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It is well known that the Dresselhaus spin-orbit coupling (SOC) in semiconductor two dimensional electron
gases (2DEGs) possesses both linear and cubic in momentum contributions. Nevertheless, the latter is usually
neglected in most theoretical studies. However, recent Kerr rotation experiments have revealed a significant
enhancement of the cubic Dresselhaus interaction by increasing the drift velocities in 2DEGs hosted in GaAs
quantum wells. Here, we present a study of the optical spin Hall conductivity in 2DEGs under the simultaneous
presence of Rashba and (linear plus cubic) Dresselhaus SOC. The work was done within the Kubo formalism in
linear response. We show that the coexistence of the Rashba and cubic Dresselhaus SOC in 2DEGs promotes a
strong anisotropy of the band spin splitting which in turn leads to a very characteristic frequency dependence
of the spin Hall conductivity. We find that the spin Hall conductivity response could be very sensible to sizeable
cubic-Dresselhaus coupling strength. This may be of relevance for the optical control of spin currents in 2DEGs
with non-negligible cubic-Dresselhaus SOC.
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1. Introduction

The spin-orbit coupling (SOC) is the origin of a wide range of fascinating phenomena in solid
state physics [1]]. It promotes the splitting of the conduction and valence bands in semiconductors, is
the main source of spin scattering processes through the Dyakonov—Perel [2] and Elliot—Yafet [3| 4]
spin relaxation mechanisms, induces the spin-to-charge current interconversion [3], gives rise to the
appearance of topological edge states [6-10] and persistent spin helix behavior [11} [12], and it is a key
element for the generation of the spin Hall effect [13H16], among other phenomena. In two-dimensional
semiconducor electron gases (2DEGs), the SOC produces a zero-field band spin splitting owing to
the breaking of structural and bulk inversion symmetry, widely known as the Rashba [17, [18] and
Dresselhaus [19] SOC effects. This type of SOC introduces a spin-momentum locking of the conduction
electrons leading to effective magnetic fields which in turn yields to the precession of the spins. While
the Rashba Hamiltonian is linear in momentum by crystal symmetry, the Dresselhaus term possesses in
general both p-linear and p-cubic terms contributions. Nevertheless, widespread spin-transport studies
have focused on the dominant linear dependence of the Dresselhaus SOC in typical 2DEGs. Interestingly,
in the p-linear regime, and as long as the values of the Rashba and Dresselhaus coupling strengths are
set equal [20]], a strong suppression of the spin relaxation can be attained, leading to the realization of the
persistent spin helix phenomenon. It has been also established that the precise control of the spin state,
along with the relative directions of the Rashba and both linear and non-linear Dresselhaus SOC fields
are crucial for stability of a persistent spin helix state [21H23]).
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Generally, the p-cubic SOC of the Dresselhaus term in low-dimensional structures is neglected or
assumed to be just a weak disturbance to the spin-transport properties [24]. However, very recent Kerr
rotation spectroscopy experiments on the impact of an in-plane electric field on the drifting spins in GaAs
quantum wells revealed a significant enhancement of the p-cubic Dresselhaus interaction by increasing
the drift velocities [25]. Clearly, the p-cubic fields introduce oscillations of the spin polarization during
the spin-transport and may cause, in conjunction with disorder, an additional spin dephasing, which
are detrimental for instance to the robustness of realistic spin-transistors[26} [27]]. Moreover, the recent
theoretical and experimental studies have put forward a significant role of the anisotropy on the spin
dynamics in semiconductor narrow wires which are induced by the interaction between the linear and
cubic-Deresselhaus spin-orbit fields and the Larmor precession under an in-plane magnetic field [28} [29].
Very recent theoretical studies have emphasized a complex picture that emerges once we consider
the dominant cubic-Deresselhaus SOC by exploring the superconducting correlations, the support of
Majorana bound states relevant for superconducting spintronics [30]. The effect of the p-cubic term of
the Dresselhaus and its interplay with the p-linear Rashba term on the spin Hall conductivity has not been
explored so far. Since the spin Hall effect is tied to the spin-charge current interconversion mediated by
the Rashba and Dresselhaus SOC, there is evidently a need for a better understanding of the significance
of the p-cubic Dresselhaus contribution to the spin-transport properties.

In this paper, we use the Kubo formulation of quantum transport to study the optical spin Hall
conductivity response of two-dimensional electron gases with joined Rashba and Dresselhaus SOC
effects and evaluate the impact of the cubic-Dresselhaus contribution.

2. Spin Hall effect and SOC Hamiltonian models in 2DEGs

The generation and manipulation of spin currents through the spin Hall effect (SHE) is of funda-
mental importance in spintronics. The SHE describes the flow of a spin current in a sample material in
perpendicular direction to a driven longitudinal electric field in the presence of a SOC-induced effective
magnetic field. Consequently, the driven electric current is deflected to the sample edges depending upon
its spin orientation, causing an accumulation of spin-polarization without generating a Hall voltage [[16].
The SHE can be generated by the extrinsic and intrinsic SOC mechanisms. The extrinsic mechanism
is launched by impurity scattering processes in periodic crystals, which can be generated by both skew
scattering [31]] and side jump [32] processes. On the other hand, the intrinsic mechanism was first de-
scribed by anomalous Hall effect (AHE) in 1954 by Karplus and Luttinger [33], but it was first related
to the SHE in 2003 by Murakami, Nagaosa and Zhang [34, [35]]. This mechanism depends on the band
structure of the crystal material. The Rashba and Dresselhaus interactions are two of the main intrinsic
SOC sources of the spin Hall conductivity in 2DEGs. The intrinsic SHE was first observed by Kato et
al. [36] and Wunderlich et al. [15]].

Since in this work we are interested in the study of spin Hall conductivity for low-dimensional
semiconductor heterostructures with SOC of the Rashba and Dresselhaus type with an emphasis on the
interplay of the effect of the cubic term in the Dresselhaus SOC, herein below we discuss the main
characteristics of its model Hamiltonians.

2.1. Rashba spin orbit coupling

The Rashba SOC arises from the structure inversion asymmetry (SIA) in the confinement poten-
tial V(r) of the quantum semiconductor heterostructure that hosts the 2DEG. It is the asymmetry in this
potential that generates an electric field E = —VV/(r), that in turn induces the coupling of the electron
spins with its momentum. The Rashba SOC is described by the Hamiltonian [17, [18 37],

A =

(0 xp)- 2= 2.1)
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St R
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>
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z

in which p is the electron momentum in the plane of the 2DEG, o is the vector of the Pauli matrices
and « is the Rashba coefficient which is gate controllable and depends on the material and on the
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effective electric field at the interface of the 2DEG [37]]. Under this interaction and in the absence of the
Dresselhaus SOC, the total Hamiltonian reads,
2

~ ~ ~ a . . A A
H=Hy+Hg = 21;* + 5 (o'xpy — O'y])x) , 2.2)

where Hj is the free particle Hamiltonian and m* is the electron effective mass. This Hamiltonian leads
to the well known spin-splitting of the electron bands in momentum space,

E:(k) = 22’:2 + ak, (2.3)
which are characterized by the eigenvectors
elkr 1 ' k,
|k, £) = N ( iel® ), with 6= arctan(g). 2.4)

where k = (ky, k,) and k = |K|.

2.2. Dresselhaus spin orbit coupling

The three-dimensional SOC correction for a free particle Hamiltonian is due to the bulk inversion
asymmetry (BIA) observed in semiconductors with zinc-blende cristalline structure, and it is given by
the Dresselhaus Hamiltonian [19]

B3P =y |5x(B} = D)o+ 5y 02 = 52)r, + P (5% - ) 2.5)
where the y coefficient is a material dependent constant and gives the strength of the Dresselhaus SOC. For
a quantum well potential profile along the z-direction, a two-dimensional Hamiltonian I—AIZZ)D is obtained
after taking the expectation value with the wave function of the quantum well ground state along such
a direction, (I—AI;)D ), which after the use of (p,;) = 0 due to the quantum well symmetry, in conjunction
with (p_2/h*) ~ (n/L.)?, with L, being the width of the quantum well layer, the Dresselhaus SOC
Hamiltonian for the 2DEG reduces to

A A A A A ~oA Y (A A2 IR
H2DD =Hp+Hps = (pyo—y - pr'x) + _(Pxpio'x - pypio'y), (2.6)

where 8 = y{p.?/Hi?). Hence, in general the Dresselhaus SOC in 2DEGs has both a linear Ap and a
cubic Hps contribution. The latter is usually neglected with the argument that ( p%) > Py, Dy

2.3. Joined Rashba and Dresselhaus SOC

As we mentioned, here we are interested in the effect of the cubic term of Dresselhaus SOC in 2DEG’s
under the joined action of the Rashba and Dresselhaus SOC. The total Hamiltonian of this system can be
written as

2
prooa o B Y (n A2A A A2a
H=Hy+Hg+HP = S+ %(o-xpy —0yPx) + %(pyay — PxOx) + §(pxp§0'x —Pypidy). (27)

This Hamiltonian leads to the energy band dispersion,

22
Ey(k, 6) = 2+ vA(k.O)k, 2.8)
m

in which v = %1, 6 is given in equation (2.4), and

Ak, 6) = \/a2 + B2 — 2aBsin20 + yk2 sin 26 (—a + Bsin20 + %kZ sin 20). 2.9)
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The eigenstates for the Hamiltonian (2.7) are given by

ik-r 1
|k, V> = e_

75\ it (aks — iBk_ - yk, k¥ sin6 cos 6) | (2.10)

with ks = ky +ik,.

3. Optical spin Hall conductivity (SHE)

Consider now a 2DEG with joined Rashba and Dresselhaus SOC as in and let us seek for the
response of applying an uniform electric field of frequency w and aligned along the § direction. If the
perturbation starts at time ¢y = O, then the optical spin Hall conductivity of spins z-oriented electrons
flowing along the ¥ direction can be described using the Kubo formalism of quantum transport. It reads
explicitly,

duM=ggf;5fwéwmmglﬂ&nﬂmmwwu?«m%mm%wu» CRY
0 Y

where f(&,)7—o is the Fermi-Dirac distribution function evaluated at zero temperature, ;. (1) is the
conventional spin-current operator written in the interaction representation, d, (0) is the velocity operator
attg = 0, |, (r)) are the eigenvectors of the non-perturbed Hamiltonian, e is the charge of the electrons,
A is the area of the sample, and 7 shows that the perturbation is turned on adiabatically. This ensures
a causal response, but also can be interpreted as a phenomenological parameter that characterizes the
disipation effects due to the scattering by disorder. In analogy with the charge current definition, the
conventional spin-current operator written in the Schrodinger representation is expressed through the
anti-commutator,

A

s _ Lo
uj;cvz = E{vxasz}’ (32)
with §, = %6’1 and the x-component of electron velocity operator is i, (0) = gTH'

3.1. Pure Rashba coupling

It is illustrative to revisit the result obtained for the frequency dependent spin Hall conductivity in the
absence of Dresselhaus interaction, considering the Rashba SOC only. For this situation, the expectation
value of the “spin current-charge current” correlation function leads simply to

s ivah 2ackt
(& VILTE (1), 0y () ][k, v) = k2 cos | |, (3.3)
m*k /]
from which, after making the substitution
2 kr_ f
A
Z vf(&y)r=0 = —J J ——dk do,
/ (20
a4 0 kg,

and carrying out the time-integration in the Kubo formula, leads to the frequency dependent spin Hall
conductivity,

3 a'kF+

7xy(w) = 7w + i)

2ak
¢ —(w +1in) {arctanh[ e

e e _“O%E- | _ arctanh
8t 32naim h(w+i77)} are an[

} , (3.4)

where kg, are the (Fermi) wave numbers for the spin-splitted v = + bands at the Fermi energy &Er, defined
by
am atm*?  2m*

. W + e +?8F, (3.5)
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Figure 1. (Colour online) Spin Hall conductivity for an InAs-based 2DEG under pure Rashba SOC. (a) Real
part, and (b) imaginary contribution. See text for the description of the characteristic energies fiw..

with Ep = 2kg? [2m* and kg = V27n,, being n, the electron density of the 2DEG. Interestingly, in
the static limit, w — 0 and when the disorder is negligible  — 0, the spin Hall conductivity does not
depend on the material parameters, and it is given by

T35(0) = é (3.6)

However, it is known that this contribution is eventually cancelled by short-range disorder scattering
because the driven spin-current is proportional to the dynamics of the spins, which should necessarily
vanish in the steady state regime [16]. Therefore, the constant result (3.6) is valid in the ideal system
without electron-electron interactions and without the scattering with impurities or disorder. In figure[T]it
is shown a frequency dependence of the real part (left-hand panel) and imaginary part (right-hand panel)
of the spin Hall conductivity for a typical 2DEG in InAs quantum well under Rashba SOC.

3.2. Joined Rashba and linear Dresselhaus coupling

Before we study the impact of the cubic Dresselhaus term on the spin Hall conductivity it is useful
first to discuss the coexistence of the Rashba and linear Dresselhaus interactions. Starting with the
Hamiltonian with the cubic Dresselhaus parameter y = 0, one arrives at the “spin current-charge
current” correlation function,

—iviks |, ,

U VI 0, 0y Ol ) = s (o = ) cos [

3.7

2kA0(0)t}
— |

with Ag(8) = A(0, ) = ya? + 82 — 2a8sin 26, which is contrary to the pure Rashba case, it is angular
dependent due to the interplay between the Rashba and linear Dresselhaus couplings. This fact together
with the angular anisotropy of its energy band dispersion, &, (K, 8) = (#>k?/2m*) + vAo(6)k, entails an
anisotropic spin-splitting, &, — &_ = Ag(60)k, as well as an angular dependence of Fermi wave numbers
for the spin-splitted bands kg, — kg, (6). All together avoid us to arrive at an analytical expression for
the spin Hall conductivity, and get instead,

2r kr_ (0)

—e(B? - a?) J J k?* cos? 0 1 d
S mr(2m)? Ao(0) (w+in)? - [2kAg(0)/R]?

ory(w) = k de, (3.8)

that should be integrated numerically in 6 after using kg — kg, = 2m*Ao(6) /1% Now, if we take the
static limit (w — 0) for a 2DEG in the clean limit (7 — 0), together with the reasonable assumption that
2kAg(0)/EF < 1, the spin Hall conductivity (3.8)) reduces to

(8% — a?)e jﬂ cos? 6

SZ 0 —
7xy(0) 812 A2(6)
0

de, (3.9)
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Figure 2. (Colour online) Spectra for (a) the real and (b) the imaginary part of the spin Hall conductivity
in a InAs-based 2DEG under joined Rashba and lineal Dresselhaus SOC. The plots were calculated using
the values @ = 1.6 x 10711 &V m, electron density ne = 5 x 1015 m~2 and 7ig = 0.25 x 1073 meV. Three
cases are shown for different 8 values: 8 = 0.5« (orange), 8 = 0.25« (blue) and 8 = 0 (yellow).

that once we integrate over 6, the spin Hall conductivity in the static limit yields[38,139],

e aZ_ﬂZ

oy (0) =

The real and imaginary parts of the optical spin Hall conductivity given by equation (3.8) are shown
in figure 2] For both plots of the spectral response, it can be seen that if the parameter 3 increases, the
spectrum widens and the maximum and minimum of the spin conductivity tends to separate from each
other. For the real part (left-hand panel) the spin Hall conductivity in the static limit approaches to the
constant ¢ /8w value, whiles for higher frequencies, the conductivity approaches zero. By constrast, the
imaginary part (right-hand panel), for both static limit and large frequencies, the conductivity drops to
Zero.

These properties of the optical spin conductivity respond to the spin-split anisotropy of the bands for
joined Rashba and linear Dresselhaus SOC, and can alternatively be understood through the calculation
of the joint density of states (JDOS)[40]. Note that the angular dependence adds four characteristic
frequencies, two related to the absorption edges in the spectrum denoted by w; and w_, and two more
responsible for the absorption and high-density peaks (singularities) of the JDOS at photon frequencies
w, and wp, respectively. These frequencies are connected to the angular energy spin-splitting of the
bands given by

hws = 2k, (g)A( ) G.11)
hw_ = 2kp. (%)Ao(%ﬂ), (3.12)
hw, = 2kp (g)Ao(g), (3.13)
) ai

which gives meaning to the the structure of the spectra profile of the spin Hall conductivity (see figure[3).
Using the equations above, we find that for § = 0.25a, the characteristic energies for such frequencies
in an InAs-based 2DEG are fiw, = 4.05 meV, hiw, = 4.46 meV, hiwp, = 6.51 meV and fiw_ = 7.66 meV.
For 8 = 0.50« the important frequencies are fiw, = 2.74 meV, hiw, = 2.93 meV, hiwp = 7.68 meV and
liw_ = 9.34 meV. These energies are depicted with dotted lines in figure[3] It is clear that such frequencies
basically correspond to the peaks, minuma, as well as to the changes in the slope of the optical spin Hall
conductivity.
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Figure 3. (Colour online) Spin Hall conductivity spectra for a system with joined Rashba and lineal
Dresselhaus SOC for 8 = 0.25« (a and b) and 8 = 0.50« (c and d). In this spectra the dashed blue line
represents the 7w, value, the dashed gray line represents 7iw,,, the dotted gray line is the frequency 7wy,
and the dotted blue line represents the frequency fiw_.

3.3. Rashba with linear plus cubic Dresselhaus couplings

In this section we analise the spin Hall conductivity response using the full 2D Hamiltonian given in
the equation (2.7) that takes into account the cubic Dresselhaus term (y # 0). The exact eigenvalues and
the eigenvectors for this system are provided by equations (2:8) and (2.10). It is clear that this general
model that also includes the cubic contribution of Dresselhaus SOC is much more complicated, and as a
consequence, it turns out to be even more intricate to be solved for the spin Hall conductivity analytically
than the previous models, and at a certain point we shall appeal to numerical computations.

It can be shown that the “spin current-charge current” correlation function (see Appendix) associated
to the Hamiltonian (2.7)) is given by,

. vifik? 2kA(k, 0)t
k (1), b Kk, v) = X > 1
< 7V|[k7;C (t),vy(o)]l 9V> m*kA(k,@) COos [ h :|g(k39), (3 5)
where A(k, 6) is defined in (2.9), and
72
G(k,0) = B> —a® +y (asin26 + Bcos 26) k* — T sin(20)k*. (3.16)

Therefore, the Kubo formula for the joint Rashba and cubic Dresselhaus SOC reads explicitly,

2n kr_ (6)

(ot k> cos? @ 2kA(k, 0)t
dtelwﬂmtj J (zn)dedeA(k,G)cos[ (h )]g(k,e). (3.17)

. [ee]
—ie
Sz

(W) = ———
W)= o J
0 0 kr, (0)
Even though this expression for the optical spin Hall conductivity is exact, it is not amenable for analytical
integration, and therefore a numerical integration should be implemented. However, before we proceed
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further in analyzing its numerical behavior, it is illustrative to consider some assumptions that will lead
us to approximate expressions in the static regime and vanishing 7.
First we notice that the ratio

« 2 *2 *
G(k,6) _ G(kr,(6).6) Ao (O)m +\/A0(9)’” 2 e (318)

~ , ith kg, (0) = — +
N0 - ke o), 0 k@) 7 7t 2
which allows us to rewrite ([3.17) as

do

2n
= kg, 0 i Ww +in) = 2A(kg,, 0)k
0';2/(0-)) = — ¢ Jcoszeg( Fo ) (a)+177) ln[ (U) 17]) ( Fo ) Fr

8n2m Akeg:0) [28(ke, )] | 2A(ke,. O)kr_ —H(w +in)

os%wde (3.19)

+ P 9
gn2 ) °° " A2 (kg 0)
0

where the Fermi wave numbers are now defiend as

m*A(kg,, 0) \/m*zAz(kFO,H) 2m*
kg, =F + +

. - = . (3.20)

Hence, in static limit (w — 0 and n — 0), the spin Hall conductivity reduces to

g G (kg,, 0)
S (0) = - 29 T2 7 4. 321
O—xy( ) 8T|:2 Cos Az(kFO,g) ( )
0

which can be further simplified for the case of a realtively large quantum well, that is considering ykl% > [
and @ > yk2, for instance in an InAs quantum well. Under these considerations, the equation (3:21)
leads to

2n

£ J dé cos? 6
8m?
0

-’ + B2+ ayk% sin 26
a? + B2 - 2afsin 20 — aykZ sin 20
vk 2 (@2-P)
>t N 102 - g2 |’
2B+ vk (2B +vkg) la? — B

oy (0)

e
8

Q

(3.22)

and since (a? - 82)/|a®> — 8| = sign(a — ), then we can write

sy~ S 11— — 2P 11 sien(a -
oxy(0) ~ o {1 2ﬂ+yk% [1 - sign(a ,B)]}. (3.23)

Note that if ¥ = 0, this approximation for the static spin Hall conductivity reduces, as we expect, to the
constant value found for a 2DEG under joined Rashba and linear-Dresselhaus SOC, see equation (3.10).
Similarly, it reduces to e¢/8x, equation , for the case of vanishing linear-Dresselhaus term (8 — 0)
and finite Rashba (a # 0) and finite cubic-Dresselhaus (y # 0) SOC terms.

In figure ] we show the calculated spectral response for both the real and imaginary part of the
spin Hall conductivity o-;i_f,(w) for three cases, i) weak linear Dresselhaus (8 = 0.25a), ﬁgure (a)—(b),
ii) equal Rashba and linear Dresselhaus coupling strength (o = B), figure [ (c)—(d), and iii) strong
linear Dresselhaus interaction (8 = 4a), figure [] (e)—(f). All cases are calculated for different values
of the cubic-Dresselhaus coupling strength (y = vy, 4vy0, 7yo and 10yp,). Here, we used the values
@ =16x10"" eV m, and yy = 4.863 x 1072° eV m? to produce these plots. The spectra shown for
B = 0.25a (figures @ a and 4] b) widen as 7y increases. This follows from the fact that the energy range in

13504-8



Impact of the p-cubic Dresselhaus term on

o

l:|q>
©
= 1
3
4
2
S
(0]
24

—= 0.5
-1
0.0
0 2 4 6 8 0
hw(meV)
(C) 0 AA\‘?_
IS
&l
3 .
V;>~
x
)
< -3
2
-4

0 5 10 0 10
hw(meV) hw(meV)

20 30 40 20 30 40
hw(meV) hw(meV)

Figure 4. (Colour online) Real and imaginary parts of the spin Hall conductivity for a system with Rashba
and Dresselhaus (linear and cubic) SOC. The spectra were computed for different y values: y = y (red),
y = 4y (blue), y = Typ (orange) and y = 10y, (purple). We used 8 = 0.25a, fin = 0.25x 1073 meV (a)—
(b), B=a, in=0.6 x 1074 meV (c)~(d), and B = 4a, i = 0.25 x 1073 meV (c)~(d).

which the optical transitions are allowed increases also with y. Notoriously, the spin Hall conductivity
peaks/minima exhibit higher values for weak cubic-Dresselhaus coupling . In all cases, the real part
of the spin Hall conductivity approaches the constant value of conductivity (e/8x) for the static limit
(w — 0) and clean limit, while it approaches zero when w takes higher values. As for the imaginary part,
when w — 0 and for high w values, the spin Hall conductivity approaches zero too. It develops a pair of
peaks near the characteristic absorption energies 7iw,_ . The energy values for such absorption energies
and for the band-edge energies 7w, are shown in table[I]

Due to the experimental possibility of tuning the Rashba coupling parameter « through electrostatic
gating, it is interesting to analyse the case when the Rashba and linear Dresselhaus coupling strength is set
equal (8 = a) and explore its interplay with the cubic-Dresselhaus term on the spin Hall response; this is
done in figure[d](c)—(d). The overall shape of the optical spin Hall conductivity differs significantly with
respect to the previous case (8 = 0.25«) although it preserves the main characteristics of widening of the
spectra. However, in contrast to the weak linear Dresselhaus case, as the cubic-Dresselhaus parameter y
is increased, an enhancement of the peaks for both the real and imaginary part of O';Zy(w) is developed,
showing the dominant influence of the cubic contribution. Finally, we consider the extreme case in which
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Table 1. Absorption and band-edge energies, fiwy, fiw,, Aiwp and hw- for f = 0.25a and several y
values for the plots of figure [4] (a)-(b). Note that the energy difference between the allowed transitions
hwyp, — hw, and the difference of the band-edge energies fiw_ — fiwy increases as y does.

Ratio y/yy | Aiws [meV] | hw, [meV] | hwp [meV] | hiw- [meV]
1 3.82 4.19 6.70 7.94
4 3.15 3.40 7.27 8.75
7 2.46 2.61 7.83 9.57
10 1.76 1.83 8.38 10.40

the modulation of the Rashba parameter « is such that 8 = 4, figure[d] (e)—(f). For this scenario, when y
increases, the spectra are shifted slightly to the right at higher energies. The Re[o-j@(w)] of the spectra
(figure 4] e) exhibits first a minimum and then a maximum in spin Hall conductivity, with an inflection
point in between as the frequency increases. The overall behavior changes the sign with respect to the weak
coupling scenario. Similarly as it occurs for the latter case, in the static limit (w — 0) and free of disorder
limit, the real part of the spin Hall conductivity reaches the constant value of conductivity, but with
opposite sign (—e/8x), and tends to zero for larger frequencies. We have also estimated the characteristic
energies associated to the absorption optical transitions and to the band-edge energy transitions allowed.
These values are shown in table 2]

Table 2. Absorption and band-edge energies, fiw+, fiwg, and fiwy, for B = 4a and several y values for the
plots of figure [ (e)—(f).

Ratio y/yo | hwy [meV] | fiw, [meV] | fiwp [meV] | hiw- [meV] | fiw- — fiw; [meV]
1 13.80 20.60 19.17 37.84 24.04
4 14.13 21.37 19.31 38.55 24.42
7 14.45 22.15 19.45 39.26 24.81
10 14.77 22.94 19.59 39.98 25.21

The difference Ziw_ — fiw, shows us that the energy range of the allowed optical transitions increases
as 7y is increased. This energy range is larger than the one for the 8 = 0.25« case, but the increase in the
range for the allowed optical transitions between different y values is less than the case 8 = 4a.

4. Summary and conclusions

We have investigated the spin Hall conductivity in the frequency domain for 2DEGs under Rashba
and (linear plus cubic) Dresselhaus spin-orbit coupling using the Kubo formalism in the linear response.
We have shown that a simultaneous presence of Rashba and cubic Dresselhaus SOC in 2DEGs leads to
a strongly anisotropic spin splitting of the bands which in turn gives rise to a characteristic frequency
dependence of the spin Hall conductivity. Such characteristic frequencies are connected with the absorp-
tion and band-edge energies responsible for the absorption and high-density peaks of the joint density of
states. We further analyse the spin Hall conductivity in the static limit in the absence of scattering with
impurities or disorder and find that in general it depends on the Fermi wave number and on the SOC
parameters, in sharp constrast with the pure Rashba case. The significant widening and energy separation
of the peaks as well as the change of sign of the spin Hall conductivity response, as the Rashba parameter
is varied in 2DEGs with sizable cubic-Dresselhaus coupling, may offer a signature of the presence and
impact of a competing Rashba with linear and cubic Dresselhaus SOC. This could be also of interest for
the optical control of spin currents in 2DEGs.
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Appendix

In this appendix we describe details of the derivation of the “spin current-charge current” correlation

function (3.13) for the most general Hamiltonian (2.7) that includes the linear and cubic Dresselhaus
interaction in coexistence with the Rashba term. We start by calculating the components of the velocity

operators in the Schrodinger picture using o; = [x 7 H], with j = x, y leading to
~ Py 1 Y (ha A A 2 A
0,(0) = el £(a0'x +Boy) + ﬁ(prpya'x - piay), (A.1)
500) = 22 Lo, 4 por) + L (526 - 25,55 (A2)
x BT y x 3 Py0x PyPx0y). .

Therefore, the spin-current operator (3.2) of z-polarized spins flowing along the x-axis reads

.. 1 (n, 1 [h, Px 1, . . Y (a24 A A A
5:0) = E{EO-Z’ UX}ZE{EO'Z, (m—)i+£(aa-y+,80-x)+h—3(p50'x—2pypx0'y))}
ho,
= G ebe )

after using the property {o;, 0} = 28; ;1. In the interaction picture, the time-dependent spin current
operator is

(1) = 5 e p e, (A4)
that yields the to commutator
55200 p _ o imna o —ifgn Py 1, . Y ha oA A A2a
[T 8,0] = |Ge T pue 0 B 2 (ag 4 piry) + L (250 - P26
= - 2;1* A p e T (i + B,

1 . o
S (a6 + Bo,)et /e p e 1HI/M
-

*
ym eth/hA A —1Hz/h(

+ 2 OzPx€ szpyo'x ﬁia—y)
SR e A L M (A3)

and taking the expectation value of (A.3) of each term using the eigenvectors (2.10), we get,

&, v|(=1/2m*)e B e p e HIN (i + o) K, v)

-1 hk:vi o, ) 2ikA(k, O)vt
=5 m(a - B> — aykyky - Byk,) exp — (A.6)
(. v|(=1/2m*) (aby + Bor,)e P/ p e F1M K, v)

-1 RkAvi o, 5 —2ikA(k, O)vt
= Z—Wm(& —ﬂ —aykxky—ﬁyky) exXp T . (A7)
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&, v|(y/202m*)e B o, p e HIR (2 B — pRy) K, v)

YR ki S 55 2ikA(k, O)vt
=5~ —kA();(, 5 akaky +B(=2ky + kx) = vhiky] exp | ————|. (A.8)
(. v] = (y/202m") (2P pytre = prory)e . e MK, v)
yho k3vi 2L 2) k22 —ZikA(k, O)vt
= Tak.k 2k, + k) —ykik . A9
2m* kA (k. 0) |akky +B( =2k, + o] ex - (A.9)

with A(k, 8) as defined in (2.9). Hence, finally after regrouping terms, the “spin current-charge current”
correlation function takes the form (3.15),

31,2
&, V[T (1), 0, (0)][K, v) vihiky [2kA(k, 9);]

KAk, 0)m* O 7

2
x (—a2 + B2 + ayk? sin 20 + Byk? cos 20 — %k“ sin®26 . (A.10)
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Bnaue p-Ky6iuHoro uneHa fipeccenbraysa Ha cniHoBuii epekT
Xonna

E. CaHTaHa—Cyapecm, ®. Mipenedﬂ

-

IHCTUTYT ¢i3nkm, HauioHanbHMIA aBTOHOMHWIA yHiBepcuTeT Mekcukn (UNAM), PO Box 20-364, 01000 Mexiko,
Mekcuka

N

®i3nyHmnin dakyneteT, LleHTp HaHOTeXHOOTIli, ABTOHOMHWI HalioHanbHUA yHiBepcuTeT Mexiko, 22800
EHceHapaa, baxa KanipopHis, Mekcrka

Jo6pe BifoMO, L0 cniH-opbiTanbHa B3aemMogisa ipeccensraysa (COB) y HaniBnpoBiAHNKOBUX ABOBMMIPHUX efe-
KTPOHHMX ra3ax (2D-ET) Ma€ Ak NiHiAHWIA, TaK | Ky6iYHWIA BHeCKkr 3a iMNynbCoM. TUM He MeHLLe, OCTaHHIM 33a3BU-
Yall HexXTYHoTb Y biNbLLIOCTI TEOPETUYHUX A0CAiAKeHb. O4HAK HeLL0AaBHI eKCNepUMeHTUN 3 06epTaHHA NAoLLM-
HK nonapu3auii Keppa BUABUAN 3Ha4He NOCUAEHHSA KybiuHOI B3aEMOii Jpeccenbraysa LWAAXOM 36inbLUeHHS
LWBMAKOCTI Apelidy B 2D-ET, nomilLeHnx y kBaHTOBI iMy GaAs. Y aaHili poboTi npoBeseHO AOCAIAKEHHS ONTNY-
HoI cniHoBOI NpoBigHoCTi Xonna y 2D-El 3a ogHouacHoi npucyTHocTi COB Paw6u Ta lpeccensraysa (3a HasiBHO-
CTi AK NiHiliHOTO, TaK i KybiuyHOro BHeckiB). JocnigxeHHs npoBeAeHi MeTogoM Kybo B pamkax Teopii NiHiliHOro
Bigryky. MokasaHo, wwo cnisicHyBaHHA COB Paw6wn Ta ky6iuHoro BHecky COB [Jlpeccenbraysa y 2D-ET cnpusie
CUNLHI aHi3oTpONii CNiIHOBOrO Po3LLenAeHHs 30HN, Lo, Y CBOO Yepry, NPM3BOAUTbL A0 AyXe cneundivHoi ya-
CTOTHOI 3a1€XHOCTi CNiHOBOI NPOBIAHOCTI Xonna. BusasneHo, Lo cniHoBa NPOBiAHICTL X0na Moxe ByTu ayxe
YYTAIMBOI A0 3HAYHOI Ky6iYHOI cknagoBoi B iHTeHcmBHOCTI COB [lpeccenbraysa. Lie moxe 6yTn akTyanbHUM Ans
OMNTUYHOTO KOHTPOJIO CNiHOBUX CTpyMiB y 2D-El 3 ky6iuHoto COB Jpeccenbxaysa.

KnrouoBi cnoBa: 4B0BUMIpHWNI €N1€KTPOHHWIA ras, CriH-opbiTanbHa B3aEMOZis, crniHoBuii epekT Xoaa,
CriHOBa MpPoBIAHICTb, CNiHOBUI MNepeHoc
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