined by 1/2 and 3/2 angular
momentum eigenfunctions, the unitary rotation operators
D12 and D3 can be applied.*!

To solve Eq. (1) we follow Ref. 35 using the Lowdin
perturbation theory to block diagonalize the 14X 14 bulk
Hamiltonian into blocks of 2 X2 and 4 X4 elements for the
I'g.-conduction bands and the I'g,-valence bands,
respectively.’® Then, the electronic wave functions and ener-
gies are computed from the effective-mass equation for the
obtained Hamiltonian blocks by applying the variational cal-
culation described in Ref. 42.

The bulk band parameters of GaAs and Al,Ga(;_,As ma-
terials used in our calculations are taken from Ref. 35 and the
temperature dependence of the band gap is described by the
Varshni relation Eg(T):Eg(O)—aT2/ (T+B). The nonpara-
bolic and anisotropic band structures computed for [001]-
and [110]-grown 12-nm-thick GaAs/Alj35Gag ¢sAs QW sys-
tems at room temperature 7=300 K are shown in Fig. 1.
Due to the inversion asymmetry of GaAs lattice structure a
small spin splitting of the electronic bands is obtained which
is responsible for the generation of the injection currents. We
notice that for the [001]-grown QW a small spin splitting
exists for all directions of k; while for the [110]-grown QW

the spin splitting is quite large when k; is parallel to [110]
and vanishes when k; is parallel to [001].

B. Multisubband semiconductor Bloch equations

Here, we describe the derivation of the multisubband SBE
which are used to compute the charge and spin injection
currents in Sec. III. In the multisubband SBE we consider the
14X 14 band k-p band structure and use 14X 14 band k-p
wave functions in the evaluation of the optical and Coulomb
matrix elements.

The Hamiltonian that is considered for the analysis of the
ultrafast optical response of the QW systems consists of
three contributions?®37-40

H=Hyang siructure + Hlight matter T HCoulomb- ()

The single-particle Hamiltonian for noninteracting Bloch
electrons is given by
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FIG. 1. Band structure of GaAs/Alj35GagesAs QW systems
with 12-nm-wide wells grown in the directions (a) [110] and (b)
[001]. The band-gap energies for these two QWs are 1.453 eV and
1.455 eV, respectively.

A _ A
Hyang structure = E Ek”a)\k“a)\ku- (3)
Ak

Here, Etu is the electronic dispersion taken from the 14
X 14 band k- p calculations and aiku(axk”) is the creation (an-

nihilation) operator of an electron with wave vector k; in the
band \. The light-matter interaction is described by the mini-
mal coupling Hamiltonian in the velocity gauge

A e AN
Hlight matter — _A(t) . E Hk” a}'\kua}\’k”, (4)
Mo Ak

where A(r) is the vector potential of the light field and Hﬁ‘f‘

are momentum matrix elements, which are evaluated using
the 14 X 14 band k-p wave functions

Hﬁi\, - J dzz fxi‘u(z)w’”n(k”’_ iaz)le;“(z) (5)

with an(k)Z%Vanm(k). The many-body Coulomb inter-
action is described by
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iy 1 A AAA
_ N3Ny
HCoulomb = 2 2 Vku,k’H,q”
MAaAshgkik g
T T
X a, a ay xr a 6
Ak Ak g Ak Nk (6)

where the Coulomb matrix elements read

Mk _ ¢ layllzo—z]
V:: Kl 2 ee,l? |q|fdz1f dzge
E mk”+qu(21)fi;ﬁ(”(21)2 fi\lﬁ’f”_qu(zz)leir“(zz) .
(7)

The dynamical optoelectronic response is analyzed using the
Heisenberg equation of motion for the expectation values

ka (a)\kua)\/k‘? The band indices A and N\’ refer to the con-

duction subbands ¢,c¢’ and the valence subbands v,v’'. xﬁ‘)‘

represents either an interband coherence (p]‘i;'), an intersub-

band coherences (n K,
population (nk" and n ‘) Evaluating the Heisenberg equa-

tions of motion and treating the many-body Coulomb inter-
action in the time-dependent Hartree-Fock
approximation®*? we obtain the multisubband SBE as*

’
"and nﬁ‘l" ,where c#c¢’ andv#v’),ora

d i
_Xﬁ)\ ( K Ek )Xk _2 [Qﬁ)‘xﬁ)‘ 1)2 a l);'u]
ot K I (ORI A 1K) 1k
J ,
+ a_txﬁ;\ |coll (8)
with
_ MAVN kv
Qku " my A(t) Hku Vigkraya M ©)
2|
For N # N/, Q "is the renormalized Rabi frequency whereas

K,
for A=N" it describes the renormalization of the energy

J ! .. . .
bands. The term Exﬁ;‘ |con denotes collision contributions

originating from scattering processes. Since the microscopic
details of these effects are not relevant for the qualitative
features analyzed here and in order to keep the numerical
effort within reasonable limits, dephasing, and relaxation are
treated on a phenomenological level. The dephasing of inter-

band and intersubband coherences is modeled by kal |C0H

=—xk‘ '/ 7, and the relaxation of populations toward quasi-
equilibrium dlstrlbutlons within respective band is described
by %”ﬁmcou —[nd ku nI;EH(T)]/Tl, where n)\E (7) is the Fermi-
Dirac distribution at temperature 7. In our calculations, we
use dephasing and relaxation times of 7,=7=150 fs, which
are typical values for the QW system and excitation condi-
tions considered here.!”

C. Charge and spin currents

By numerically solving Egs. (8) we obtain the time-
dependent carrier populations (n and ny, ) and intersubband

(n” v and nﬁ”C) as well as 1nterband (pku) coherences. The
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injection currents are determined by the populations and the
intersubband coherences. We distinguish here between the
contributions of these terms to the injection currents and de-
fine the population charge current

IP0() = X I §j+—2

ea o (0)
0 c,k‘

and the coherent charge current

I =— 2 iﬁ ku

My c#c! K

i v’ v'v
. > I At (1)

0pu' K,

The total charge current J is the sum over the population and
the coherent terms, i.e., J(£)=JP°P(¢) + J°"(z). The electron or
hole contributions to the injection current can be computed
separately by restricting the band summations in Egs. (10)
and (11) to only the conduction or valence band indices,
respectively.

Analogously, the population and coherent spin currents
for the projection of the spin in i direction (i=x,y,z) is de-
fined by

pop(t)‘_z i i §;+—E aothicmc (12)
Ock‘

and

’ ! ﬁ
h n
i) = 2 ’ku ﬁncnﬁi + E ;)'fu

U
ku nku ’
m

OL#(, ,kH

(13)

respectively. The projection of the spin in i direction is de-
scribed by the angular momentum matrix elements

’ku - _J dzz f:"ku(z)o-ﬁ’kn (14)

and

zkH :fdzz mk"(Z jﬂk”(Z) (15)

mn

where o; are the Pauli matrices and J; the spin-3/2 matrices,
respectively. The total spin current S is the sum over the
population and the coherent contributions, i.e., S(r)=SP°P(z)
+S°N(7). The electron or hole contributions to the injected
spin current can be computed separately by restricting the
band summations in Egs. (12) and (13) to only the conduc-
tion or valence band indices, respectively.

III. NUMERICAL RESULTS

In this section, we present numerical results on charge and
spin injection currents for QW systems grown in [110] and
[001] direction that are obtained by solving the multisubband
SBE. In our numerical solutions of the multisubband SBE
we include the two energetically lowest conduction bands
(el and e2) and four energetically highest valence bands
(hh1, hh2, 1h1, and hh3). Here, hh and 1h denotes whether the
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FIG. 2. The geometry of the optical excitation of QW systems
grown in (a) [110] and (b) [001] directions. Whereas in [110] QWs
injection currents can be generated with normal incidence in [001]
QWs the excitation has to be tilted by a finite angle O to generate
injection currents.

wave functions of the valence bands at k;=0 contain heavy-
hole or light-hole states. Each of these bands consists of two
spin-split branches, i.e., there are totally twelve bands taken
into account. Due to the large number of bands as well as the
anisotropy of the two-dimensional dispersion the numerical
evaluation of the Coulomb matrices is very costly and also
the integration of the multisubband SBE with Hartree-Fock
renormalizations requires a significant amount of computer
memory and time. We therefore neglect excitonic effects in
most of calculations. Since excitonic effects are strong near
the band gap, this approximation is reasonable for excitations
well above the band gap.!>!%28 That our approach is able to
describe the influence of excitonic effects on injection cur-
rents is shown in Fig. 7. We find an enhanced current gen-
eration for excitation of the hh- and lh-exciton resonances,
and the expected decrease of excitonic effects for higher ex-
citation frequencies. A more detailed analysis of the influ-
ence of excitonic effects on the generation of injection cur-
rents in QWs will be presented elsewhere.

A. Charge current
1. [110]-grown QWs

As shown in Fig. 2(a), we use normal incidence in our
analysis of charge and spin injection currents for [110]-
grown QWs. The laser pulse with central frequency w used
in the solutions of the multisubband SBE is given by
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E(1) = Ege™ "™ ei“(1,61,0) + c.c., (16)

where E, is the amplitude and ¢ is the relative phase be-
tween the x and y components of the field. The light pulse
has a Gaussian envelope with a duration 7;. For our calcula-
tions we take 7,=150 fs and E,=4.5X10* V/cm which
produces a density of photoinduced carriers of about
10'" ecm™2,

The numerical solutions of the multisubband SBE show
that for circularly polarized fields the optical excitation pro-
duces asymmetric distributions of spin polarized carriers in k
space, which results in nonvanishing charge currents flowing

in the direction [110].3! Time-dependent charge currents JP°P
and J°" for various polarizations of the light field are shown
in Figs. 3(a) and 3(b). During the excitation with the laser
pulse, the charge currents are generated, rise, and have a
maximum near the end of the pulse at approximately 7
=100 fs. The relaxation of populations and dephasing of co-
herences leads to an exponential decay of the charge currents
for longer times. The ¢ dependence of population current is
given by JPPocsin(¢p) (Ref. 8) and therefore JP°P maximizes
for circularly polarized excitations (¢=/2,37/2) and van-
ishes for linearly polarized excitations (¢=0, 7). Unlike the
population current, the coherent current J°°" is an alternating
current, see Fig. 3(b), which oscillates with frequencies and
amplitudes determined by the intersubband coherence. For a
simple multilevel model, the intersubband coherence has the

2
’ NG . ..
form n™ ocexp(— , glz)exp(—lw“rt), where w,,/ is intersub-

band transition frequency and dw=1/7;. Since for the con-
sidered laser pulse duration and QW systems, the energy
difference between conduction subbands w,., is much larger
than Jw, the electron contribution to the coherent current is
negligible and hence, the overall coherent current is domi-
nated by hole intersubband coherences. Figure 3(b) demon-
strates that the phase difference ¢ changes the phase of the
current oscillations. Therefore, unlike the population charge
current the coherent charge current J°M exists even for lin-
early polarized excitations (¢=0, 7).

Figure 4 shows the dependence of the charge current JP°P
at time t=100 fs on the photon energy for excitation with

0.8 — T T T T T T T T

Current density (arb. units)

-200 0 200 400 600 800
Time (fs)

FIG. 3. Time-dependent charge currents from (a) the populations JP°P and (b) the intersubband coherences J°" for various polarizations
of the incident pulse for a [110]-grown GaAs/ Al 35Gag¢sAs QW system with a 12-nm-wide well. The excitation pulses have a central
photon energy of Aw=1.501 eV, a duration of 7, =150 fs, and an amplitude of Ey=4.5X 10* V/cm.
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FIG. 4. Photon-energy dependence of the population charge cur-
rent JPP at r1=100 fs for a [110]-grown GaAs/Alj35GaggsAs QW
system with a 12-nm-wide well. Shown is the total current J°
(solid line) and the electron (dashed line) and hole currents (dotted
line). The vertical arrows highlight the photon energies that corre-
spond to different interband transitions at k;=0.

circularly polarized light fields (¢=m/2). The total current
(solid line) consists of the electron current (dashed line) and
the hole current (dotted line). Since holes are heavier than
electrons one could expect that the hole current contribution
is small and the injection current is mainly caused by elec-
trons. However, as is shown in Fig. 1(a), the valence bands
have a larger spin splitting than conduction bands, which
leads to a stronger asymmetry of the k-space distribution of
holes than electrons. In our calculations these two effects
strongly compensate and therefore we obtain comparable
strengths of the hole and electron currents.3! The main dif-
ference between the hole and the electron currents is that the
hole current reverses its direction when the photon energy is
increased. This finding can be explained by the presence of
valence band mixing.

A schematic illustration of the generation of hole injection
currents JPP in different valence bands by o™-polarized ex-
citation is shown in Fig. 5. Without band mixing, the optical
selection rules lead to currents in the el, hh1l, and 1h1 bands
that all flow into the positive direction, see Fig. 5(a), and the
directions remain unchanged as function of the photon
energy.’! With hh-lh band mixing, the hole wave function is
a linear combination of hh and lh wave functions. Let us
assume that the heavy-holelike wave functions for the upper
spin-split branch at =k have the form

L1
5/

(17)

Due to the time reversal symmetry we have |a(+k)|*=|a(
—k)[%, |B+R)P=[B(=K)°, and [x(+k)*=|x(=k)|*. Near the
band edge, typically, we also have |a|>>|B|>>|x|*. It can be
seen from the Fig. 5(b) that the transition from hhl to el
bands leads to a hole population which is proportional to
|a|>+|x|* at k, and |BJ* at k_. This results in a current in the
direction of positive k. Since the hh component is dark in the
hh2-el transition, the hole population in hh2 band are larger

Y+ k) = a(*+k)

1
IE> +X(ik)

i%> + B(xk)
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FIG. 5. (Color online) This scheme illustrates the influence of
band mixing on the hole current direction. The hole currents JP°P in
different valence bands are generated by o -polarized excitations.
(a) Without hh-lh band mixing: the hh2-el transition is forbidden
leading to a vanishing current in hh2 band. Due to the optical se-
lection rules the hole currents generated in the hh1 and the lh1 flow
in the same direction. (b) With hh-lh band mixing: the optical se-
lection rules lead to the opposite direction of the current in the hh2
band compared to the currents in the hhl and the lh1 bands.

at k_ (|8)*) than at k,(|x|?) and therefore the current flows
into the negative direction. The light-holelike wave functions
that describe holes in the third valence band can similarly be

written as
3
+— /.
2

(18)

Because the hh component is dark in the lhl-el transition,
the hole current is caused only by the light hole content and
thus flows in the positive direction. In the detailed calcula-
tion, presented in Ref. 31, the hole currents in the hh2 and
the hh3 bands flow in the opposite directions compared to
the currents in the hhl and the lh1l bands. The oppositely
oriented currents being excited in different valence subbands
result in an oscillatory dependence of the total population
charge current JP° on the photon energy. The computed
excitation-frequency dependence of the population charge
current JP°P magnitude and direction obtained within our ap-
proach has been shown to be in good agreement with experi-
mental results.!

Numerical results for the dependence of the relative phase
and the peak to peak amplitude of the alternating coherent
current J°N on the photon energy are shown in Figs. 6(a) and
6(b). The peak to peak amplitude is the difference between
the maximum and minimum of J°"(¢). The relative phase is
obtained from the Fourier transformed coherent current
JN(w) at the spectral position of maximal current amplitude
|[7°"(w)|. In Fig. 6(a) one can identify regions where the
phase changes by about 7, i.e., the initial direction of the
alternating current changes when tuning the photon energy.
The overall behavior of the peak-to-peak amplitude of J<°h
shown in Fig. 6(b) is quite different than the photon energy
dependence of JPP, see Fig. 4. For example, whereas JP°P

YLk =o' (xk)

1 3
i5> + B'(£k) IE> +x'(xk)
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FIG. 6. Relative phase (a) and peak-to-peak amplitude (b) of the
coherent current J°N versus photon energy for a [110]-grown
GaAs/ Al 35Gaj gsAs QW system with a 12-nm-wide well.

vanishes at certain spectral positions, J°" is always finite
when exciting above the band gap. Furthermore, the peak of
JPOP at about 1.47 eV is not present in J°°" and the amplitude
of JPP is larger at 1.55 eV than at 1.5 eV which is opposite
to the behavior of J°". Significant differences between the
photon energy dependencies of JPP and J°! are to be ex-
pected since J°" originates from intersubband coherences
whereas JPP is determined be electron populations, see Egs.
(10) and (11). To generate large intersubband coherences two
optical transitions have to be excited and the subband split-
ting cannot be larger than the spectral width of the incident
laser beam. Furthermore, significant optical matrix elements
need to be present for the involved intersubband and inter-
subband transitions.

Next we analyze the influence of excitonic effects on the
population current amplitude. For these calculations we use a
thinner QW structure with a well width of 5 nm to obtain a
stronger excitonic effect. Furthermore, the thinner QW has a
larger splitting between the subband which allows us to re-
duce the number of subbands in our numerical calculations.
We solve the multisubband SBE with excitonic effects in-
cluding one conduction band (el) and three valence sub-
bands (hhl, hh2, and 1hl), i.e., eight bands are considered
since each one consists of two spin-split branches. The pho-
ton energy dependence of charge current computed with and
without Coulomb interaction is shown by the solid line and
the dashed line of Fig. 7, respectively. With Coulomb inter-
action JP? is enhanced near and below the band gap. In
particular, JP°P shows two peaks at Aw=1.519 and 1.554 eV,
which correspond to excitation of the hhl and lh1 excitonic
resonances. These results demonstrate that in agreement with
experimental findings®* significant injection currents exist for
excitation of exciton transitions. For higher photon energies
the two lines shown in Fig. 7 approach each other, which
confirms our assumption that it is allowed to neglect exci-
tonic effects for excitation frequencies well above the band
gap. It should be noted that both the solid and the dashed
lines in Fig. 7 change sign at about 1.6 eV, i.e., excitonic
effects do not inhibit the photon-energy-dependent direction
reversal of the population charge current JP°P. Besides the
population current discussed here, also a finite coherent cur-
rent J°°! exists in the presence of excitonic effects. Because
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FIG. 7. Photon energy dependence of the population charge cur-
rent JPP at t=100 fs for a [110]-grown GaAs/Alj35Gag¢sAs QW

system with a 5-nm-wide well. Vertical arrows show the photon
energies corresponding to interband transitions at the band edge.

of the rather large energy separation between the subbands
for the 5-nm-wide QW considered here, the coherent current
corresponds only to a very small part of the overall current
since it is not effectively excited by the 150-fs-long incident
laser beam.

2. [001]-grown QWs

To generate charge currents in QWs grown in the direc-
tion [001] oblique excitation is required.® The geometry of
excitation is shown in Fig. 2(b) and the exciting light field is
taken as

E(t) = Eoe_(’/TL)Zei””(l,eid’cos 0,e'%sin 6) +c.c., (19)

where 6 is the angle of incidence inside the QW medium. In
the following calculations we use §=—15°. The optical exci-
tation with a circularly polarized light field (¢p=7/2) results
in a charge current flowing in the direction [010].

The photon-energy dependence of the population charge
current JP for a [001]-grown QW is plotted in Fig. 8. The
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FIG. 8. Photon-energy dependence of the population charge cur-
rent JPP at =100 fs for a [001]-grown GaAs/Aly35Gag ¢sAs QW
system with a 12-nm-wide well. The vertical arrows highlight the
photon energies that correspond to different interband transitions at
kH:O.
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FIG. 9. (Color online) Orientation of the spin E,i‘x for the lower
spin-split branch of the (a) el and the (b) e2 conduction bands and
in the upper spin-split branch of the (c) hhl, (d) the hh2, (e) the
Ihl, and (f) the hh3 valence bands for a [110]-grown
GaAs/ Al 35Gaj gsAs QW system with a 12-nm-wide well.

dashed, dotted, and solid lines represent the electron, the
hole, and the total population charge currents, respectively.
Similarly to the case of a [110]-grown QW, also for the
[001]-grown QW the hole current contribution results in a
reversal of the overall charge current direction as function of
the photon energy. Since the spin-splitting of the hole sub-
bands is smaller for the [001]-grown QW than for the [110]-
grown QW, see Figs. 1(a) and 1(b), the relative importance
of the hole current contribution is reduced and the current
reversal is less pronounced.

B. Spin current

The expectation value of the spin of electron states calcu-
lated by Egs. (14) and (15) for a [110]-grown
GaAs/Aly35Gag gsAs QW system with a 12-nm-wide well is
shown in Figs. 9(a)-9(f). Unlike for the [001]-grown QWs,
the spin orientation of electrons and holes for [110]-grown
QWs is always perpendicular to the plane of the QW.3>3
This makes [110]-grown QWs a highly interesting system for
spin current investigations.' Figures 9(a) and 9(b) represent
2 in the lower spin-split branches of the el and the e2
conduction bands while Figs. 9(c)-9(f) displays ;" in the
upper spin-split branch of the hh1, the hh2, the lhl, and the
hh3 valence bands, respectively. The direction and length of
arrows describe the direction and magnitude of the spins in k
space. In the conduction bands, the magnitude is 1/2 and
only the direction changes when subbands cross. For the va-
lence bands, due to the mixing of heavy-hole and light-hole
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FIG. 10. (a) The dependence of the population spin current SP°P
at =100 fs and (b) peak-to-peak amplitude of the coherent spin
current S°" on the photon energy for a [110]-grown
GaAs/Aly35Gag gsAs QW system with a 12-nm-wide well excited
by circularly polarized pulses. In (a) besides the total current (solid
line) also the electron (dashed line) and the hole (dotted line) con-
tributions are shown. The vertical arrows highlight the photon en-
ergies that correspond to different interband transitions at k;=0.

bands, the magnitude of spins takes a value between 0 and
3/2 depending on the wave vector k. In particular for the hh
subbands, the magnitude of the spin decreases at larger k
values due to band mixing.

In the following we discuss numerical results on the spin
current injection by circularly polarized pulses. The com-
puted spin current consists of spins that are aligned along the

z axis and flow in the direction y=[110]. The photon-energy
dependence of the population spin current SP°P at =100 fs is
shown as the thick solid line in Fig. 10(a). The dashed and
dotted lines show the contributions to SP°P by electrons and
holes separately. Since the magnitude of the spin as well as
the spin-splitting are larger for holes than for electrons the
spin current is dominated by the holes. The higher complex-
ity of the photon energy dependence of the spin current of
the holes compared to that of the electrons is due to valence
band mixing. For illustration, the spin distribution in k space
calculated as 222112)‘, i.e., spin projection times the popula-
tion, for two conduction bands (el, e€2) and four valence
bands (hhl, hh2, 1h1, and hh3) is shown in Figs. 11(a)-11(f),
respectively. Figure 11 clearly shows a almost circularly
symmetric distribution of the electron spin and a pronounced
asymmetry of the hole spin distributions. The arrows denote
the direction and magnitude of the spin current in each band.
As for the charge current®! also the spin current contributions
from different valence subband point into opposite direction.

The dependence of the peak to peak amplitude of the
coherent spin current S on photon energy is shown as the
thin solid line in Fig. 10(b). As for J°°", also for S for the
QW structures and excitation conditions used here, the elec-
tron contribution is negligible and the overall coherent cur-
rent is dominated by hole intersubband coherences. S
shows an interesting photon energy dependence with some
relative maxima. As for the coherent charge current J°" also
the coherent spin current S depends on the optical matrix
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FIG. 11. (Color online) k-space distribution of the mean value
of the z component of the spin E}‘ﬁn,};)‘ in the conduction subbands
(a) el and (b) €2, and in the valence subbands (c) hhl, (d) hh2,
(e) 1nl, and (f) hh3 at time r=100 fs for a [110]-grown
GaAs/ Al 35Gag gsAs QW system with a 12-nm-wide well. The cir-
cularly polarized excitation pulses have a photon energy of Aiw
=1.501 eV, a duration of 7,=150 fs, and an amplitude of E|

=4.5%10* V/cm.

elements for the involved intersubband and intersubband
transitions. Additionally, S°" is also proportional to ;‘2
which for the holes has a complex k dependence. It is the
combination of all these effects that results in the computed

frequency dependence of SN

PHYSICAL REVIEW B 82, 115316 (2010)

IV. CONCLUSION

A general and microscopic theory that is capable of de-
scribing the generation and ultrafast dynamics of charge and
spin injection currents in semiconductor QW structures has
been developed and evaluated for a GaAs/Alj35GaggsAS
QW systems grown in [110] and [001] directions. It is shown
that the direction reversal of the population charge current
JPP as function of the photon energy that has recently been
described for [110]-grown QWs (Ref. 31) also exists in
[001]-grown systems. Thus this interesting effect is not re-
stricted to a single special growth direction. For [110]-grown
QWs we have computed and compared the frequency depen-
dence of the population and the coherent charge currents,
i.e., JPP and JP Due to the differences between the photo-
excitations of populations and intersubband coherences and
the involved matrix elements, JP°P and J°! show a very dif-
ferent frequency dependence. Thus to a great extend one can
tune both current contributions separately by changing the
central frequency of the incident laser pulse.

Including excitonic effects in our calculations of JPP we
find an enhanced current generation for excitation of the hh-
and lh-exciton resonances. Our calculations confirm that ex-
citonic effects get weaker for higher excitation frequencies.
Furthermore, they do not inhibit the direction reversal of the
population charge current JPP as function of the photon en-
ergy.

Due to the coupling among the valence bands, the direc-
tion and magnitude of the heavy-hole and light-hole spins
vary strongly in k space for the considered [110]-grown QW
structure. This rich k dependence leads to a nontrivial photon
energy dependence of the population SP°P and coherent spin
currents S, It is shown that similarly to the population
charge current also the population spin current contributions
from different valence subbands flow into opposite direc-
tions.
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